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-Richard P. Feynman

TH-3404_186121021



TH-3404_186121021



Declaration

Sahabub Jahedi

Roll No. 186121021

Department of Physics

Indian Institute of Technology, Guwahati
Guwahati, India

E-mail: sahabub@iitg.ac.in

I hereby declare that works presented in the thesis entitled “Search for New Physics
at the future Lepton Colliders” has been carried out by me under the supervision
of Dr. Subhaditya Bhattacharya at the Department of Physics, Indian Institute of
Technology Guwahati, India. The thesis has not been submitted anywhere else for
any degree. Works presented in the thesis are all my own unless referenced to the
contrary in the thesis.

Sabinsae Iotiods’

Date: 23/04/2024 Sahabub Jahedi

TH-3404_186121021



TH-3404_186121021



Certificate

Dr. Subhaditya Bhattacharya

Associate Professor

Department of Physics

Indian Institute of Technology, Guwahati
Guwahati, India

E-mail: subhab@iitg.ac.in

It is certified that the work contained in the thesis entitled “Search for New Physics
at the future Lepton Colliders” by Mr. Sahabub Jahedi (Roll No - 186121021), a
Ph.D. student in the Department of Physics, Indian Institute of Technology, Guwa-
hati is carried out under my supervision and has not been submitted elsewhere for

the award of any other degree.
d «
deko b= NRatizelw

Date: 23/04 /2024 Subhaditya Bhattacharya

TH-3404_186121021



TH-3404_186121021



Acknowledgements

First and foremost, I would like to convey my sincere gratitude toward my super-
visor Dr. Subhaditya Bhattacharya for his constant support, guidance, and advice
throughout my Ph.D. journey. I am truly privileged to have him as my supervisor, as
he has not only assisted me academically but also consistently kept me motivated, es-
pecially during challenging times. His suggestions on becoming a proficient speaker
have always aided me in refining my presentation skills. I genuinely appreciate his
understanding and patience in accommodating my limitations. With him, it has
indeed been a profoundly enriching learning experience for me.

I am indebted to Prof. Jose Wudka for his insightful guidance throughout my
PhD journey. His expertise has been invaluable in shaping my research and aca-
demic growth.

I am grateful to my doctoral committee members Prof. Poulose, Dr. Sovan Chakra-
borty, and Dr. Meduri C. Kumar, for their valuable comments and suggestions dur-
ing the yearly evaluation of my research work. I appreciate all HEP Journal Club
members for keeping me informed about the latest trends in high-energy physics.

I thank all of my collaborators and co-authors: Dr. Basabendu Barman, Dr. Sud-
hakantha Girmohanta, Dr. Jayita Lahiri, Dr. Soumitra Nandi, Abhik Sarkar, and
Prof. Jose Wudka for providing me with opportunities to engage in diverse problem-
solving abilities. Through these experiences, I have gained extensive knowledge
and valuable expertise. Special acknowledgment to Prof. Alexander S. Belyaev and
Prof. Alexander Pukhov for assistance via the CalcHEP launchpad. Thanks to Dr.
Sunando Patra for guiding my early statistical analysis learning. Ithank Prof. Sudhir
Vempati’s small visit arrangement at IISc Bangalore. My thanks go to Dr. Biswajit
Karmakar and Prof. Janusz Gluza for all the arrangements during my stay in Ustron,
Poland, for MTTD 23.

I would like to thank my seniors: Dr. Purusottam Ghosh, Dr. Dibyendu Nanda,
Dr. Kajol Samanta, Dr. Lopamudra Mukherjee, Dr. Sayandeep Ghosh, Dr. Surojit
Dalui, Dr. Arghyajit Datta, Dr. Madhurima Chakraborty, Dr. Ipsita Ray, Dr. Pri-
tam Das, Dr. Devabrat Mahanta, Dr. Riajul Haque, Dr. Subhajit Barman, Dr. Shilpi
Roy, Rajesh Karmakar and others for engaging in both academic and non-academic
discussions. As an integral part of my doctoral expedition, I am thankful to Suruj,
Prantik, Sumit, Golam, Tarik, Mrinal, Danny, Debabrata, Mandira, Dipankar, Lipika,
Soumen, Swarup, Abhik, Niloy, Nayan and others. Their presence has turned my
time at IITG into a delightful and unforgettable experience. I acknowledge the efforts
of hostel mess workers and cleaning staff for making my life comfortable. Engag-
ing in weekend football matches at IITG has been one of the highlights of my PhD
endeavor. I express my gratitude to all the players from various departments who
joined me in the joy of playing football. I thank Abhishek, Shubhajit, Ankur, Abhijit,
Sudipta, Rouf, Arnob, Asif, and other close friends for their consistent support. I es-
pecially thank Gargi, my constant companion, for standing with me through highs
and lows and teaching me to value the little things. Cheers to all!

Finally, I wish to express my deepest gratitude to my parents and my sister for
their enduring love, invaluable support, and unwavering understanding that have
been pillars of strength throughout my life.

TH-3404_186121021



TH-3404_186121021



SM
EW
EWSB
SSB
VEV
QCD
BSM
NP
BBN
CMB
DM
WIMP
FIMP
SIMP
CERN
LHC
HL-LHC
SLAC
PETRA
CDF
SPS
ISRs
ILC
CLIC
CEPC

TH-3404_186121021

Acronyms

: Standard Model

: Electroweak

: Electroweak Symmetry Breaking

: Spontaneous Symmetry Breaking

: Vacuum Expectation Value

: Quantum Chromodynamics

: Beyond Standard Model

: New Physics

: Big Bang nucleosynthesis

: Cosmic Microwave Background

: Dark Matter

: Weakly Interacting Massive Particles

: Feebly Interacting Massive Particles

: Strongly Interacting Massive Particles

: European Organization for Nuclear Research
: Large Hadron Collider

: High Luminosity Large Hadron Collider
: Stanford Linear Accelerator Center

: Positron Electron Tandem Ring Accelerator
: Collider Detector at Fermilab

: Super Proton Synchrotron

: The Intersecting Storage Rings

: International Linear Collider

: Compact Linear Collider

: Circular Electron Positron Collider

XV



Xvi

FCC : Future Circular Collider

OoQO0T : Optimal Observable Technique
ML : Maximum Likelihood

C.L. : Confidence Level

RGE : Renormalization Group Evolution
BR : Branching Ratio

H.c. : Hermitian Conjugate

d.o.f : Degrees of freedom

UFO : Universal FeynRule Output

LFV : Lepton Flavour Violation

MeV : Mega electron Volt

GeV : Giga electron Volt

TeV : Tera electron Volt

CM : Center of Mass

uv : Ultraviolet

ISR : Initial State Radiation

FSR : Final State Radiation

NLO : Next Leading Order

LG : Loop-Generated

PTG : Potentially-Tree-Generated

GIM : Glashow-Iliopoulos-Maiani

EFT : Effective Field Theory

SMEFT : Standard Model Effective Field Theory
HEFT : Higgs Effective Field Theory
ChPT : Chiral Perturbation Theory

HQET : Heavy Quark Effective Theory
SCET : Soft Collinear Effective Theory

FC : Flavor Changing

FCNC : Flavour Changing Neutral Current
FCCC : Flavour Changing Charge Current
nTGCs : Neutral triple gauge couplings
ALPs : Axion Like Particles

PDG : Particle Data Group

FLAG : Flavour Averaging Lattice Group
VVEF : Vector boson fusion

TH-3404_186121021



TH-3404_186121021



Abstract

The Standard Model (SM) of particle physics has effectively explained the forces
of nature namely strong, weak, and electromagnetic, demonstrating its reliability
through consistent agreement with experimental findings so far. After the discovery
of Higgs boson at the Large Hadron Collider (LHC), the particle spectrum of the SM
is complete. Yet, there are different theoretical and experimental reasons compelling
us to explore beyond the SM (BSM). Statistical analysis plays a crucial role to look
for several BSM scenarios in both model-dependent and model-independent ways
in different collider experiments. In Chapter 1, we discuss the particle spectrum of
the SM and mass generation of gauge bosons via spontaneous symmetry breaking
(SSB). Our discussion extends to the limitations of the SM, where we explore both
model-dependent and model-independent approaches to address these challenges.
After that, we provide a concise overview of the outlook for past, present, and fu-
ture colliders and outline the physics issues tackled by the future lepton colliders.
Chapter 2 encompasses a detailed study of two distinct statistical techniques: binned
analysis and the optimal observable technique (OOT). Chapter 3 elaborates the ex-
ample of OOT in the case of BSM dominated scenario. In this chapter, we study the
optimal estimation of Z couplings (vector, chiral, and pure axial-vector) with heavy
charged fermions at the e"e™ collider. Dark matter (DM) phenomenology and col-
lider analysis of a UV complete model that contains these heavy charge fermions are
discussed. Moving forward to Chapter 4, we shift our focus to scenarios where the
SM dominates in the context of OOT. In this scenario, we investigate the optimal de-
termination of anomalous neutral triple gauge couplings (nTGCs) via di-boson pro-
ductions at the ete™ colliders using the dimension-8 Standard Model effective field
theory (SMEFT) framework. In another case, we estimate the optimal uncertainty of
scalar and tensor-mediated dimension-6 effective couplings through top-quark pair
production at the ete™ collider. UV completion of dim-6 scalar mediated SMEFT op-
erator is studied. The optimal uncertainty of new physics (NP) couplings in that UV
complete model (2-Higgs doublet model) is also discussed. A comparison of opti-
mal sensitivity with the binned sensitivity is drawn. In Chapter 5, we determine the
experimental constraint on dimension-6 four-Fermi SMEFT operators from flavour
and top-quark observables. We then explore the flavour probe of these SMEFT op-
erators through flavour-changing ¢c production at the muon collider. A comparison
of flavour uncertainty with optimal uncertainty for dimension-6 effective couplings
is also discussed. In Chapter 6, our focus turns to the study of optimal sensitivity
of NP couplings in the presence of non-interfering SM background with a generic
numerical technique. Finally, in Chapter 7, we present a summary of the thesis and
briefly outline potential future directions.
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Chapter 1

Introduction

Contents
1.1 Standard Model of particle physics. . . . . .. ... .. ..... 1
1.2 Limitations of the Standard Model . . . . . . .. ... ... ... 5
1.3 Examples of physics beyond the Standard Model . . . . . . . .. 9
1.4 Particlecolliders . . . . . . ... ... ... oo oL 14

1.1 Standard Model of particle physics

Over the past century, exceptional experimental efforts and profound theoretical de-
velopments together have uncovered the fundamental structure of our universe to a
great extent. The outcome of these efforts is the very construct of the Standard Model
(SM) of particle physics, a framework elucidating the characteristics of elementary
particles and their interactions via weak, strong, and electromagnetic forces. The
predictions of SM has been confirmed quite accurately by experiments like Stan-
ford Linear Accelerator Centre (SLAC), Tevatron, Large Electron-positron Collider
(LEP), Large Hadron Collider (LHC), thus bolstering its credibility and correctness.
The journey has been fascinating to say the least, but in this thesis we will provide a
short account of this model, which is central to develop the ideas exploited further.

1.1.1 The basic construct

The particle spectrum of the SM consists of spin-1/2 matter particles with six flavours
of quarks (up, down, charm, strange, top, and bottom) and three flavours of charged
leptons (electron, muon, and tau) and three flavours of neutrinos. Neutrinos possess
no electric charge and very tiny mass. The interactions between quarks and leptons
are mediated by spin-1 gauge bosons. The strong interaction is mediated by Glu-
ons (G), massless, and electromagnetic charge neutral. Massive gauge bosons W+
and Z take the role of mediating weak interaction whereas electromagnetic inter-
action is carried by massless photon (A). The only scalar particle in the SM is the
Higgs boson and is responsible for providing mass to all the massive particles. The
complete spectrum of the SM is shown in Fig. 1.1. SM is a renormalizable quan-

TH-3404_186121021 1



2 Chapter 1. Introduction

Figure 1.1: The particle spectrum of the SM. Source: quantumdiaries.org.

tum field theory based upon the gauge group SU(3)c x SU(2), x U(1)y, where the
gauge symmetry dictates the characteristics of different interactions. Strong inter-
action arises out of SU(3)c symmetry, where C represents color quantum numbers.
SU(2)r, x U(1l)y gauge group describes the framework for weak and electromag-
netic interactions together, which is often called electroweak interactions. L repre-
sents (left) handedness or chirality, while Y represents hypercharge. Our thesis will
mainly focus on the electroweak sector of SM and extensions of similar kind. The
electroweak Lagrangian respecting SU(2),, x U(1l)y symmetry and Lorentz invari-
ance can be written as

wnt ?

EEW - £gamge + £f (11)
where . |
Lomge = =3 Wi, W"* — 2By, B and Ll =iy D,y (1.2)

Here B, and W, are the U(1) and SU(2) field strength tensors, given by

B, =90,B,—0,B,, (13)
W, = (0, W = 9,W5 — gea WIW) '
where g is the SU(2) ., coupling constant and ¢,;,. are completely antisymmetric ten-
sors, representing the structure constant associated with the SU(2), group alge-
bra. W¢ (a = 1,2,3) and B, are the gauge fields associated with SU(2). and U(1)y
groups respectively. £ , possesses the kinetic and interaction terms of the fermions
(v), where D, represents the gauge covariant derivative defined as

a Y
D, =0, z‘g‘%w;j —id>B (1.4)

2
where ¢’ denotes the U(1)y coupling constant and Y is the hypercharge, 0%’s (a =
1,2, 3) represent Pauli matrices. The left (¢)1) and right-handed (v'z) components of
Dirac fermions (¢) are defined by

1 —(+)v5

5 = Prr)¥. (1.5)

Yr(r) =

Yy, and ¢y transform differently under SU(2), transformations, which is the key
source of parity violation in weak interactions. The left handed parts form a doublet,

TH-3404_186121021



1.1. Standard Model of particle physics 3

while the right handed parts form singlet under SU(2) z as shown below (for all three

families),
Quarks: Qp = <Z§> G df (¢ wseits 7 d,s,b);
Leptons: L; = (%F), lr; (C:e,p,T). (1.6)

Both leptons and quarks take part in the electroweak interactions (no right handed
neutrino v in SM however). The other part of SM is governed by QCD Lagrangian,
dictated by SU(3)¢ gauge group as

1 a v,a = a a

Locp = _Z_lG’“’G# T+ s Z a"t'aG, (1.7)
i=u,d,c,s,t,b

where g, represents strong coupling constant and ¢*’s are the SU(3) group genera-

tors with color index a running from 1 to 8. G, is the gluon field and G, represents

SU(3)c field strength tensor
GZV = (aHGIC/L — aVGZ - gsfachzGi) y (18)

where f,,. are the SU(3)¢ group structure constants. Only quarks (having three
colour charges) take part in the strong interaction. All the terms in the Lagrangian
mentioned above respect SM gauge symmetry and no mass term is allowed for either
fermions or for gauge bosons. The breaking of SM gauge symmetry is necessary for
mass generation of fermions and gauge bosons. This is achieved via spontaneous
symmetry breaking (SSB) mechanism discussed next.

1.1.2 Spontaneous Symmetry Breaking (SSB)

The basic idea of spontaneous symmetry breaking is that while the Lagrangian re-
mains invariant under the SM gauge group, a scalar field having interaction with
the SM fields acquires a non-zero vacuum expectation value (VEV) at the minimum
of the scalar potential and thus breaks the gauge symmetry. This in turn generates
the masses for the SM particles. This can be accomplished by introducing a complex
scalar SU(2);, doublet with hypercharge Y, = 1 as

o 1 [ ¢1+igs
o = = | 1.9
(¢0) V2 (¢3 + ’l¢4) ()

The Lagrangian of & is written as

Locatar = (D, @) (D, ®) — V (3, @), (1.10)
where
i
2

When p? < 0 and A > 0, the minima of the potential is located at zero, whereas for
p? > 0and X > 0, the degenerate minima of this potential occurs at

Y
D,® = (8, —ig—=W — ig’EBH)CD, V(0T ®) = —1 201D + A(OTd)2. (1.11)

2

R VI T I N T
®¢—§(¢1+¢2+¢3+¢4>—57 U= (1.12)
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4 Chapter 1. Introduction

We can select the VEV of ® to be both real and aligned along the direction of elec-
trically neutral component ¢3. This choice effectively leads to ¢; = ¢ = ¢4 = 0 and
¢3 = v, so that the scalar doublet can be written as

@i( 0 ) (1.13)
V2 v+ h(z)

resulting in the spontaneous breaking of the SU(2), x U(1)y symmetry. One can

write Eq. (1.9) as
A 0
P = T O@)/ ( ) , (1.14)
v+h(z)

2

where (¢1, ¢2, ¢3, ¢4) are replaced by (62,601, v + h(z), —05). Leveraging the SU(2),,
invariance of L,..q,, We can eliminate the three massless Goldstone boson fields,
denoted as 6; (where i =1, 2, 3), through the following transformation

O = mO@/P, (1.15)

These degrees of freedom (d.o.f) will subsequently manifest themselves as the lon-
gitudinal d.o.f of the gauge bosons stemming from the broken SU(2). group. Fol-
lowing the execution of a rotation, the physical gauge bosons are expressed as

Z Cw —Suw %% 1

()( )( ) W=, e
g\ I

A, Sw  Cuw B,

where s,, (¢,) is the sine (cosine) of the weak mixing angle 6,, defined as

f, = tan~? (2) . (1.17)
g2

Putting Eq. (1.14) in the first term of L4 the masses of gauge bosons are ob-
tained as

1 1
Mys = 5qv, Mz =50\/(¢+97), Ma=0. (118)

The gauge fields (W, Z) have acquired mass as if by ‘eating up’ the Goldstone
modes. This is loosely referred as the Higgs mechanism [1-5]. The photon (7) re-

mains massless, so are the Gluons. This is an artefact of the SSB, SU(3)¢ x SU(2), x

U(l)y EENIN G c X U(1)m, leaving electromagnetic and colour symmetry intact.
g g y y

Let us now turn to the generation of charged fermion masses. The Yukawa La-
grangian involving the interactions between the Higgs doublet with leptons and
quarks is written as

Ly = 'l Pep — vy Pur — vl Pdg + H.c., (1.19)

where /;, (ep) is the left (right)-handed lepton doublet (singlet), ¢;, is the left-handed
quark doublet and ur (dg) is the up (down) type right-handed quark singlet. 3*’s
(i=(, u, d) are the Yukawa couplings associated with different charged fermions. ® is

TH-3404_186121021



1.2. Limitations of the Standard Model 5

conjugate of ® which is defined as ® = i, ® with o, denoting Pauli matrix. When
Higgs acquires a VEV (v) after SSB, charged fermions get the masses, and the mass
terms are written as

y'o Yo Y
me = Nk My = ok my = ok (1.20)
The hierarchy of fermion masses then indicates a large hierarchy in the Yukawa cou-
plings. The properties of the Higgs boson discovered at the LHC largely mimic the
Higgs boson of the SM as described here. However, we are yet to conclude that there
exists no extension of the scalar sector. We will discuss them individually when we
take up specific Higgs properties for study.

To conclude this section, the SM stands as a mathematically consistent theoret-
ical framework based upon the principles of gauge symmetry and quantum field
theory. Within this premise, the SM proficiently elucidates the interactions of el-
ementary particles that have been unveiled through experimental explorations till
date. Although the SM has achieved remarkable success, it falls short to account for
various theoretical and experimental outcomes as we discuss next.

1.2 Limitations of the Standard Model

After the discovery of the Higgs boson at the LHC [6, 7], the ATLAS and CMS exper-
iments have measured most of the Higgs properties with good precision. Despite
the compelling agreement of the SM with experimental data, there exists both the-

oretical and experimental incentives to explore physics beyond the Standard Model
(BSM). We highlight a few key issues here.

1.2.1 Hierarchy Problem

Due to the absence of symmetry principles, the mass of the Higgs boson undergoes
significant modifications due to radiative corrections along with its tree-level value.
Experimentally observed Higgs boson mass (M) in terms of the bare mass term
(M}y) and 1-loop radiative correction (6 M) can be expressed as M7 = M%Q +dM%,
the radiative correction exhibits quadratic sensitivity to the cutoff scale, A. The dom-
inant contribution to 1-loop correction arises from top-quark, W, Z, and Higgs itself.
The loop correction of the Higgs mass is expressed as [8]

392A2

OMp = ———
T 32r2 M2,

(M + 2Mg, + My — 4M7). (1.21)
In principle, A can go up to the Planck scale (Mp ~ 10" GeV), where the quantum
theory of gravity should arise. The quadratically divergent loop corrections to the
Higgs mass have the potential to push its mass to extremely high values. This issue
essentially stems from the hierarchy between the EW scale and the scale of gravity,
so it is called hierarchy problem. However, as SM is a renormalizable theory, there
will be a counterterm to cancel this divergence and provide a finite Higgs mass at the
observed value (e.g. 125 GeV). But unmistakably this constitutes a fine-tuning of the
theory’s parameters to have the cancellation of terms several orders of magnitude
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6 Chapter 1. Introduction

larger than the measured one. Given that the Higgs mass term establishes the scale
for all other particles within the SM, any adjustment to the Higgs mass essentially
entails fine-tuning of the entire spectrum of SM particles. Thus hierarchy problem
is also known as the fine-tuning problem.

1.2.2 Presence of a Dark Matter

Cosmic Microwave Background (CMB) observations lead to an estimated present
energy density (po) that closely matches its critical value (pcrit):

3H?
87TGN

with Hy = 70 km/s/Mpc is the Hubble constant and Gy = 6.67 x 107! Nm? /kg?
indicates the Newton’s gravitational constant. Fitting the CMB anisotropies to the
ACDM model, one finds an amazing result. The total energy density comprises of
roughly 70% Dark Energy (DE), 26% Dark Matter (DM), and (only) 4% ordinary
(baryonic) matter. This raises the question what are DM and DE? Having a satis-
factory answer for DE is not easy within the particle physics paradigm, but a huge
amount of effort and energy has been devoted to particle DM explanation.

PO = Pecrit = ~ 10_29 g/cm37 (122)

Figure 1.2: Galaxy rotation curve. Source: Wikipedia.

Different astrophysical phenomena like Galaxy rotation curve [9] (Fig. 1.2), grav-
itational lensing [10], structure formation [11], etc., provide concrete evidence of the
existence of DM. When considering particle DM, a broad range of possible masses
(eV to Plank mass) is available. Depending on the interactions between the visible
sector and the dark sector particles, we classify several DM candidates. Weakly In-
teracting Massive Particles (WIMP) are one of the most popular candidates for DM
having moderate interactions with the visible sector, which produces the observed
relic density of DM [12, 13]

Qpnih? = 0.11933 £ 0.00091 (1.23)

where () = p/p. denotes cosmological energy density parameter and # is the reduced
Hubble constant. WIMP are assumed to be in thermal equilibrium with the visible
sector particles in the early universe. When the DM interaction rate falls short of the
Hubble expansion rate, then WIMP freeze out to provide present-day DM relic. Fee-
bly Interacting Massive Particles (FIMP) are another potential DM candidates that
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1.2. Limitations of the Standard Model 7

remain out of thermal equilibrium due to their feeble interaction with the visible sec-
tor, but get produced through the decay and scattering of thermal bath particles to
‘freeze in” when the temperature falls down DM mass. Strongly Interacting Massive
Particles (SIMP) are another possibility characterized by strong interactions within
the dark sector, which freezes out due to number-changing processes within the
dark sector, but is constrained from the self-interaction limits. There are many other
possibilities. In this thesis, we will touch upon some WIMP-like DM candidates and
their discovery potential at colliders.

1.2.3 Neutrino mass

Observation of neutrino oscillations [14-16] suggests that at least two SM neutrinos
must possess non-zero mass. It has also been established that neutrinos don’t only
possess non-zero mass but also exhibit mixing between different flavors, transition-
ing from one flavor to another over time'. This contradicts the fundamental assump-
tion of the SM, which assumes the existence of only left-handed neutrinos without
right-handed neutrinos. While it is conceivable to generate neutrino masses by in-
troducing right-handed neutrinos and employing Yukawa couplings similar to those
for up-type quarks, comprehending their minuteness relative to other fermions, one
requires Y, ~ 107! in order to be consistent with the observed light neutrino mass
and remains a puzzling issue. However, it is possible to generate such a mass term
in a gauge invariant way from the dimension-5 Weinberg operator (we will briefly
discuss effective operator frameworks in the next section)

%(zcﬁ*)(ﬁm, (1.24)

where A is some NP scale and small Majorana mass is obtained after SSB via

Y, (H)? Yo
2A 2N

m, = (1.25)

With A ~ 10 GeV one can generate correct neutrino mass without fine tuning.
There are several ‘NP’ possibilities that can generate the dimension five operator;
for example, type-I seesaw [17, 18], type-II seesaw [19-21], type-III seesaw [22, 23]
etc. We will have a brief sketch of such frameworks in the next section.

1.2.4 Matter anti-matter asymmetry

When we look around, we see only matter, and anti-matter is very rare which sug-
gests that our universe is predominantly composed of matter compared to antimat-
ter. Anti-matter, like anti-protons, is found mainly in cosmic rays and is about 10,000
times less than matter. We can also create anti-matter in collider experiments like
LHC. Expressed as the ratio of baryon density to photon density, the asymmetry is
quantified as (n, — nz)/n, = (6.10 £ 0.4) x 1071? following CMB [25] measurement
and Big Bang Nucleosynthesis (BBN), where n, and n,(n;) represent the present
number densities of photon and baryon (anti-baryon), respectively. Inflation erases

LA concise overview of the most accurate estimate for neutrino oscillation parameters after per-
forming global fit is shown in Table 1.1.
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Normal Ordering Inverted Ordering
bfp 1o 30 range bfp +10 30 range
sin’ 5 0.304 15013 0.269 — 0.343 0.30415-013 0.269 — 0.343
PR 33.4470 78 31.27 — 35.86 33457078 31.27 — 35.87
]
e}
2 | sin® 03 0.57010 053 0.407 — 0.618 0.5750 051 0.411 — 0.621
[
B | 023/° 49.0111 39.6 — 51.8 49.3719 39.9 — 52.0
Q
g
3 sin 613 | 0.0222170-090%8  0.02034 — 0.02430 | 0.0224079:50962  0.02053 — 0.02436
8’5’ 013/° 8.571013 8.20 — 8.97 8.617512 8.24 — 8.98
Q
2 | sop/ 195751 107 — 403 286127 192 — 360
g cp/ —25 - —32 -
Am3, +0.21 +0.21
05 a7 7.42702 6.82 — 8.04 . 2L 6.82 — 8.04
Am3, +0.028 +0.028
TosoyE | t2OlIGey 2431 - 42508 | 2497700 —2.583 & ~2.412
Normal Ordering Inverted Ordering
bfp 1o 30 range bfp 1o 30 range
sin? 015 0.30415-:912 0.269 — 0.343 0.30475-013 0.269 — 0.343
012/° 33.4475°77 31.27 — 35.86 33.4510°78 31.27 — 35.87
[
[
© sin® fa3 0.573% 0050 0.415 — 0.616 0.5755015 0.419 — 0.617
-
_S;; 03/° 49.2+9-9 40.1 — 51.7 49.3199 40.3 — 51.8
w0
]
g | sin®6y3 0.0221979-00082 0.02032 — 0.02410 | 0.02238T0 0000  0.02052 — 0.02428
[
B | 613/° 8.5710.12 8.20 — 8.93 8.6070:12 8.24 — 8.96
<
2 | bcp/° 197127 120 — 369 2827126 193 — 352
Am3, +0.21 +0.21
0 a7 7.42704 6.82 — 8.04 7.421021 6.82 — 8.04
Am3, +0.026 40.028
TosovE | T2OLTIGR  +2435 - 42508 | 249875550 —2.581 — —2.414

Table 1.1: Best fit values of different neutrino mass parameters from three-flavor oscillation. This

global fit has been done by vFIT Collaboration [24].
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1.3. Examples of physics beyond the Standard Model 9

most of the initial conditions, therefore, it prescribes that such asymmetry must be
generated dynamically. The mechanism of generating matter-antimatter symmetry
is called baryogenesis [26, 27] and follows Sakharov conditions [28]. A standard ap-
proach to achieve baryon asymmetry through leptogenesis [29, 30] where a non-zero
lepton asymmetry is generated which can be later gets convert into baryon asym-
metry via electroweak sphalerons [31].

1.2.5 Experimental Anomalies

Although most of the experimental outcomes have validated the SM with good pre-
cision, there are still some experimental results that show some deviation. For ex-
ample, in the context of flavor physics, the anomalous magnetic moment of muon
((g—2),) shows 4.20 deviation [32], R(D*) has been measured with a 2.20 deviation
[33, 34]. Recently, the LHC has measured Higgs decays to Z and a photon with 3.40
deviation [35]. The CMS experiment has provided a hint of a new neutral scalar
with a mass around 95 GeV at 2.8¢ global significance [36].

In addition to the aforementioned issues, there are strong CP problem in the
QCD sector [37, 38], gauge coupling unification [39-42], Higgs vacuum stability [43—-
45], etc. which can not be explained within the SM framework.

1.3 Examples of physics beyond the Standard Model

There exists a huge literature on BSM physics, addressing one or a few of the prob-
lems listed above. It is impossible and out of the scope of this thesis to have a sys-
tematic discussion on a majority of them. In the following, we will sketch a few UV
complete scenarios that are referred later and we also discuss the SMEFT framework,
which we use extensively.

1.3.1 UV complete BSM models

e Minimal supersymmetric standard model (MSSM): Supersymmetry is one of
the most promising candidates for BSM physics. In this framework, new par-
ticles are called the superpartners of SM with spin differing by half a unit.
The spin-1/2 quarks and leptons in supersymmetry have spin-0 scalar partners
known as sfermions (squarks and sleptons), while the superpartners of spin-1
gauge bosons are spin-1/2 gauginos. In addition to the SM like Higgs dou-
blet, an extra Higgs doublet is required to provide masses to the (s)fermions
is supersymmetry. The superpartners of Higgses are called Higgsinos. The
minimal and economic choice to extend the SM with supersymmetry is MSSM
[46—48] that incorporates softly broken N = 1 global supersymmetry in SM.
Supersymmetry provides a natural solution to the hierarchy problem, with
cancellation between SM and superpartner’s loop contribution to the Higgs
mass. On top of that, it provides a suitable DM candidate as well. Null results
for supersymmetry searches at the LHC have resulted in high mass limits for
the superpartners.
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e 2-Higgs doublet model (2ZHDM): Given that we are yet to decide upon the exact
nature of the scalar boson discovered at the LHC, and to address the issue of
vacuum stability, extension of the scalar sector of SM is widely studied. 2HDM
is a simple extension of SM with an extra SU(2), Higgs doublet (let’s call it ®,)
that contains three neutral Higgses along with a pair of charged Higgs bosons
[49-52]. Depending on the interactions of the quarks and leptons with the
scalar doublets, there are four types of possibilities:

i) Type-I: All quarks and leptons couples only to the additional doublet (®,)
[53],

ii) Type-II: ®; couples to down-type quarks and charged leptons [53],
iii) Type-X: ®; couples to all leptons whereas ®, couples to all quarks [53],

iv) Type-Y: ®; couples to all down-type quarks, ®, couples to up-type quarks
and leptons [53].

Flavour Changing Neutral Currents (FCNC) emerge at the tree level in 2HDM
[564-58], a phenomenon that is absent in SM. If the additional doublet is odd un-
der discrete Z, symmetry then 2HDM called Inert Higgs doublet model (IDM)
[49] and the lightest component of the neutral Higgs serves as a DM candidate.
IDM with right-handed neutrinos is often categorized into scotogenic model
[59, 60] which provides loop-generated neutrino mass, having DM in the loop.

e Seesaw models: Seesaw models are one of the most prominent BSM scenarios
to explain the smallness of neutrino mass. The heaviness of the NP scale in
the denominator makes the neutrino mass tiny, that’s how they are referred as
seesaw models. There are majorly three types of seesaw models, all of which
generate the dimension five Weinberg operator when integrated out:

i) Type-1 seesaw: This is the simplest extension of SM, where we assume the
presence of three right-handed Majorana neutrinos (RHN). The neutrino masses
are generated by the interactions of RHNs with the SM left-handed neutrinos
via Yukawa couplings [17, 18].

ii) Type-II seesaw: A scalar triplet is added to the SM. The triplet couples to the
SM leptons and acquires a VEV. The interaction of the triplet with the SM lep-
tons leads to the generation of neutrino masses. The smallness of the neutrino
masses is attributed to the small VEV of the triplet [19-21].

iii) Type-III seesaw: In this case, heavy fermion triplet is introduced to the
SM that interacts with the left-handed SM doublets [22, 23]. The smallness
of neutrino mass is attributed to heavy triplet mass. The schematic Feynman
graphs for all three possibilities are shown in the Fig. 1.3. Seesaw models play
a crucial role not only in elucidating the origin of tiny neutrino masses but also
in providing a theoretical framework of the observed baryon asymmetry of the
universe, Seesaw-I model, in particular.

e Singlet scalar extension: The simplest model to accommodate a DM, is to ex-
tend the SM by a scalar singlet stabilised by Z, symmetry. This DM couples to
SM via Higgs portal interaction. Both the possibilities of WIMP [61-64], and
FIMP [65, 66] have been studied widely in this context, along with the detec-
tion possibilities. Some features of multi-particle DM in the extended version
of this model have also been carried out.
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Figure 1.3: Feynman graphs for different types of neutrino mass generation, Type-I Seesaw (left),
Type-1I Seesaw (middle) and Type-III seesaw (right).

There are many possibilities that we left out, some which we still would like to
mention are the composite Higgs model [63, 67], extra-dimensional set ups [68, 69],
left-right symmetric model (LRSM) [70-73], U(1) x models [74-84], etc.

1.3.2 Standard Model Effective Field Theory (SMEFT)

The Effective field theory (EFT) mainly deals with the degrees of freedom of a theory
that are difficult to achieve. For example, Fermi theory has been a classic example
of an effective theory of weak interactions when the scale of W boson couldn’t be
reached. Chiral perturbation theory (ChPT) is an example of an EFT that has been
incredibly successful in describing the interactions of pions and other hadrons, sim-
ilarly heavy quark effective theory (HQET) is an EFT that has been instrumental in
understanding the physics of charm and bottom quarks within the context of QCD.
Soft-Collinear Effective Theory (SCET) is used to study the behaviour of particles
that are either very energetic (collinear) or very soft in high-energy collisions in dif-
ferent experiments at the LHC.

The Standard Model Effective Field Theory (SMEFT) [85-89] is a framework where
the low energy incarnation is assumed to be the SM, with its particle content and
symmetries. Tobe more precise, below a cut-off scale A, SM with its mass dimension-
four interactions at the leading order is assumed to be the ‘known’ theory. However
one can construct higher dimensional operators with the SM fields (and their deriva-
tives), respecting the SM symmetry, suppressed by appropriate powers of A, which
can bring forth the effects of NP having a mass scale larger than A. The Lagrangian
under the SMEFT framework can be written as

L=Law+) Y. AS; o, (1.26)

i d>5

where A is the scale of NP, C; are the dimensionless Wilson coefficients (WCs) and
O? are the higher dimensional effective operators of dimension d constituted of SM
fields and their derivatives. The EFT is favoured as a model-independent benchmark
to study the deviations from the SM observations, as no confirmation of a specific
UV set up could be made so far.

At the dimension five level, there exists a lone operator known as the Weinberg
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operator [90]

C - . .
Lo = X(ZCH*)(HTZ) + H.c; (1.27)

where H and [ are the SM Higgs and lepton doublets, respectively. When the Higgs
tield obtains its VEV, this operator is responsible for inducing Majorana neutrino
masses. As we already touched upon in the last section, there are several possible
NP implications of this operator, in terms of seesaw frameworks. In the top-down
approach, one starts with a UV complete theory that integrates out the heavy de-
grees of freedom and then matches with the SMEFT to study this theory in low
energy limit. On the other hand, in the case of the bottom-up approach, we are ag-
nostic about the UV completion of a theory/model and use the low-energy data to
constrain WCs. In most of the phenomenological approaches, people consider the
bottom-up approach to study different BSM scenarios. In this thesis, we take up the
bottom-up approach mostly. For example, at the neutrino mass generation level, all
the seesaw frameworks are effectively the same, but at the scale larger than A, the
possible distinctions between a right handed neutrino, or a triplet scalar or fermion
can be done. Weinberg operator violates lepton number by two units ?. If right
handed neutrinos are included, there are two more operators in dimension five.

At dimension six level, there are several operators that are of interest. Buchmdiller
and Wyler in 1986 defined a consistent basis for the SMEFT at dimension six [85].
More than two decades later, the first non-redundant basis of dimension-6 operators
was established [86] in 2010. This set of operators is known as the “Warsaw basis”.
Under the assumption of flavor universality, this basis consists of 59 dimension-6
operators, see Table 1.2 and 1.3. The guiding principle behind creating the Warsaw
basis is to minimize the use of derivatives in operators and remove the redundancy
by using the equations of motion. Over the past two decades, various sets of bases
have been developed to address specific issues. One example is the strongly inter-
acting light Higgs (SILH) basis [91], which is especially useful in dealing with a
strongly interacting Higgs sector. Another noteworthy operator basis in dimension-
6 SMEFT is the HISZ basis [92]. This operator basis plays a crucial role to study
self-interactions of v and Z bosons with W+ along with CP violation. In this thesis,
we mostly focus on operators of dimension six, in Warsaw basis. We also do have
a classification of operators; when the operators can only be generated at the loop
level (LG) to that of potential tree generated (PTG), for details, see [93].

2 Actually operators with odd dimension violates Baryon or Lepton numbers.
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Table 1.2: Dimension-6 operators other than the four-fermion ones (FI = 109 H*, and the subindices
p, r denote family labels).

The dimension-7 operators [94, 95] offer valuable tools for investigating poten-
tial signals of new physics in various phenomena and processes. Specifically, due
to their lepton and baryon number-violating characteristics, these operators can be
used to explore baryogenesis and leptogenesis. The next level of correction is an-
ticipated to emerge from dimension-8 operators. These operators have been a topic
of investigation for some time, and recently an operator basis has been identified
[88]. The significance of dimension-8 SMEFT operators becomes apparent in their
pivotal role in unraveling the self-interactions of neutral gauge bosons. These in-
teractions are notably absent in both the SM and dimension-6 SMEFT at tree level.
In this thesis, we use some of these dimension-8 effective operators within the con-
text of neutral gauge boson self-interactions. Beyond dimension-8, a complete set of
dimension-9 SMEFT operators are also available in the literature [96].

In SMEFT framework, EWSB is linearly realized, i.e. the Higgs field undergoes
transformation as a doublet under the SU(2), gauge group, as elaborated above.
Within this setup, the Goldstone bosons are integrated to the Higgs doublet mak-
ing the Higgs self-couplings and HV'V couplings correlated. Certain models, like
the dilaton model, pose challenges for accurate description of low-energy behaviour
within the SMEFT framework [97]. In such cases, an alternative EFT framework
known as the Higgs Effective Field Theory (HEFT) [98, 99] is employed to effec-
tively capture the low energy dynamics or IR behaviour. In contrast to SMEFT, HEFT
framework is expressed in EWSB phase, utilizing the physical Higgs boson, without
inherent relationship between the Higgs and the Goldstone bosons. Therefore, there
are larger number of operators and no correlation between the Higgs self couplings
and HV'V couplings here, providing a broader platform for Higgs related studies
as well as to probe NP via Higgs window in HEFT set up. While both SMEFT and
HEFT are valuable tools for studying BSM physics, SMEFT is sometimes favoured
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Table 1.3: Four-fermion operators conserving baryon number (the subindices p, 7, s and ¢ denote
family labels).

as it is consistent with LHC, LEP, and other low-energy experimental data, which
indicates SM to be the prevalent low energy theory. In this thesis, we will there-
fore mainly involve SMEFT framework. However, considering the possibility of a
new particle discovery during Run 3 of LHC or the high luminosity LHC (HL-LHC),
within the energy range proximate to lepton colliders, the new particle will also con-
tribute to the construction of higher dimensional operators and the EFT will have to
be modified accordingly. For example, a right handed neutrino, if found within the
proximity of next generation colliders, the relevant EFT framework should include
this particle to yield “SMEFT, see for example, [94].

1.4 Particle colliders

Particle colliders have been essential tools for studying the fundamental constituents
of the universe. Over the years, several types of colliders have been built to explore
different energy regimes. Here, we provide a short overview of the Hadron collid-
ers, following that we discuss Lepton colliders with some more details.

1.4.1 Hadron colliders

A hadron collider is a type of particle accelerator that is designed to accelerate and
collide beams of hadrons, which are composite particles made up of quarks and
sometimes heavy ions as well. The Intersecting Storage Rings (ISRs) located at CERN
was the world’s first hadron collider that ran from 1971 to 1984 with a maximum CM
energy of 62 GeV. The Super Proton Synchrotron (SPS) is a hadron collider that ran
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from 1981 to 1991 at CERN. In July 1981, 1st pp collisions were observed at CM en-
ergy /s = 540 GeV. The UA1 and UA2 collaborations independently reported the
discovery of the W and Z bosons in January 1983. The Tevatron at Fermilab was
a hadron collider that was functional from 1983 to 2011. The highest CM energy
reached by Tevatron was 1.96 TeV. The Tevatron, under the collaborative efforts of
CDF and DO, achieved a milestone with the remarkable discovery of the top quark.
The latest Hadron collider, LHC, is the world’s largest and most powerful collider.
The first collisions at the LHC were achieved at 3.5 TeV CM energy. The crowning
achievement of the LHC is the discovery of the last missing piece of the SM, the
Higgs boson in 2012 at a mass 125 GeV. In addition to the groundbreaking Higgs
discovery, the LHC plays a pivotal role in affirming various properties of the SM.
Currently, the LHC is running with 14 TeV CM energy to investigate different prop-
erties of SM and look for possible BSM physics. The luminosity at which many
physics studies have already been done is 39 fb~!, whereas the HL-LHC has been
proposed to accumulate 3 ab~! data. In spite of the remarkable success, the LHC
grapples with a whopping QCD background. This challenge implies that poten-
tial NP signals may be overshadowed by the prevalent SM backgrounds. In light of
this, our focus is more devoted to the proposed lepton colliders and their different
discovery potentials.

1.4.2 Lepton colliders

As we have stated before, particle physics has entered into an era of unprecedented
precision, and in this context, lepton colliders have emerged as vital tools for con-
ducting precision analyses within both SM and BSM scenarios. These high-energy
accelerators, which collide elementary charged leptons, offer distinct advantages
for studying the characteristic fundamental particles and their interactions, mak-
ing them indispensable in advancing our understanding of particle physics. In the
past, different lepton colliders played a significant role in discovering crucial phe-
nomena. At the Positron-Electron Tandem Ring Accelerator (PETRA), gluon was
discovered in 1979. The discovery of the tau lepton occurred through a series of
experiments conducted from 1974 to 1977 at the Stanford Linear Accelerator Center
(SLAC). Besides the tau lepton discovery, SLAC was instrumental in revealing the
existence of partons within protons and neutrons, revolutionizing our understand-
ing of the hadron structure. The discovery of charmed quark also took place at the
SLAC in 1974. Another lepton collider named Large Electron Positron (LEP) collider
has helped us to shed light on the determination of the number of light neutrino
species. The outcomes from the LEP experiments played a pivotal role in establish-
ing precise values for various parameters in the SM, with a particular emphasis on
determining the masses of W and Z bosons. Prior to its final shutdown at CERN,
the LEP provided a lower limit for the Higgs boson’s mass. This critical lower limit
proved to be highly influential in guiding and supporting the subsequent discov-
ery of the Higgs boson at the LHC. Following the Higgs discovery, a lepton collider
with adequate energy would serve as an ideal companion with the LHC to facilitate
precision measurements. We discuss below a few important aspects of the lepton
colliders:

e Detail: Lepton colliders offer a distinct advantage with their well-defined CM
energy (v/s = 2Eyean) resulting from the collision of two elementary particles.
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This eliminates the uncertainty surrounding initial kinematic configurations,
allowing for the use of full kinematic information during event reconstruc-
tion, including the application of kinematic fits. In contrast, pp colliders face
the challenge of an unknown kinematic configuration for each collision since
two composite particles collide. Due to the wide energy distributions of glu-
ons within protons, governed by probability through parton distribution func-
tions, the energy at which particle collisions occur remains uncertain. At high-
energy lepton colliders like electron-positron setups, particle acceleration gen-
erates two primary forms of radiation: bremsstrahlung and beamstrahlung.
Bremsstrahlung arises from the acceleration of charged particles, while beam-
strahlung results from the radiation due to the electromagnetic field of the
other beam of charged particles. These radiations have significant implica-
tions for collider operations, causing a reduction in the CM energy available
for collisions, as particles emit radiation and lose energy. Careful considera-
tion in collider design and operation is required for minimum energy loss and
maintain superlative experimental conditions [100, 101].

e Cleanliness: QCD background is absent in the lepton colliders as leptons do
not carry colors. This absence of QCD background in lepton colliders results
in a cleaner experimental environment, making it easier to study electroweak
processes with better precision. The primary contributors to machine back-
ground are photon-photon collisions, which have a cross-section that is six or-
ders of magnitude smaller compared to the backgrounds encountered at the
LHC. This characteristic ensures manageable background levels, even at high
luminosities. As a result, the cleaner experimental environment significantly
simplifies the process of event reconstruction.

e Polarization: Beam polarization at linear lepton colliders plays an important
role in precision analyses and NP searches. Both longitudinal and transverse
polarization of initial beams provide in-depth studies of helicity structures of
different processes. Judicious choice of polarized beams offers the benefit of
effectively diminishing the SM background, thereby enabling the potential de-
tection of NP signals. Along with better statistical accuracy of NP couplings,
the chiral character of the different NP couplings can also be well studied by
using beam polarization.

e Calculability: In the case of electron-positron collision, all the processes are
primarily governed by electro-weak interactions. Therefore, the calculation
of the next leading order (NLO) correction to cross-sections for different pro-
cesses is straightforward and estimated to be the order of a few percent. This
enhances the theoretical uncertainty of the projected cross-sections. Precise
knowledge of theoretical and experimental uncertainties render lepton collid-
ers capable of detecting even subtle quantum correction to cross sections that
subsequently leads to observe NP even when it falls beyond the direct kine-
matic range.

e Democracy: In ete™ colliders, the couplings of Z boson and photon to all
other particles exhibit uniform strength, and production rates are primarily
constrained by the available phase space within the reaction. This character-
istic results in a lack of substantial hierarchy between SM and BSM physics,
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1.4. Particle colliders 17

eliminating the need for specific triggers and enabling the use of continuous
readout. Furthermore, all possible final states of decaying particles can be har-
nessed for physics analyses, offering the unique opportunity to measure abso-
lute branching ratios, total widths, and the identification of hadronic W and Z
decays. This versatility and comprehensiveness make e*e™ colliders valuable
tools for a wide range of particle physics investigations.

Based on the discussions described above, the High Energy Physics community
has taken significant initiative to build different lepton colliders across the globe.
We provide a brief overview of notable future lepton colliders.

e International Linear Collider: The International Linear Collider (ILC) [102-
105] is a proposed 31 KM long next-generation electron-positron collider that
uses advanced 1.3 GHz superconducting radio-frequency technology with high
luminosity. Initial operation of ILC is planned in the range between 250-500
GeV CM energy with a possible upgradation up to 1 TeV. It will start with a
luminosity of 420 fb~' and after 11 years, it will be able to accumulate a total
integrated luminosity of 2 ab~!. This will be attainable following an energy
upgrade, during which the CM energy will be doubled compared to its pre-
vious value. It is presumed that up to 500 GeV CM energy, ILC beams will
maintain a minimum of 80% electron polarization along with a 30% positron
polarization. The positron beam can be upgraded up to 60% with the incorpo-
ration of a photon collimator. Japan has initially shown interest to build ILC
but the exact location has not been finalized yet.

e Compact Linear Collider: The Compact Linear Collider (CLIC) [106-109] is
a high-energy and high-luminosity electron-positron collider under develop-
ment by worldwide ‘CLIC’ collaboration. This accelerator has been considered
for operation at three distinct CM energy levels: 380 GeV, 1.5 TeV, and 3 TeV.
Each stage’s timeframe is set based on the integrated luminosity of 500 fb™*
at 380 GeV, 1.5 ab~! at 1.5 TeV, and 3 ab~! at 3 TeV. The electron source gener-
ates spin-polarized electrons with a degree of polarization of 80% or greater
whereas the positron source aims to provide only an unpolarized beam. CLIC
is proposed to be constructed at CERN.

e Circular Electron Positron Collider: The Circular Electron Positron Collider
(CEPC) [110-112] is a circular electron-positron collider with a 100 km circum-
ference proposed by the particle physics community immediately after the dis-
covery of the Higgs boson. It is planned to operate at CM energy around 91.2
GeV as Z boson factory, 160 GeV which is the I boson production threshold,
and 240 GeV that can be served as a Higgs factory. The CM energy of CEPC can
be enhanced to 360 GeV, facilitating top-quark pair production. Over a ten-year
period, the planned operation aims to generate a combined integrated lumi-
nosity of 16 ab™! for Z operations, 2.6 ab~! for W operations, and 5.6 ab™" for
Higgs operations. The CEPC study group is striving to secure project approval
by approximately 2027 and China is foreseen as the location for this initiative.

e Future Circular Collider: The initial phase of the Future Circular Collider is
an electron-positron collider known as FCC-ee [113-115], designed to func-
tion as a Higgs production facility, electroweak, and top-quark factory. It will
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operate at four distinct CM energies: the Z pole, the WV threshold, the ZH
production peak, and the t¢ threshold. After four years of running, FCC-ee is
proposed to achieve 150 ab™! luminosity at Z pole CM energy. With the upgra-
dation of CM energy up to 365 GeV, integrated luminosity would be around 1
ab~!. FCC-ee is planned to be situated in the Lake Geneva basin, with connec-
tion to the existing CERN facilities.

e Muon Collider: A high-energy muon collider [116-118] stands out for its un-
paralleled capability to deliver precision measurements and attain the highest
energy levels within a single machine, a feat beyond the reach of any currently
existing technology. Experimental outcomes from flavor physics suggest that
we require very high CM energy to probe NP. Now, using traditional technol-
ogy, electron-based colliders are unable to attain such a magnitude of CM en-
ergy. Muon’s mass is approximately 206 times greater than that of an electron,
resulting in a billion-fold reduction in synchrotron radiation. This significant
decrease in radiation loss makes it feasible to build circular colliders with sig-
nificantly higher design energies compared to electron-positron colliders of
the same class. Likewise, electrons and muons are also fundamental particles
that focus all their energy on close-range interactions, rather than spreading it
out like in protons. This means a 14 TeV muon collider can be as effective as a
100 TeV proton-proton collider [119]. Therefore, a 10+ TeV muon collider will
be the ideal choice to probe such NP scenarios. Possible CM energies of muon
collider with integrated luminosity are noted as

Vs =3,6,10,14and 30 TeV with £ipc = 1,4,10,20, and 90 ab~'.  (1.28)

An international collaboration named ‘International Muon Collider Collabo-
ration (IMCC)’ has been formed to study muon collider prospect.

After the exploration of past and future lepton colliders, their advantages, energy
capabilities, and luminosity projections, we discuss the physics objectives across var-
ious lepton colliders in the next subsection.

1.4.3 Physics issues at lepton colliders

Future lepton colliders, powerful machines designed for particle physics research,
are instrumental in pushing the energy frontier to explore the unknown. In this sec-
tion we discuss the important physics issues these colliders tackle, shedding light
on their significant role in expanding our understanding of the nature of the funda-
mental particles and their interactions.

e Asmentioned earlier, CEPC plans to operate at CM energy around Z-pole (91.2
GeV), WW threshold (160 GeV), and also can be served as Higgs factory (240
GeV). Therefore, the primary motivation of this collider is to study Z, W, and
H precision measurements. Although LEP has already measured the W and
Z properties with satisfactory precision, CEPC will relook into it. In the 360
GeV run, the cross-section of Z H production is 36% lower compared to the 240
GeV run. Meanwhile, the cross-sections of the WW and ZZ fusion for Higgs
production are 3.8 and 4.6 times higher, respectively. These channels are cru-
cial for determining the Higgs width. In the context of the BSM scenarios, the
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CEPC serves as a platform for exploring various possibilities like charged lep-
ton flavor violation through tau (7) physics, exotic Higgs decays (particularly
those involving hidden sector dynamics, and asymmetric dark matter). ZH
measurement at 240 GeV provides a model-independent evaluation of HZZ
coupling, which serves as a crucial normalization for gauging other Higgs bo-
son couplings and CP violation estimations in the Higgs sector [112].

e FCC-ee plans to operate at 360 GeV on top of all CEPC ranges. Therefore it will
provide precise measurements of top-quark mass, width, and top-quark elec-
troweak and Yukawa coupling and help estimating underlying NP effects in
addition to the W, Z, and H precision measurements. One of the most impor-
tant aims of HEP community is to determine the Higgs boson self-coupling,
crucial for understanding the Higgs boson potential shape. Projections for HL-
LHC anticipate a 50% precision in measuring this, while combined HL-LHC
and FCC-ee results can improve it to 33% [115].

o ILC at 250 GeV CM energy, aims to measure Higgs invisible decays precisely,
which offers unparalleled opportunities to explore a wide range of NP models.
The production of the Higgs boson at 250 GeV, primarily in association with a Z
boson, allows for the identification of events featuring a single isolated Z boson
— a hallmark for Higgs decaying entirely to invisible states. While SM predicts
a decay branching of H — 4v as 0.1%, an observed precision in this channel
will open the window for estimating invisible decays stemming from NP. In
absence of observing this mode, a 95% confidence upper limit on the branching
ratio of 0.16% can be established. Along with the precision measurements of
the W boson’s properties like mass, width, and branching ratios, a primary
objective of the ILC is to enhance the accuracy of WWV (V' = v, Z) couplings
through direct measurement. The WW — fvqq’ final state plays a pivotal role
in scrutinizing these couplings. Additionally, the HV'V and hvyZ couplings are
regarded as significant case studies. With CM energy of 1 TeV, the ILC aims to
explore the presence of Z’' bosons, new scalars, and heavy neutral neutrinos
(HNL) up to 1 TeV. In the pursuit of WIMP search via effective operators, a 500
GeV ILC could estimate the presence of NP scale upto A = 3 TeV, while a 1
TeV ILC could push this limit to A = 4.5 TeV [105]. It also has the capability
to probe charged fermions originating from the type-III seesaw model with
masses below 900 GeV. We discuss various possibilities at ILC including heavy
fermion production in Chapter 3.

e CLIC at the initial stage (with /s =380 GeV) also plans to explore the Hig-
gsstrahlung process (Zh production), which enables the identification of the
Higgs via recoil against the Z boson, providing model-independent measure-
ment of Higgs branching ratios and width. This method is advantageous for
lepton colliders as it doesn’t rely on assumptions about BSM invisible decays.
An upper limit on BR (Higgs — inv.) < 0.69% at 90% C.L. can be achieved
through this process. Additionally, precise top quark mass measurements can
be conducted via threshold scans. In the subsequent stages (1.5 TeV), the ZH H
and HHvv processes will be examined for triple Higgs coupling measure-
ments in a complementary manner. Moving to the final stage (3 TeV), CLIC
has the capability to search for heavy Leptons with masses up to 3 TeV. A bet-
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ter precision on WWYV couplings can also be achieved at 3 TeV. Further, CLIC
is well-equipped to investigate DM models characterized by significant mass-
splitting, allowing for the detection of signals comprising prompt jets, leptons,
photons, and missing momentum [107]. The CLIC program can be invaluable
in refining the precision of anomalous neutral triple gauge couplings (nTGCs),
as discussed in Chapter 4.

e A muon collider serves as a complementary probe to CLIC at initial stage
(/s =3 TeV), enabling precision test in the electroweak sector of the SM. At 10
TeV CM energy, single Higgs and Di-Higgs production cross-sections through
vector boson fusion (VVF) is higher compared to 3 TeV; thus provides a better
probe of Higgs properties. The high-energy muon collider emerges as the pri-
mary and most reliable avenue for investigating heavy electroweak DM, such
as higgsino, devoid of astrophysical uncertainties. Moreover, a 10 TeV muon
collider holds the potential to explore the compositeness scale through indirect
precision measurements, achieving scales as high as m* ~ 45 TeV with 10 ab~*
data. Some of the most robust constraints on NP emerge from investigations
into flavor and /or CP violation, as well as other accidental symmetries within
the SM. These encompass searches for electron and neutron electric dipole mo-
ments (EDMs), lepton flavor-violating (LFV) muon decays, and measurements
of Kaon (or other meson) mixing. A high-energy muon collider possibly is an
ideal laboratory for complementing these low-energy probes, for example, to
explore the novel realms of (g — 2),, physics. In the scenario where a new SM
singlet, scalar or vector, resolves the (g—2), anomaly, and if it exclusively inter-
acts with the muon, only a muon beam holds the capability to investigate the
singlet coupling responsible for (g —2),. Even if the singlet proves too massive
to be produced on-shell, its impact on muonic Bhabha scattering can still be di-
rectly investigated at a muon collider. At 10 TeV, we can probe Uy ~ 1077 for
10 TeV HNL mass, where U,y is the heavy-light neutrino mixing angle. An-
other possibility is to investigate flavor violation within the quark sector that
is constrained by different flavor and top-quark observables [118], which ne-
cessitates high CM energy, as detailed in Chapter 5.
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Statistical Analysis
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2.1 Maximum likelihood and 2 function

Particle physicists heavily rely on statistical analysis to scrutinize complex theoreti-
cal models, seeking to determine the optimal parameter values that assess the com-
patibility of experimental/simulated data with hypotheses about new particles or
novel physical theories. In the past decade, particle physics has transitioned into the
precision era. This transition necessitates a thorough understanding of experimen-
tal uncertainties, encompassing both statistical and systematic aspects. It’s crucial to
establish confidence intervals for measuring any parameter using different observ-
ables from experimental /simulated data. These confidence intervals are equally im-
portant for hypothesis testing which confirms the existence of NP or anomalies. In
the discussion below and throughout the thesis, we adhere to only statistical error in
estimating NP parameters and leave systematics aside. The methodology involves a
statistical approach via the principle of maximum likelihood (ML). Let’s consider a
data set with N independent measurement, {y1, y2, ..., yn } to determine a parameter
¢ at known points z;, then the likelihood of the data sample is defined as

L(y;, xi;0) = Hp(yi,xue)a (2.1)

where P(y;,z;;6)) probability distribution function (p.d.f) involving y,. If we as-

sume that the measurement “y;” follow a Gaussian distribution with a mean p and
standard deviation of o;, then P(y;, x;;0) is

Pl 1360) = e W PO 2)

V2o, 207
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22 Chapter 2. Statistical Analysis

Now, the x? function in terms of the logarithm of the likelihood is

x?> = —In L + constant = Z —2

i

(2.3)

In order to determine the parameter, one has to maximize the likelihood (i.e., prob-
ability) which is equivalent to minimizing the x? function. If the measurement y;’s
are not independent then x? function is defined as

X =) (i — s 0)(y; — play; )V

,L'7j

(2.4)

where the V;; is the covariance matrix. Therefore, using the expression of X2, Ax?is
defined as

A =X — XCins (2.5)

where x2 ;. is the value of x? at the best-fit value of the parameter 6. This Ay? = n
provides the y/no deviation from the best-fit value of the parameter. Depending
on the number of parameters, n indicates different confidence levels (C.L.). C.L. is
a statistical range that provides an estimated range of values for a parameter, with
a specified value of probability, indicating the uncertainty in the best-fit value. For
instance, in case of 1 parameter scenario, n = 1 denotes 68.3% C.L. In Table 2.1, prob-
abilities corresponding to different parameters are tabulated for various no levels.

Confidence level (C.L.) (%)
= 1 parameter | 2 parameter | 3 parameter
lo 68.27 39.34 19.87
20 95.4 86.47 73.85
30 99.73 98.89 97.07

Table 2.1: Numerical values representing confidence levels (C.L.) corresponding to various standard
deviation levels (no) for different parameters.

2.1.1 Regular x? analysis

Let us consider we have some observational /simulated data for an observable (e.g.,
differential cross-section) that we can organize into different bins. Alongside this
data, we have a model or hypothesis that tries to predict the number of events within
each of these bins. If N> is the number of events in i*® bin from an experiment or
Monte Carlo simulation and N*° as the expected values for an observable distri-
bution from a model/hypothesis, the x* function is defined as

Niobs _ Nitheo 2
X = Z( - S (2.6)

(o
i 7
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2.2. The optimal observable technique (OOT) 23

In the above, o, = /N is the statistical uncertainty in the i*® bin. Here, we con-
sider the fact that the determination of the number of events in each bin is indepen-
dent of the other bins and the number of events in each bin follows Poisson distribu-
tion. In order to estimate NP parameters in a collider environment from Monte Carlo
simulated data, we start by examining a specific final state signal. We must ensure
that the SM contribution to that final state signal is well-understood and reduced as
much as possible using appropriate collider variables. Thereafter, we collect N°®
from the binned observable distribution to feed Eq. (2.4) and minimize the x* with
respect to NP parameters to determine the statistical sensitivity of NP parameters
with certain C.L.

2.2 The optimal observable technique (OOT)

The optimal observable technique (OOT) [120-123] estimates the statistical uncer-
tainty of NP parameters by minimizing the covariance matrix. The covariance ma-
trix is found out using the probability distribution function of a simulated number
of events for a particular observable with appropriate phase space information. In
Fig. 2.1, we show a schematic, where the interfering contributions of SM and BSM
has been shown to the signal state. Contributions from other SM production pro-
cesses to the same final state may arise, which are called non-interfering SM back-
ground. In this following section, we elaborate on the derivation of the OOT for
different NP scenarios, (i) when NP dominates the signal, (ii) when SM interfer-
ence contribution dominates over NP, and (i) when we have large non-interfering
SM background.

= o

Figure 2.1: Schematic Feynman diagrams for a hypothetical signal with SM (left) and BSM (right)
contributions.

2.2.1 BSM dominance over SM

In this scenario, we consider processes in which either SM does not have any sub-
stantial contribution or exerts only a marginal influence. Within this context, an
observable such as differential cross-section can be expressed as follows:

dUtheo

b

where g; denotes non-linear functions of NP parameters and f;’s are sets of linearly
independent functions of the phase-space coordinates ¢. In the following discus-
sions, as we delve into the 2 — 2 scattering processes, ¢ is the cosine of the scattering

OBSM =

Z 9 fi(9), (2.7)
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24 Chapter 2. Statistical Analysis

angle in the CM frame. In principle, one can have the flexibility to select any ¢, de-
pending on the specific nature of the process. Our aim now is to provide observables
that allow for the most efficient measurement of the g; parameters.

The total cross-section for the process is

d eo
Yltheo = < O;; > ) (28)
where to simplify notation, we define the bracket (- - - ) such that for any quantity W
depending on ¢
W)= [dswie). 29)

In reality, experiments occur over a length of time, in which case the probability to
observe a number A follows Poisson distribution. If £, is the integrated luminosity
over that period, the average event number in a fixed period is

s)/ttheo — Sintztheo . (210)

So, assuming the events occur at a constant rate and are independent of one an-
other !, the probability of observing A events is given by

mélheo *mtheo

Therefore the probability of observing A events in regions A¢, around phase-space
points ¢q, a =1,..., Ais

mA A A
Stheo(A; (I)A) Aq)A E— ﬂe_mtheo Hptheo(¢a)A¢a ; (I)A - (¢17 O 7£A) ) A@A = H A¢a )
a=1 a=1

Al
(2.12)
- A
e theo d co

= %theo(A; q)A) ] Al 11 Ptheo 5 Ptheo = syttheoptheo = Qint% ; (213)

and @4 = (é1,...,04). Choose now a set of observables o;(¢) and let

A

0i(A;®4) = ) oi(¢a) - (2.14)

a=1
In the following, we will need the expectation values of quantities using §ineo as
the probability density function. These averages involve an integration over phase-
space variables and a summation of the number of events. To simplify notation we
also define (- - -) such that for any quantity U that depends on A and ®y4,

00 00 A
W= [deviaien =Y [T[ao0(40,), 2.15)

ISituations where this may not be true usually require a very large number of events. In such
cases events may not be independent because of effects such as Bose enhancement of Pauli blocking.
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With these preliminaries, the average of 0 is

> efmtheo _
(Stnea O)) = Z Tmfheifl (Prheo0i) = (Prneoti) = Lint (01 fj) ;- (2.16)
A=1 :
Let then
Iy = (Mil)ij Oj where Mij = Lint <0ifj> s (2.17)

in which case
gi = «Stheori>>2 . (218)

Therefore, any I'; that has the above form can be used to determine the g;. The idea
now is to choose the I'; that has the smallest covariance matrix.
Consider a dataset comprising N pairs of numbers, denoted as {z;,y;}. The

generic expression of covariance matrix associated with this dataset is defined as
1
V=52 (@ = () — (v) = {oy) — (=) (v) - (2.19)

Therefore, the covariance matrix in our case (OOT) is given by
Vij = <3theoF;F;> = (Seneolil';) — 9i9;; where I, =T; — g;; (2.20)

which we extremize as a function of the o;:

1
0 (§aiajV@-j) = «%theo(bo) (bl (SOZ — bz (SMU F])>> = O, (221)
where a; and b; are arbitary vectors with b; = a; M ];1.
Now,
co efmtheo A A A
<<‘Stheo Ok: 6Oz>> — /dE Z | H ptheo (é'a) Z oL, (§b> Z 50’i(§c)7
A = y (2.22)

= (Ptheo0k00;) + (PtneoOk) (Prneolo;) -
Similary, we can write
(Beneo OT3) = M (Prneo0sar) + (Peneos) 9 (2.23)
where we use M ﬁl (Ptheoar) = g;. Therefore, the extremum condition is
bibk {Peneo0k + (PrheoOk) Prheo — Lints; [Mﬁl (Peheook ) + (Peneoor) 5]} = 0. (2.24)
As we know £, fi9; = Prneo then

Ptheo Ok = ’SintijJ?1 <pthe00k0l> = 0 = fk 5 (225)

ptheo

for which the condition (fx) = My,qg is satisfied and the expression of optimal co-
variance matrix derived as

1 iJj iJj
IV S VA <M> _ <ﬁ> (2.26)
‘Sint theo OBSM

2I; are the sets of function that follow the distribution F¢pneo, S0 that g; are the expectation values
of Fz
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2.2.2 SM dominance over BSM

In this section, we will calculate the expression of the optimal covariance matrix
when SM dominates over BSM contribution for a specific process. A similar mathe-
matical description has been elaborated in [122]. The observable which we take the
differential cross-section, is defined as

+Zg¢fi(¢), Osn =

dO'SM dUSM
dop do
where Og,; denotes the SM contribution to the observable and the BSM contribu-
tion (3, g:f;) is considered to be small compared to SM. The probability distribu-

tion function for observing A events follows similar expression as Eq. (2.13) with
Mineo = (Nsu + Myp) is

1 doikes B dosu/dE + g, fi

O:

(2.27)

Piheo = = : 2.28
" Yitheo d& Sen + gi (fi) (2.28)
fi — Pou (fi) 9 1 dogy
wto (P2 ) b0 rag e
Now, likewise Eq. (2.13), we define
do.
Psu = NowPoyw = Line —d;M- (2.30)

Similar to the previous case, here we choose a set of observables o;(¢) and define

A
0/; ®a) = 2= 3 ail00) (2.31)

a=1

Using Eq. (2.13) and Eq. (2.29), following term can be expanded as

1
«Stheooz» - <Psm0i> + ;n_SM Z Cijgj Tk Ci‘ = <Uz‘fj> > (2-32)
J
S0,
«Stheorj» =9, Fj = Mgy Z ijzl [Oz - <Psm01>] : (233)
Now, putting the expression of I'; into Eq. (2.20), it is straightforward to show that
1 i
§ (ﬁlfijfaiaj) =0= 0 = I;f (2.34)
Substituting Eq. (2.34) into Eq. (2.17), we get
fi f] 'Sint fz fj
Cij = Lin = . 2.35
! £ § < Psm ESM OSM ( )

Therefore, the optimal covariance matrix can be expressed as

1 AN
Vij :ESMCZIZ <f1f]> ;

Line \ O
e e\ e (2.36)
My il
£int ’ Y OSM .
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2.2.3 OOT with non-interfering SM background

In the previous two cases, the discussion on evaluating the optimal covariance ma-
trix (V;;) is based on a signal-based hypothesis where we have assumed negligible
SM backgrounds. The exclusion of SM backgrounds is justified as long as cuts on
a collider variable(s) can be used to reduce the SM backgrounds maximally. Now
if the whole SM background can not be nearly eliminated after employing cut on a
particular or several collider variables, then the estimation of NP uncertainties will
have deviation from the actual value when we use the above expressions of covari-
ance matrix. Moreover, the above analyses rely on the utilization of the analytical
expression of a specific observable at the production level, incorporating an effi-
ciency factor () to imitate the final state. If we assume that the cut efficiencies do
not alter the phase space correlations of either the signal or the background, then,
we can write the observable including the SM background contribution as

. dotheo

0= - 6s(/)sig + 6b(/)bkg = Z ngz(¢) : (237)

de

The presence of the second term in the observable, i.e. the SM background makes an
important distinction of Eq. (2.37) from the previous ones. Here g; are the non-linear
functions of NP couplings and f; are the function of phase-space co-ordinate ¢ and ¢
(€p) is the signal (background) efficiencies in estimating the signal (and background)
after using judicious cuts. This methodology relies on the fact that we have analyt-
ical expressions of both signal and background productions, the reconstruction of
tinal state events to the hard production level is possible within the efficiency fac-
tor(s) included above and in the process of successive cuts, the phase space orienta-
tions of the observable do not change significantly, other than reducing the number
of events. We will provide an example later where Eq. (2.37) can be used to esti-
mate OOT in presence of SM background. However, there are ample cases where
either or all of the above approximations won't work and we need to think of some
alternative way to do the optimization of the covariance matrix. In this section, we
will discuss a numerical method to incorporate the SM background to estimate the
uncertainties of NP couplings for a particular final state using OOT.

Suppose the theory under study has 2 parameters of interest, a, b, and that the am-
plitude is linear in these parameters. It follows that the differential cross-section
takes the form

; 5
ﬁ = Oor = fot+afi +bfo+a°fs+abfs + b f5 = Z.%fh (2.38)
i=0

where, f; are the phase space functionsand gy = 1, g1 = a, g2 = b, g3 = a?, g4 =
ab, g5 = b*. Now, we divide the phase space into R bins by, bs, ..., by and then define

A, = | do, 2.39

/br ¢ ( )
and

ri — 'Qint d i 2.40

n /b of (2.40)
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The total number of events in b, is

N, = Line / dpO = gini. (2.41)
br p
Now, if the bins are small enough the f; will be approximately constant inside them,
then
1 1 Nyi
S brﬁ—/dd)fi:A—2 5
e (2.42)
~ — / dpO =
r 1nt
whence iy .
iJJ NyiNyrj
% 5 LATN VN 2.4
MZJ ; /br d¢ O 2 SintAr Nr ’ ( 3)

with the approximation becoming increasingly accurate as Ar — 0 and R — oo.
Now, in order to extract the n,; note that NN, is a function of @ and b, namely;

5
b) = ginsi. (2.44)
=0

Now, one can evaluate n,; as
Nro :Nr(07 0)7
1
Nyl :E[_?)Nr(()’ 0) +4N.(1,0) — 3N(2,0)],

1
nes =5[=3N:(0,0) +4Nx(0, 1) — 3N (0,2)],

1
ey =3[Ne(0,0) — 2V (1,0) + N (2, 0), (2.49)
Mot =N, (0,0) — 2N,(0,1) — No(1,0) + No(1, 1),
1
TNys :é[Nr(O’ 0) — ZNI.(O, 1) + ]\/;-(O7 2)]
To evaluate M;; for some set of seed parameters a(”), b(©)
Z ”””” , (2.46)

SlntA

—1

where the covariance matrix is defined as V;; = Ag . If the number of NP parameters
is changed, Eq. (2.45) is also modified to evaluate MU
Now, using the information of V}; in different scenarios, y? function can be written

as
X =Y (g — 995 — 9Vi; (2.47)

ij
where ¢ are the seed values or input values that depend on the specific model or
hypothesis. The limit dictated by x* < n? corresponds to no standard deviation from
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seed values (¢") is the optimal limit for any NP couplings as the covariance matrix
(Vi;) is minimal. In the rest of the thesis, we utilise the above mentioned techniques
to find optimal estimation of NP parameters for several cases of interest, compare
them with the standard likelihood analysis and comment on the collider variables
like CM energy, luminosity and beam polarizations, that best elicit them.

A few comments before we end this chapter. OOT is a statistical technique to
estimate the future sensitivities of NP couplings in an optimal way, so that the co-
variance matrix is minimal w.r.t the NP coupling(s). In presence of data, for example
at current luminosities of LHC, there is not much scope of statistical optimization
of NP couplings, although optimization is possible to reduce systematic uncertain-
ties, for example, by considering the ratios of observables. In such circumstances,
one rather focuses to the question, which model/theory provides the best fit to that
dataset for a given observable. OOT on the other hand, can indicate how precise es-
timation of the particular NP, dictated by the present data, is possible in future sen-
sitivities of collider run. While this thesis primarily focuses on discussing the OOT
within the context of lepton colliders, it can also be done for future LHC searches.
Although a few practical challenges in precision extraction of NP couplings at the
LHC persists, like the huge SM background contribution, and the lack of an analyt-
ical cross-section due to hadron scattering. However, as elaborated in Section 2.2.3,
the OOT methodology enables the study of various NP scenarios across different
colliders. This underscores the versatility and applicability of the OOT across di-
verse experimental setups.
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3.1 Introduction

In this chapter, we discuss an example of the optimal estimation of NP couplings in
BSM dominated scenario. Concerning this, we will first study the detectability of a
singly-charged lepton with mass of either 150 GeV or 245 GeV at the ILC, with a CM
energy of 500 GeV and determine the optimal statistical precision to which its cou-
plings to the Z boson can be measured using the OOT for judicious choice of beam
polarization. Charged fermion pair production in the context of the type-III seesaw
framework has been studied in literature [124, 125], but no study has been done yet
using the optimal observable approach. We will then consider this particle in the
context of a specific NP model and provide an event-level collider simulation of its
dominating decay channel; this model has the added feature of containing a viable
dark matter candidate, some of whose effects at the ILC will also be considered. We
will discuss the effects of beam polarization and the extent to which the conclusions
drawn for these specific cases can be generalized.

The current bounds on heavy lepton masses depend on their nature (chiral or
vector-like) and dominating decay channels. For example, LEP put a bound on the
mass of 101.2 GeV (95% CL) on the mass of heavy, unstable, singly-charged fermion
[126] when its main decay channel is vW#, while the bound is 102.6 GeV (95% C.L.)
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3.2. Phenomenological framework 31

if it is stable [127]. Searches at LHC have been so far in three main directions: (i)
triplet leptons associated with type III seesaw mechanism for neutrino mass gener-
ation [128]; (ii) stable or long-lived charged leptons; and (iii) superpartners of the
SM gauge bosons (neutralino and chargino). In the first case, CMS has put a (30)
bound of 840 GeV [128] (using 137 fb~! of data at Vs = 13 TeV). The current bound
for a long-lived singly charged fermion is ~ 574 GeV [129] (CMS, using 18.8fb™' of
data at \/s = 8 TeV). The limit on chargino mass in supersymmetric theories from
the production of chargino pairs [130] is ~ 400 GeV when the neutralino mass is
zero, and ~ 250 GeV from chargino-neutralino pair production [131] (both obtained
at CM energy /s = 13 TeV).

The OOT has been used previously in a variety of studies, including the estima-
tion of the uncertainty of the Higgs couplings [132, 133] and top-quark couplings
at eTe™ colliders [134-138], of the top-quark interactions in a v~y collider [139-141],
of the CP properties of Higgs boson at a muon collider [142], and of possible non-
standard top-quark couplings at the LHC [143-145]; other studies using this tech-
nique include estimating the sensitivity to NP effects in flavor physics [146-148] and
NP searches in top-quark production at the ey colliders [149].

This chapter is organized as follows: the phenomenological framework that we
will use to study the Z couplings of a heavy charged lepton is presented in Sec-
tion 3.2; Section 3.3 and Section 3.4 discuss the relevant cross-section calculations
and OOT for this framework; the UV-complete model and associated collider sig-
nals are examined in Section 3.5 and Section 3.6; with Section 3.7 containing parting
comments and summary.

3.2 Phenomenological framework

In this and the following sections, we will use the OOT to determine the accuracy to
which the parameters of a simple model of BSM physics can be measured at the ILC.
The model we consider is a simple extension of the SM by the addition of a heavy
charged fermion %, that can be produced by Z and photon exchange (Fig. 3.1).
We will discuss the precision to which the OOT allows the determination of the v
couplings to the Z atan e*e™ collider.

This type of heavy fermion appears in various extensions of SM; e.g. those con-
taining a fermion isodoublet (1/°, )~ ) with hypercharge Y;, = —1; we elaborate upon
a possible model framework in Section 3.5. Here we adopt a purely phenomenolog-
ical approach, allowing ¢/* to have general chiral couplings to the Z boson':
€0

W7 = S (a4 0y (3.1)

Sow

where sq, = sin(26,); 0, is the weak-mixing angle. We assume ? that ¢)* has the usual
minimal coupling to the photon:

WYY~y —degyt. (3.2)

The parameters a, b correspond to the p, discussed briefly at the end of section 2.2.1.

!We postpone any constraints coming from chiral anomalies to our discussion of a specific model.
21t is worth noting that in weakly-coupled theories modifications to the photon minimal coupling
are generated at 1 or higher loops and are correspondingly suppressed.
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v.Z

Figure 3.1: Production of heavy charged fermions (¢)*¢~) at e~ e™ collision (ILC).

We will call any specific choice of {a, b} a hypothesis and the corresponding pa-
rameters as seed parameters, of which we will consider the following:

e a = %1, b = 0 (pure vector coupling).
e a =0, b= %1 (pure axial vector coupling).
e a = *1, b = £1 (chiral coupling).

We note that, for this simple model, b — —b is under a parity transformation, so we
need to consider only b > 0.

Using the couplings in Egs. (3.1) and (3.2), we can evaluate doe, and, upon
selection of the f;, extract the coefficients g; = g;(a, b); the hypothesis a = a°, b = °
corresponds to assuming that these coefficients have seed values g = ¢;(a°, 0°). We
then use Eq. (2.26) to compute the covariance matrix V and corresponding x?; the
regions x? <const. determine the optimal statistical uncertainties and the accuracy
to which different hypotheses can be differentiated.

For the calculations below we will assume the following collider parameters:

my+ =150 GeV, or 245 GeV, /s =500GeV; Ly =567 ", (3.3)

where /s is the CM energy of the collider and integrated luminosity £;,;, whose
values were taken from the ILC design parameters [102]. The lower value of m,+ is
chosen above the current collider limit of O(100) GeV [127] ( Section 3.1) 3; the higher
value is chosen to be close to the threshold.

3.3 The v~ production cross-section

The amplitude for the process e*e™ — 1)"1)~, whichwe denoteby M (A.—, Act, Ay, Aj)
(where \; = £1 denotes the helicity of particle 7), is easily calculated [150]:

M(Ae=, =Ae=, Ay —Ap) = —eeq (Pe-Ay +cosO) [1+E(a+0ApBy)] 0 E=&+ Ae-&

M(Ae=, =Ae=, Ay, Ay) = —eeg 2mye Ay sinf (1+&a), (3.4)
NG
where e is the electron charge, /s is the CM energy, 8, = |/1 — 4m?. /s, and
C, Ca
& = & = (3-5)

s5(1=m3/s)’ $5a(1 —mZ/s)’

3This limit is obtained using the 1)* — W*+neutral decay, which naturally occurs in the simplest
models containing a 1*; see Section 3.5.
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with C, = (4s2 — 1)/2, C, = 1/2, the vector and axial couplings of the electron to
the Z, respectively (and s, = sinf,). If p_- and p - are unit vectors parallel to the
corresponding momenta, then the scattering angle ¢ is defined by cost/ =p_- - p,,-.

Figure 3.2: Left: Total spin-averaged cross-section for e e~ — 174~ as a function of the CM energy
\/s; right: differential spin-averaged cross-section as a function of the scattering angle for CM energy
(v/s) = 500 GeV. We took m.,+ = 245 GeV and the collider parameters of Eq. (3.3).

Using Eq. (3.4), the cross-section when the e* beams have partial polarizations
P+ (with —1 < P.+ < 1) is given by*

dO'(Pe+, P€—> - Z Z (1+)\e—Pe—)(1+)\e+Pe+) d_O’ .
s} B 4 ), 5,
AT =41 AT=+1 e et (3.6)

ZZCifm

where we choose °

{flv f2a fS}: %{(2_531)7 61/1(30807 ﬁzCOSQQ} ) (37)
and
91 1 — PefpewL [ Bi ﬁi
v = 5 _1 + 2610+ (& + &) (a2 + me — 2Pt Soa + &160a” + 5 Bi &E0% 0 |;
1—-P-P. |
92 2T Tt ogh + 46 6ab — Peff{zflb + (&8 + £§>abH; (3.8)
Qg 2 |
1-P Py
ozg; = 5 i 2610+ (&7 + &) (a® + %) — 2Peff{f2a +&16a(a® + bQ)}} ;
0 L
We defined p p
e~ — Let
Pt = 155 p ©

and «y = e%/(47), while a = ¢2?/(4r) is the usual fine-structure constant. It is also
useful to note that do/df2 is invariant under b - —band § — 7 — 6, a consequence
of the invariance of Egs. (3.1) and (3.2) under CP.

4)\; = +1(—1) denotes right (left)-handed helicity.
°It is straightforward to verify that these functions are linearly independent.
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The spin-averaged total and differential cross-sections (corresponding to P.+ =
0) for different seed values of {a, b} are plotted in Fig. 3.2. It is worth noting that the
total cross sections exhibit the same behavior for the values of a and b considered,
especially at large s; this is due to a combination of two effects. First, since s ~
1/4, & ~ 0; second, for large s, 5, ~ 1; it follows that the average cross section
o x 1+ &(a® 4+ b?), explicitly displaying its dependence on a and b. In contrast,
the unpolarized differential cross section depends on ¢, ~ &b and will have very
different behavior depending on the values of b. As expected from unitarity, the
total cross-section drops with increasing CM energy.

Figure 3.3: Total cross-section as a function of the CM energy for unpolarized (P,+ = 0) beams (solid
line); P+ :jgé’ (dashed line), and P+ :128;72 (dashed-dot line) for various seed values of a and b.

According to the design report [102], the ILC will produce highly polarized elec-
tron beam and moderately polarized positron beam; we will choose P,- = —0.8, P.+ =
+0.2 when considering this option. Also, for polarized beams we have

a>0: o(P-,P+)>0(Px=0), (3.10)
a<0: o(P-, P+)<o(Px=0), '
whence it follows that polarization will enhance detectability. We illustrate these
features in Fig. 3.3 where we plot the total cross section for various seed values of
a, b and choices of P.x+.

The covariance matrix (V;;) as defined in Eq. (2.26) has been derived at the pro-
duction level ()" 7). It is straightforward to show that for a particular final state
signal, V;; is scaled by a efficiency factor (¢). In the following we will consider the
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(electron-positron) collider production of NP which in turn decays to SM states;
symbolically, efe~ —NP—SM. We denote the ‘hard’ cross section for ete~ —NP
production by ¢, and by ¢ the final-state cross section ete™ -NP—SM, includ-
ing all event selection cuts aimed at reducing and SM background and enhancing
the NP contribution. The efficiency factor is defined by the ratio

O'FS

€=~ (3.11)
We would also like to note further that the statistical analysis done in Section 3.4 is
based on the NP signal process without including the effects of SM backgrounds,
since this requires a specific model for a detailed characterization of the final state
events (we return to this in Section 3.5). However, the efficiency ¢ in Eq. (3.11) in-
cludes not only the branching ratio of NP— SM final state, but also the effects of
event selection cuts that suppress the SM background contamination. The values
of e must be then estimated using a complete model of NP production and decay;
in the next section we will assume ¢ = 0.001 and 0.005, justified by the analysis of
the specific model in Section 3.6. The use of ¢ to include these effects is, of course,
an approximation; it is appropriate for the type of situations we consider: the res-
onant production of new particles which then decay into a SM final state. This ap-
proximation would not be appropriate in processes where on-shell NP particle is
similar in mass and spin to that of a SM particle leading to same signal and provid-
ing large interference (for example, a new Z boson having similar mass to SM Z
boson), or when the new particle contribution to the signal is virtual or in narrow-
width s-channel resonance. In all such cases the cross section in Eq. (2.7) receives
also a non-interfering SM background contribution, and the corresponding OOT
must be modified; we will return to this issue in Chapter 6. However, the procedure
as adopted here, will be less conclusive, given a large irreducible SM background
contribution and the estimation of € will be limited in this case.

3.4 Optimal statistical analysis

We now apply the OOT described in Section 2.2.1 to the case of ¢»* production at the
ILC, using the parameters of Eq. (3.3); the cases of 250 GeV and 2 TeV CM energy
collider are briefly discussed in appendix A.1.

V3 =500GeV, Pu=0
my= (GeV) ¢/ (aayp) fi x 1078 GeV?

1 —0.086a + 0.522a® + 0.2456%) | i =1: 217.60
1.442b — 0.124ab) it =2: 128.00cos @

(
150 |i=2: i
(1 - 0.086a + 0.552(a® + b%)) | i=3: 102.40cos®#
(
(
(

1 —0.086a + 0.522a% + 0.0116%) | i = 1 : 78.02

245 i=2: 5(1.442b — 0.124ab) 1=2: 7.92cosf

~
—_

1 —0.086a + 0.552(a® 4 b%)) i=3: 1.58cos?¥.

(.12)
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Figure 3.4: y? = 1 surfaces for hypotheses with a° > 0, P.+ = 0 and P.+ :fgggg, and € = 0.001. Left

(right) column: m,,+ = 150 (245) GeV. Note: the scales in the graphs are not all equal.

Next, the optimal 1o statistical uncertainties in the NP parameters a, b are ob-
tained from the x? < 1 regions using Egs. (2.26) and (2.47) for the parameters in
Eq. (3.3). As illustrative examples we the seed values listed at the beginning of this
section, and take ¢ = 0.001, 0.005 as reasonable estimates of the efficiency of sig-
nal identification (see Section 3.6 for a discussion); we consider both unpolarized
(P.+ = 0) and polarized (P.= =120%) beams. The results are presented in Fig. 3.4

80%
(for a® > 0), Fig. 3.5 (for a° = —1) and Table 3.1. These results illustrate the advan-
g
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Figure 3.5: Same as Fig. 3.4 for a° < 0.

tages that polarization provides in the determination of the couplings of these new
particles.

From these results we can see that of the cases considered, the a® = 0, 1° = +1
(pure axial coupling) hypothesis has the largest statistical errors and is, therefore,
the most challenging. Also worth noting is that, while the magnitude of the total
cross-section strongly affects the statistical uncertainties, it is not the only factor; this
is illustrated by considering the a” = —1 case where the unpolarized cross-section
is larger than the polarized one (Fig. 3.3) but the uncertainties are larger (Fig. 3.5).
We also note that 1o regions for the lower mass (150 GeV) are smaller than those for
higher mass (245 GeV), making the determination of the NP couplings for the latter
case more difficult.

3.4.1 Differentiation of models

One of the most important uses of the OOT is the ability to estimate the extent to
which different hypotheses can be distinguished. Specifically, we consider a “base”
hypothesis a = a”; b = 1° and, using Eq. (2.26), define

[Ac(a® 1% a,0)]" =€ (60 —5) (8 —3) (i), Vo=VIlg=4"); (313)

1,7
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38 Chapter 3. BSM dominance: Heavy charged fermions at the e*e™ colliders
P+=0 P+ zfggg’
Seed parameters :
€ =0.005 | €e=0.001 | €e=0.005 | e=0.001
model my=(GeV)| £Aa £Ab|£Aa +Ab|+Aa +AD|+Aa +AD
150 +0.04 +0.11{+0.08 +0.24|+0.02 4+0.10|4-0.05 +0.23
L b=0 —0.04 —-0.11|-0.09 —0.24|—-0.02 —0.10{—0.05 —0.23
a = s =

245 +0.07 +0.87|+0.15 +1.95/4-0.04 +0.05|+0.09 +0.91
—0.07 —-0.87|-0.17 —1.95/—0.04 —0.05|—0.09 —0.91
150 +0.06 +0.10{+0.13 +0.23|+0.03 +0.11|4-0.07 +0.25
—0.06 —0.10/-0.18 —0.24|—0.03 —0.11|—0.08 —0.24

a=1,b==+1
245 +0.07 +0.87{+0.15 +1.96/+-0.04 +0.86|+0.09 +1.93
—0.07 —-0.87|-0.21 —1.96/—0.04 —0.86{—0.10 —1.92
150 +0.35 +0.06{+0.51 +0.13/40.04 +0.09|+0.07 +0.22
—0.27 —0.11{—-0.41 —0.22|—-0.05 —0.09/-0.11 —0.22

a=0,b==+1
245 +0.43 40.66|+0.59 +1.39/4-0.04 +0.66/+0.10 +1.50
—0.26 —0.67|—0.13 —1.51|—0.04 —0.66|—0.11 —1.47
150 +0.04 +0.09({+0.07 +0.21/4-0.06 +0.06|+0.12 —0.16
~7_ 8 —0.04 —0.09/-0.07 —0.21|—-0.08 —0.06|—-0.63 —0.16

a = — s =

245 +0.06 +0.76|{+0.15 +1.75/+0.10 +0.48/+-0.20 +1.23
—0.06 —0.76/—0.15 —1.75|—0.21 —0.48|—-0.71 —1.23
150 +0.06 +0.10{+0.15 +0.22{+0.17 +0.11|+0.26 +0.14
—0.05 —-0.10/-0.11 —0.22|—0.34 —0.11|—0.48 —0.22

a=-1,b==+1
245 +0.07 +0.78(4+0.17 +1.79/4+0.11 +0.71|+0.20 +1.31
—0.06 —0.78/—0.14 —1.74/—0.60 —0.49|—0.70 —1.11

Table 3.1: Optimal 1o statistical uncertainty in the a, b couplings for both unpolarized and polarized
) beams and two values of ¢; we used the parameters in Eq. (3.3).

_ 4+20%

(P ~-80%
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(where ¢) = g;(a®, t°), g; = g:(a, b)) which we take as a measure of the degree to
which the a = @, b = b hypothesis can be distinguished from the base hypothesis;
we refer to Ao as the statistical significance of the @, b hypothesis (which depends
on the base model chosen).

We will use Ao as a measure of the separation of an alternate model from the
base one. The distribution of Ao can also be used to determine the probability that
Ao < { occurs; in general this distribution is not simple, but for the cases where g,
and g have normal distributions with averages gy, &, and correlation matrices Vj and
V that are approximately proportional to the unit matrix, 021, 5°I respectively, then
VAo is approximately normally distributed with average |g, — g|/0o and variance
1 + (6/00)?; in practice this means that the values quoted for Ao will have errors
approximately ++/1 + (¢/0¢)?. Similar results hold when Ac is written in terms of
a and b provided they also are normally distributed.

We now consider a few examples® corresponding to some of the cases presented
in Table 3.2 or in Fig. 3.6, 3.7, and 3.8. If o = 1, = 1and a = —1, b = 0, and we
choose m, = 150 GeV, unpolarized beams, ¢ = 0.005, and £;,; = 567 fb~!, we find
Ao ~ 9 with a +1.43 uncertainty. Assuming now m,, = 245 GeV, polarized beam
(P.+ :f;gé), ¢ = 0.001, and £;,. = 567fb "' and taking a° = 0, 1 = 0 as the base
model, we find that when @ = 1, b = 0 (the purely vector-like case) Ac = 13.96
with 41.05 uncertainty; if a = 1, b = 1 we find Ao = 14.09 with an uncertainty of
+1.07. We do not consider the a” = 0, 5" = +1 cases since the Ac¢ distribution is not
normal, however, we expect that the uncertainties in these cases will continue to be
O(< 10%).

It is worth noting that, as expected, larger efficiency ¢ and luminosity £, in-
crease the significance, while larger masses reduce it. It is also important to note
that though the significance Ao depends on the magnitude of the cross-section of
the base model, this is not the only factor. For the example considered, the unpolar-
ized cross section of the base model a® = #° = 0 is smaller than the one for polarized
beams by about 30%, yet the significance of the @ = 0, |[b| = 1 models is the same,
while that of @ = 1, b = 0 is larger than expected from the cross-section alone.

3.5 Model example and dark matter phenomenology

The above analysis focused on the application of the OOT to the study and de-
tectability of the properties of a hypothetical new heavy lepton. In this section,
we turn to a possible underlying economical and UV complete model that contains
such a particle. This model provides a viable theoretical underpinning of the pre-
vious discussion, a framework for studying other aspects of its detectability at the
ILC, and can be used to obtain an estimate of the efficiency e. In addition, the study
of this model using event-level simulation allows for a comparison of the expected
ILC sensitivity to the optimal statistical uncertainties derived above. Finally, we will
see that the model proposed contains a viable dark matter candidate, satistfying the
relic density, direct-search, and electroweak constraints in a large region of parame-
ter space.

SFor these choices Vj, V are approximately proportional to L.
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significance(Ao)
model € | Lo (D7) | myx =150 GeV My = 245 GeV
P =0|Pu="20%|Pe=0|Pe="200
0.001 567 6.13 25.03 3.42 13.96
a=1,b=0 |0.001| 2000 11.51 47.03 6.62 26.22
0.005 567 13.72 55.98 7.65 31.21
0.001 567 11.46 29.81 3.58 14.09
a=1b==%1 [0.001| 2000 21.52 56.00 6.73 26.46
0.005 567 25.62 66.67 8.01 31.50
0.001 567 7.07 7.09 0.68 0.69
a=0,b==1 0001 2000 13.28 13.32 1.28 1.29
0.005 567 15.81 15.86 1.52 1.54
0.001 567 8.65 10.81 4.82 6.01
a=-1,b=0 [0.001| 2000 16.24 20.30 9.05 11.28
0.005 567 19.33 24.17 10.78 13.44
0.001 567 14.15 14.92 4.99 5.92
a=—1,b==%1/0.001| 2000 26.57 28.02 9.36 11.12
0.005 567 31.63 33.36 11.15 13.24

Table 3.2: Statistical significance Ao (see Eq. (3.13)) of hypotheses @, b with respect to the base hy-

pothesis a® = % = 0.
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Figure 3.6: 20, 30, and 50 regions (red, blue, and green, respectively) when a® = ° = 0, indicated
by a star. The yellow area denotes the significance, Eq. (3.13), of alternate hypotheses a = @, b = b
(indicated by crosses) for various choices of luminosity (£i,:) and efficiency (e): @ = 1, b = 0 (left
column), @ = 1, b = +1 (middle column) and @ = 0, b = +1 (right column). We assumed m,+ = 245
GeV and unpolarized beams.

The model consists of an extension of the SM by two vector-like leptons: a weak
iso-doublet, ¢ = (%, ¢~ ) of hypercharge —1, and an iso-singlet y of zero hyper-
charge; both ) and x are odd under an exact Z, symmetry under which all the SM
tields are even [151, 152]. Upon electroweak symmetry breaking (EWSB) the v xH
Yukawa coupling (see Eq. (3.14) below) generates a mixing between the neutral com-
ponent ¢° and y, the resulting lighter mass eigenstate will be odd under Z, and
therefore stable and serves as a DM candidate. The quantum numbers under the
SMx Z, symmetry are summarized in Table 3.3.

The Lagrangian of the model is

LF =4 [2 (a—lgaw—l%’B) —mw} Y+ x (i —my) x — (K@ﬁx%—H.c) ,
(3.14)
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42 Chapter 3. BSM dominance: Heavy charged fermions at the e*e™ colliders

Figure 3.7: Same as Fig. 3.6 for a = —1, b = 0 (left column) and @ = —1, b = +1 (right column).

with the usual SM terms. After electroweak symmetry breaking H acquires a vev

v/V/2:
v+h 1
v2 \o]’

and, as noted above, the x and 1), will mix through the Yukawa interaction o< Y;.
The mass Lagrangian then becomes

H—

(3.15)

- m H X _ Yiv
~ Luass = (0Y°) | F | msdtes u= % (3.16)
pomys [\
The mass eigenstates 1, » are then given by
Ccos sin 2
X\ _ v v U : tan 2y = N (3.17)
Y0 —siny cosy /) \ s My — My=
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7—&-20%)'

Figure 3.8: Same as Fig. 3.6 for polarized beams (P,+ =",

Y . 2 —1 | odd
X 1 1 0 odd

Table 3.3: Quantum numbers of the additional dark-sector fermions under SU (3)¢ x SU(2)L x U (1)y x
Z3. SM fields have the usual gauge quantum numbers and are even under Zj.

We will assume 7 |u| < m, < myz+ so that 2u < |m, — myz+|; in this case 7 is small
and

2 2
& My, = My + M—; (3.18)

My = My — )
mwi — mX mwi — mX

so that my, > my= > my, and 1, is the DM candidate. Note that we also have

Am

Yi=-— 8111(27)\/5“ ’

Am = my, —my, > 0. (3.19)

"The case |p| < m, < myz+ is excluded by DM direct-detection and relic abundance constraints.
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In the mass-eigenstate basis the interaction Lagrangian becomes

L :;_0 [33(&17“%) + Ci(&ﬂ“%) + 5o (V1Yo + Vo) — con(W A YT)] Z,,

2w
— ey YT A, + % {[s7(17"07) + ¢ (" 7) Wi + Hee

— %h [52 (V101 — Yatha) + Coy (V11 + Yath1)] |

(3.20)

where s, = sinv, etc., and h is defined in Eq. (3.15). We see that the charged heavy
fermions (/%) have vector-like interactions with Z boson (corresponding a° = ¢y, ~
1/2, b° = 0in Eq. (3.1)); the W couplings are also vector-like. Comparing with Table
3.1 we that for e = 0.005 and polarized beams we expect ® the ILC to be able to
measure a’, b° to within < 10% at 1o (ignoring systematic uncertainties).

Figure 3.9: Regions allowed by the direct-detection and relic density constraints. Top: in the SI direct-
detection cross-section (o355) vs DM mass (my, ) plane for various ranges of sin. Bottom left: in the

Am — my, plane for 0.01 < siny < 0.05; bottom right: in the siny — m,;, plane for different ranges
of Am.

The strongest limits on the model parameters come from dark matter constraints.
The interactions in Eq. (3.20) show that the DM relic density is determined by the

8The case at hand is similar to a® = 1, ¥ = 0.
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h and Z-mediated annihilation and co-annihilation channels, while nuclear scatter-
ing, probed by direct-search experiments, is dominated by the Z exchange process
alone. The experimental constraint on the spin-independent cross section 03}, 400 <
10~*"cm? (XENONIT collaboration, [153]), and the fact that this cross section is
o sin gives

siny < 0.05; (3.21)
with a weak dependence on the DM mass. This limit on sin 7 sharply reduces DM
annihilation cross-section via Z mediation, and also via Higgs portal interactions
since Y7 o sin(y). Though the SM—DM annihilation channels are suppressed,
the relic-abundance restriction Qph? = 0.11933 4+ 0.00091 (PLANCK collaboration
[12, 13]) can still be met through co-annihilation channels involving ¢*, provided
|Am| < my+ [154].

Figure 3.10: Current experimental limits from the LHC for supersymmetric chargino-neutralino pro-
duction from the dilepton plus missing energy channel [130] (left) and dilepton plus dijet plus miss-
ing energy channel [131] (right). The benchmark points for our model (Table 3.4) are included for
comparison.

Fig. 3.9 displays various regions allowed by the direct-detection and relic-density
constraints. The top panel displays the spin-independent direct-detection cross-
section oy a function of DM mass (m,,) for various ranges of sinvy. The allowed
region in the my, — Am plane is displayed in the bottom left panel, while the al-
lowed region in the m,, — sin~ plane for several ranges of Am is displayed on the
right bottom panel of that figure. The parabola-like region in the bottom left panel
is responsible for having two allowed values of m,, for each choice of Am range on
the right bottom panel; this paraboloid shape can be traced to the contribution from
co-annihilation channels 1)*v; —SM to the DM annihilation cross-section:

Am 3/2 .
(00) 00 = {00}y, gy st T (V) gt sm (1 * my ) R (3.22)

where T' denotes the temperature of the bath, and the ellipses indicate other co-
annihilation channels (e.g. ¥y~ —SM, ¥4, —SM) with a stronger exponential
suppression; for details, see [152]. The relic density is then
1.09 x 10° GeV~ ' (my, /T) 1
912 Mpy (00) 10t

QDM h2 = 3 (323)

T=Ty
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where x = T'/my,, g. denotes the effective relativistic degrees of freedom, Mp, the
Planck mass, and 7 the value of T" at freeze-out. From these expressions, it fol-
lows that for small Am the allowed values increase with m,,, but only up to a point
beyond which Am must drop to balance the exponential suppression in Eq. (3.22).

Figure 3.11: Production and decay of the heavy charged fermions at the ILC for the model described
in Section 3.5.

Collider data also impose constraints on this model, with the strongest limits
from those on the production of chargino pairs [130], or chargino and second neu-
tralino production [131], in supersymmetric theories. Chargino pair production
is the exact parallel of the one we study below (see Fig. 3.11 with = replaced by
charginos, and v, by neutralinos), in the limit where the chargino is wino-dominated
and the sneutrinos are heavy ?, and assuming the on-shell production of charginos
dominates the cross-section. These SUSY limits give

My, + 115 GeV 2 my=+  for 250 GeV > my+ > 150 GeV (3.24)

which, for m,= = 150 GeV (245 GeV), requires m,,, > 35GeV (111 GeV). The model is
also consistent with electroweak precision observables, and with the invisible decay
widths for the Higgs and Z boson whenever m,,, > my,/2, which we assume.

With these constraints in mind, we select several benchmark points, listed in Ta-
ble 3.4, where all constraints are obeyed and which we will use in our study of the
model at the ILC; for these, we also assumed Am < myy, so that the decay of heavy
fermion occurs via an off-shell W. We will show that for such relatively small mass
splitting there is better segregation of the signal from the SM background at the
ILC. The benchmark points are compared with limits from ATLAS [130, 131] '° in
Fig. 3.10.

3.6 Simulation of collider events
We now turn to the ILC collider signatures for this model for the chosen bench-

mark points (Table 3.4) using the simplest signal: ¢)* on-shell pair production with
their subsequent decay into DM + opposite-sign leptons (0SL) via off-shell W bosons

The sneutrinos generate a t-channel graph not present in our model, and other contributions to
the charginos generate chiral couplings to the V.
0The limits from CMS [155] agree well with Fig. 3.10 and also allow the chosen benchmark points.
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Benchmark Points | m+ (GeV) | my, (GeV) | Am (GeV)
BP1 215 30
245
BP2 207 38
BP3 117 33
150
BP4 110 40

Table 3.4: Benchmark points chosen for collider analysis for singlet-doublet fermion model; in all
cases we took siny = 0.05.

Figure 3.12: Normalized ' distribution for the OSL final state events at the ILC with /s= 500 GeV.

Top: results for unpolarized beams; left (right), benchmark points BP1, BP2 (BP3, BP4) (¢f. Ta-
ble 3.4). Bottom: same for polarized beams (P,+ :fgggg). The SM background distributions from
WW, WW Z, ZZ production are also shown. The cuts £ < 20, 30 GeV cut used in the analysis are

also indicated.

(Fig.3.11); we adopt the above mass hierarchy, m,, > my+ > m,, . We note that 1 1,
production, followed by ¢, — Z1); generates a similar final state (OSL plus missing
energy), but the cross is x sin® v and significantly smaller. It is also possible to pair
produce v, 12 but the final state signature is different.

We simulated 0SL events at the ILC with /s = 500 GeV as follows: the model
was implemented in Feynrules [156-158], and parton-level signal events were gen-
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48 Chapter 3. BSM dominance: Heavy charged fermions at the e*e™ colliders

erated using CalcHEP [159], and then showered and analyzed using Pythia [160];
SM background events were generated using MadGraph [161] and showered using
Pythia. For event reconstruction, we use the following criteria:

e Leptons are required to have at least transverse momentum pr > 10 GeV; we
consider only electrons and muons with pseudorapidity |n| < 2.4 — we do not
consider 7 signals. Two leptons are assumed isolated if ARy = /(An)? + (Ag)? >
0.2, while a lepton and a jet are assumed isolated if AR,; > 0.4.

o We impose a zero-jet requirement, where jets are reconstructed using the cone
jet algorithm around the initiating parton. We further require pr > 20 GeV
and |n| < 3.0.

e Background signal was minimized by imposing cuts at 20 and 30 GeV (see
below) on the missing transverse energy, which is defined by

By =|p| (3.25)

where p7*® is the total visible momentum of leptons, jets, and photons perpen-
dicular to the beam direction.

Yy~ OSL
o b oge- (fb
Background s (Pb) Fr (GeV) s (b)
P+ =0| Pz :tgggz P+=0 | Pz :tgggz
< 20 0.90 2.73
WWw 7.4 15.5
< 30 0.90 2.73
< 20 53x107* | 1.5 x 1073
WWZ 0.04 0.085
<30 1.6 x 1073 | 4.5 x 10~*
< 20 3.1 x1073 | 94 x 1073
Z7 0.41 0.66
<30 |[47x107% | 14x 1072

Table 3.5: SM background cross sections for the 1) and 0OSL final states at the ILC with /5=500 GeV

with the selection cuts adopted (see text), and for unpolarized and polarized beams (P, + :fgggz).

We present in Fig. 3.12 the missing transverse energy (£;) distributions (nor-
malized to one event) at the benchmark points for both the signal and the domi-
nant SM background processes events (WW, WW Z, ZZ); and for both polarized
and unpolarized beams. Since the intermediate W bosons are off shell, the peak of
the missing energy distribution for the signal is at a much smaller value than those
SM backgrounds, where W production is on-shell. Based on these distributions we
choose upper cuts £ < 20, 30 GeV!!, which retain a significant part of the signal
and eliminate most background events, as illustrated in Table 3.5.

The values of the ¢* pair production and signal event cross sections (¢¥" %~ and
oL, respectively) after imposing the above selection criteria and £ cuts are given

HTLC projections indicate this collider will be able to measure missing energy very accurately so
that the cut used in our analysis is viable [102].
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U (pb 05L (b Effici 1072
o g 1C1eNncy (€) X
(pb) BPs | £ (GeV) (tb) y (€)
P:=0| Er P+=0]| P+ :ﬁg% P+ =0]| P+ :fzgg‘j
< 20 0.93 2.35 6.43 6.70
BP1
< 30 0.98 2.50 6.98 7.11
0.14 0.32
<20 0.70 1.80 5.00 5.62
BP2
< 30 0.73 1.88 5.21 5.87
< 20 2.97 7.92 6.60 7.00
BP3
< 30 3.32 8.45 7.37 7.47
0.45 1.13
< 20 2.30 6.05 5.09 5.36
BP4
< 30 2.40 6.32 5.30 5.60

Table 3.6: Signal (0SL) and ¥ pair production cross sections and associated signal efficiency e
Eq. (3.26) at the ILC for /s = 500 GeV with two missing-energy selection cuts and other selection

cuts (see text) for unpolarized and polarized beams (P,+ :f;gg‘;).

in Table 3.6 for both unpolarized and polarized (P.+ =20

discussion in Section 3.3, we define

) beams. Following the

O.DSL

=

(3.26)

€

(see Eq. (3.11)) whose values are listed in Table 3.6. It is clear that ¢ ~ 0.001 used
throughout the previous OOT analysis is a conservative choice (¢ ~ 0.005 more
closely corresponds to the results derived in this section).

We also note that signal events are often accompanied by initial state radiation
(ISR) and final state radiation (FSR) photons simulated with inbuilt functions in
Pythia event generator. Using the photon selection criteria p&°*" > 5 GeV and
|Nenoton| < 0.24, the signal cross-section with zero photons, and the inclusive < 1, 2
photon cross sections are listed in Table 3.7. From this, we can see that the inclu-
sive diphoton cross sections match quite accurately the signal cross-section without
photon tagging listed in Table 3.6'2.

We determine the discovery potential of the OSL signal at the ILC by plotting
signal significance (S/+v/S + B, where S and B denote, respectively the number of
signal and SM background events), as a function of luminosity £;,;. The results
are presented in Fig. 3.13; of particular interest is the advantage provided by using
polarized beams, which require a lower luminosity for either the discovery or ex-
clusion of the selected signal; in either case the design luminosity (cf. Eq. (3.3) will
be sufficient to exclude or detect the NP signal here investigated.

12With three-photon and four-photon events being very rare, inclusive di-photon event counts
match quite accurately to signal cross-section without photon tagging as in Table 3.6.
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50 Chapter 3. BSM dominance: Heavy charged fermions at the e*e™ colliders

signal fb
Benchmark| Fr i (tb)

Points |(GeV)| OSL + 0 photon | OSL+ < 1 photon | OSL+ < 2 photon
Pt =0|Ps ="20%Ps = 0| Poe =205 Ps = 0| P =20
BP1 <20 | 0.76 2.17 0.84 2.26 0.93 2.35
<30| 0.80 231 0.87 2.39 0.98 2.50
— <20| 055 1.79 0.62 1.76 0.70 1.80
<30 | 0.60 1.71 0.67 1.79 0.73 1.88
<20| 2.82 7.70 2.90 7.81 297 7.92
BP3
<30 | 215 8.21 2.24 8.33 3.32 8.45
<20| 217 5.87 2.23 5.95 2.30 6.05
BPr4
<30| 226 6.16 2.34 6.23 2.40 6.32

Table 3.7: Signal cross-section including ISR and FSR photon count.

Figure 3.13: Signal significance (S/+/S + B) for the benchmark points in Table 3.4 for unpolarized

(left) and polarized (P« :fgggg) beams (right). Blue and green lines correspond to 3o and 50 exclu-

sion and discovery limits, respectively.

3.7 Summary

In this chapter, we have analyzed the optimal statistical determination of the param-
eters of physics beyond the Standard Model, using as a specific example the produc-
tion of a new heavy charged fermion ¢* that can couple to the Z boson and photon.
We assumed for simplicity that the photon coupling is known, and allows for both
vector and axial coupling to the Z with couplings a and b respectively. The optimal
observable technique generates the minimal statistic uncertainty to which the cou-
plings a, b can be determined. We find that uncertainties for the case where |a| ~ 1
are roughly independent of the value of b and smaller than those for the quasi-axial
case |a| < 1. Find, in addition, that, as expected, beam polarization allows for a
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different distinction of these couplings.

We also studied a sample model where the vector-like case (b = 0) is realized; the
model consists of an extension of the SM by a fermion isodoublet and a fermion sin-
glet, both assumed odd under a Z, symmetry. In addition to providing a realization
of the more general optimal observable analysis, this model contains a viable DM
candidate. the presence of which can be probed at the ILC through 1/ pair produc-
tion followed by their decays into DM and W bosons. The analysis shows that given
the expected ILC luminosity (Eq. (3.3)) this collider will provide early evidence (or
provide an early exclusion) of the model here proposed and that this collider will
be able to measure the model parameters with an accuracy very close to the optimal
one. It is worth noting that the analysis is applicable to supersymmetric chargino
pair production in the limit of heavy sneutrino, including our results on the optimal
statistical uncertainties for the charged-lepton couplings to the Z in the a # 0,0 =0
case.
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Examples of SM dominance

Contents
41 Introduction . . ... ... .. ... .. ... . 0 0. 52
4.2 Dimension-8 neutral triple gauge couplings (n\TGCs) . . . . . . . 53
4.3 Probing dimension-8 nTGCs via Zv production . ... ... .. 56
4.4 Probing dimension-8 nTGCs via ZZ production . ... ... .. 65
4.5 tt production production at et e~ colliders . . .......... 71
4.6 Comparison with BSM dominance . . . . . . ... ... ..... 81
4.7 SUMMATY . . . . v vttt e e e e e e e e e e e e e 89

4.1 Introduction

In this chapter we explore the application of the OOT for cases where the SM inter-
ference dominates the signal. We study several examples of this kind. In Section 4.3,
we investigate the estimation of neutral triple gauge couplings (nTGCs) through Z~
production at the ILC and CLIC, in Section 4.4, we examine the same nTGCs via ZZ
production at the CLIC, and in Section 4.5, we study SMEFT contribution for ¢ pro-
duction at ILC. Then we compare SM dominance to NP dominance by considering
a UV complete NP set up in Section 4.6, that generates EFT operators contributing
to ¢t production.

The production of the processes ete™ — ZV(V = ~, Z) have received signifi-
cant attention over the past few decades. These processes take place via ¢-channel
electron exchange in the SM. The s-channel contribution via Z /v mediation is for-
bidden in the SM at the tree level since NnTGCs are not allowed at the tree level un-
der the SU(2)., x U(1)y gauge symmetry. The loop-induced s-channel contribution
within SM is also largely suppressed. Therefore, any deviation in the measurements
in the process ete” — Z~v from their SM prediction will be a useful hint for NP.
Z~ production has been extensively studied in the literature in the context of the
e™ e~ collider [162-172] as well as pp collider [173-180]. We will follow the approach
taken by various earlier works [173, 181-185], expressing anomalous nTGCs in terms
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4.2. Dimension-8 neutral triple gauge couplings (nTGCs) 53

of model-independent dimension-6 and -8 operators !. The dimension-8 operators
give rise to anomalous nTGCs at tree-level whereas dimension-6 operators can lead
to anomalous nTGCs at one-loop level. We would like to state that in this discussion,
we focus only on the dimension-8 operators. However, it should be kept in mind
that with a sufficiently high NP scale, the effect of loop-induced anomalous nTGC
vertices arising from dimension-6 operators starts making the dominant contribu-
tion. Following [181] in particular, we write the Lagrangian for anomalous nTGCs
in terms of dimension-8 couplings ), wherei =1,.4and V = v, Z. i = 1,2 denote
CP-violating dimension-6 and -8 couplings, whereas i = 3, 4 denote CP-conserving
dimension-6 and -8 couplings respectively.

In Section 4.5 and Section 4.6, we will consider two complementary situations:
in the first the NP generates a subdominant correction to the SM, while in the sec-
ond the NP dominates. These two cases can be realized, for example, in 2-HDM,
where, in the first, the scale of the non-SM scalars is large compared to the elec-
troweak scale and with the collider energy; while in the second, that same scale
is sufficiently low for non-SM particles to be directly produced. The specific illus-
trations we consider are, for the first case, tt production, where the NP contribu-
tion arises from dimension-6 SMEFT operators and for the second, production of
charged-scalar pairs. The production of charged scalars lie in the BSM dominance
category.

To supplement the discussion, in Section 4.2, we discuss relevant dimension-8
effective operators that contribute to the self-interaction of neutral gauge bosons and
summarize all the observations in Section 4.7.

4.2 Dimension-8 neutral triple gauge couplings (n"TGCs)

4.2.1 Phenomenological framework

The deviation of the self-interactions of gauge bosons from the SM is considered
to be one of the most important BSM probe. The self-interaction of gauge bosons?
within SM framework can be understood by the non-Abelian SU(2),, x U(1)y gauge
theory. The gauge sector Lagrangian involving only gauge bosons within SM is writ-
ten as 1 1

ﬁgauge == _ZB;WBW/ - Z

Eq. (4.1) provides the necessary gauge boson self-interactions within SM at tree level.
The tree-level gauge-boson vertex can be penned down as,

Wi, Wi, (4.1)

ij(q)W; (MVulp) = Lgw+w-v (g/w(p - Q>/\ + Gux (p - Q)u + gua (p - Q)u>a (4.2)
with V =+, Z and
gwtw-~ = gsinty, = ey, gw+w-z = gcosb,. (4.3)

Therefore, we can see that there is no interaction between v and Z at tree level in
SM because Z boson doesn’t possess any electromagnetic charge. Therefore, the

1Studies of anomalous nTGCs regarding flavor-changing-neutral-current (FCNC) have been per-
formed in [186, 187].
’Interaction between charged gauge boson (W) with neutral gauge bosons (7, Z).
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interaction between v and Z which we call nTGCs (ZZv, ZZZ and Z~v), play a
crucial role in investigating any NP.

The nTGCs are absent in dimension-6 EFT operators at the tree level but they
are present in the 1-loop level. On the other hand, dimension-8 operators provide
the desired nTGCs at the tree level. We will now focus on the dimension-8 opera-
tors contributing to nTGCs. Here, we note that, apart from nTGCs, other vertices
involved in the process e e~ — Zv (ZZ), such as ete 7y /Z can get NP contribu-
tion from dimension-6 SMEFT operators at tree level. However, from the results of
the electroweak precision test at LEP2 and LHC, the deviations of Zf f couplings
are constrained < 0.1% and that of ete™y coupling < 0.1% [188]. Therefore, in
this analysis, for optimal measurements of nTGCs through Z~ production at the
e"e™ colliders, we have ignored their effect. For t-channel W-mediated ete™ — vvy
final state, will have a negligible contribution to our signal since we demand pro-
duction of the neutrinos from on-shell Z. In principle, for this process, evWW and
W W~ vertices can also get contributions from dimension-6 SMEFT operators. How-
ever, experimental measurements at LEP2 and LHC allow for only ~ 0.1% deviation
for evW coupling from SM, and for W W+ coupling, the deviation is < 0.1% [188].
Therefore, the effect of dimension-6 operators” contribution is also neglected in this
case.

4.2.2 Dimension eight effective operators

The dimension-8 effective operators that provide ZZ~, Zvvy and ZZZ couplings can
be written as [158]

Opy = iH' B, W {D,, D"} H,
Opw = iH'B,,W"{D,, D"}H,

Oww = ill'W,,W"{D,, D"}H,
Opp = iH'B,,B"*{D, D"} H.

(4.4)

In Eq. (4.4), Op,, is the CP-conserving operator and rest of the three are CP-violating
operators. Experimental searches for these nTGCs have been going on in the differ-
ent colliders but no evidence has been found so far. As discussed above, searches
for NTGCs have been carried out at LEP and Tevatron but most stringent bounds
come from the ATLAS and CMS experiments at LHC. The ATLAS experiment has
put most stringent bounds on Czyy,/A?, Cpw /A* and Cpp/A* couplings through the
pp — Z~ — vy channel at CM energy /s = 13 TeV with integrated luminosity of
36.1 fb~! at the LHC [189] whereas for the Cyy/A* coupling, the tightest limit is
given by the CMS experiment through the pp — ZZ — 4¢ channel at /s = 13 TeV
with integrated luminosity 137 fb~* [190]. The expected 95% C.L. on dimension-8
nTGCs from ATLAS and CMS experiments are presented in Table 4.1.

As we discussed eatlier, the dimension-6 operators do not give rise to any nlT-
GCs at the tree level but their contribution becomes important at the one-loop level.
However, the order of the contribution from one-loop level in case of dimension-6

operators is roughly O({25), whereas for dimension-8 operators the tree-level con-

tribution becomes O(%f) Evidently, the contribution of the dimension-8 operators
to the Z~ or ZZ production supersedes the contribution of dimension-6 operators

in the limit of A < | /%v ~ 10 TeV [158]. However, it should be carefully noted
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Couplings 95% C.L.

(TeV=4) | pp — Zv — vy (ATLAS) | pp — ZZ — 44 (CMS)
Cray /A (—1.10, +1.10) (—2.30, +2.50)
Cww /A* (—2.30, +2.30) (—1.40, +1.20)
Cpw /A* (—0.65, 4+0.64) (—1.40, +1.30)
Cpp/A* (—0.24, +0.24) (—1.20, +1.20)

Table 4.1: Statistical limits (95% C.L.) from ATLAS [189] and CMS [190] experiments on different
dimension-8 nTGCs at LHC.

that, if the loop-induced dimension-6 contribution involves electroweak coupling
instead of electromagnetic coupling (depending on the particular loop diagram in
consideration), the cut-off on A comes down to ~ 5 TeV. The aforementioned limits
are derived with the assumption that the Wilson coefficients of the dimension-6 and
-8 operators are roughly equal.

The resulting effective Lagrangian that contains anomalous nTGCs from dimension-
6 and dimension-8 operators is given by

Ly = { {f4 FW + f4 FW }Z 8aZ/3 + {f5 aa Uu) + f5 (ag Uu)}ZuBZﬁ
{ (0 Fop) + 17 (07 Zoyu) } ZgF* — { B3 (06 F*P) + 15 (05 Z2°7) } 2 F e
hJ h h)
{ —2(02050°F,,) + iﬂ%%@+m@4”ZWW—{%L@WW%
Z my Z
- (D+m)yzm}aﬁ}, (4.5)
2m2Z( ) nB

where ZW = %(EWWZ’”) and Z,, = (0,2, — 0,Z,) are the field strength tensor.
Here, 1Y, f1, fY (V = ~,Z) are dimension-6 couplings and kY, h}, h} are the
dimension-8 couplings. The expressions of anomalous nTGCs in terms CP conserv-

ing dimension-8 coupling are written as

v*m%Cay
4c;S, A T (4.6)
hZ =h] =h] =0,

hi =

whereas, for CP-violating case, the couplings can be written as

m2v* (—Cu$uwCww + Cew (2 — 82) + 4cu5,CrB)

hi =
! Ay SN ’

W m2v?* (82 Cww — 2¢u5,Cpw + 4¢3 Cgp) 4.7)
t 4cp Sy At ’

h] =hZ =0

In the next section, we will be discussing the statistical limit on dimension-8 nTGCs
considering the highest CM energy (,/s) and maximum polarization combination
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of the incoming beams with the same integrated luminosity in the context of the
tuture linear colliders such as the ILC and CLIC. The design details are presented

in Table 4.2.
Linear | CM energy (v/s) | luminosity (£;,,;) beam
colliders (TeV) (fb=1) polarization
ILC 1 1000 P =00% | P =730% | P =T30%
CLIC 3 1000 P =00% | P =T00% | P =007

Table 4.2: Design details of ILC and CLIC.

4.3 Probing dimension-8 nTGCs via Z+ production

4.3.1 Z~ production at the ete™ colliders

Z~ production at the e™ e~ colliders primarily takes place via the ¢- and u-channel
diagrams within the SM as shown in the bottom panel of Fig. 4.1. The BSM contri-
butions to the Zv production via dimension-8 operators written in Eq. (4.4), lead to
the s-channel diagram shown in the top panel of Fig. 4.1.

Figure 4.1: Z~ production at the e* e~ colliders. Top panel: ZZ~ and Z~vv contributions from
dimension-8 effective operators; Bottom panel: SM contribution.

The variation of the total cross-section with the NP couplings is shown in Fig. 4.2
for unpolarized beams as well as for two different polarization combinations. Total
cross-section has one pure SM term, an interference term between SM and dimension-
8 operators (C;/A*) and contribution solely from dimension-8 operators propor-
tional to (C;/A%)?. For both unpolarized and polarized beams, the dominant BSM
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4.3. Probing dimension-8 nTGCs via Zv production 57

Figure 4.2: Variation of Z~ production cross-section with the different dimension-8 couplings at the
CLIC. Left: {P.- : P.+ = 0% : 0%}; Middle: {P.- : P,+ = +80% : 0%}; Right:{P,- : P+ = —80% :
0%}.

contribution to the cross-section will come from the aforementioned interference
term as long as the NP couplings are small, so the variation of the cross-section
with the NP couplings will not be symmetric in this region. When NP couplings in-
crease further, the NP(squared amplitude) term dominates in the total cross-section.
In this region, the cross-section behaves symmetrically with the NP couplings as
can be seen in Fig. 4.2. For Czy,/A*, Cpw/A* and Cyw /A*, {P.- : P+ = —80% :
0%} beam polarization combination provides increment over the unpolarized cross-
section whereas, for Cz5/A* coupling, cross-section increases for the polarization
combination {P.- : P+ = +80% : 0%}.

4.3.2 Collider simulation

To probe the dimension-8 nTGCs at the colliders, one has to produce a copious num-
ber of signal events. At the same time, the signal events have to be significant over
and above the non-interfering SM backgrounds to make precision measurements of
the anomalous coupling. With this in view, we perform a collider analysis and try to
obtain suitable conditions for the most precise estimation of dimension-8 nTGCs. In
our analysis, we will consider the signal process (eTe~ — Z(vr)vy). This final state
has various advantages over the processes where Z decays into charged leptons or
hadronic final states. In case of Z decaying to hadrons, the final state will contain
large multi-jet background. On the other hand, a larger Z boson branching ratio
into neutrinos compared to that into charged leptons provides an opportunity to
study the Zv production in high pr region, where the sensitivity of the anomalous
couplings will be higher.

Therefore the signal of our interest is ee~ — vvy (See Fig. 4.3). We demand exactly
one photon with p;y > 10 GeV and || < 2.5. In addition, veto on jets with pr > 20
GeV and leptons with py > 10 GeV are also imposed in the final state. The major
background process that gives rise to the same final state is SM vy where the pho-
ton is emitted off a t-channel W boson. This background is irreducible. There are
also other backgrounds like t¢y and W*W~+ which can contribute to our desired
final state when the hadronic/leptonic decay products from the top or W’s are very
soft and therefore escape the detector. The signal and background events are gen-
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Figure 4.3: Production and decay of Z+ final state at e™ e~ colliders; left: SM contribution; right:
SMEFT contribution.

erated in Madgraph5@NLO. Detector simulation is taken care of by Delphes(v3) [191].
The UFO file for the NP model has been generated via Feynrules. We have plot-
ted two crucial kinematical observables missing energy (¥) and missing transverse
momenta (Fr) to distinguish signal from the backgrounds. The definition of Fy is
written in Eq. (3.25) and we define ¥ as

e Missing Energy or ME (E): The energy that is carried away by the missing final
state particles, can be identified at the lepton collider given the knowledge of

CM energy as
P=Vs-) F, (4.8)

L5,y

where F is the total enegy of the visible particles. In Fig. 4.4, we show the kine-
matical distributions for signal and backgrounds. For signal, we have considered
CP-conserving coupling Cz,,, as well as CP-violating couplings Cy, Cyww and Cpp
in the plots. The signal here includes the interference between SM and aNTGC cou-
plings. Amongst the non-interfering backgrounds, the largest cross-section pertains
to vy(from t-channel W). However, we can see that though this background is ir-
reducible, it gives rise to a three-body final state as opposed to the signal, which is a
two-body final state. Therefore, the /' distribution becomes a narrow peak around
V/$/2 in case of signal, unlike the vy background. Therefore, a cut on F reduces
this background significantly. On the other hand, ¢ty and W W~ backgrounds are
suppressed by the lepton and jet-veto. In addition, a moderate £/ cut improves the
signal significance even further. We have found that, with 1440 GeV < £ < 1560 GeV
and FHr > 500 GeV for the CLIC (/s = 3 TeV, A = 3.2 TeV, Cy,, = 1) and 450 GeV
< F <560 GeV and F > 80 GeV for ILC (/s = 1 TeV, A = 1.3 TeV, Cjy,, = 1), the
signal dominates strongly over the non-interfering backgrounds. These regions are
also very sensitive to the NP couplings. Therefore, in our respective analyses with
OOT, we will focus on this region of phase space and use these aforementioned cut
values. We mention here that, the NP scale A has been chosen to be beyond the reach
of the collider experiments in case of the CLIC and ILC to make the EFT valid.

4.3.3 Optimal sensitivity of dimension-8 nTGCs

Using the expression of covariance matrix in Eq. (2.36), optimal statistical sensitivity
(95% C.L.) of NP couplings can be obtained from the x? function written in Eq. (2.47)
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Figure 4.4: Normalized distribution for etfe~ — Z(vv)y (SM + dimension-8 nTGCs) and non-
interfering SM backgrounds with (top panel) /s = 1 TeV (ILC), A = 1.3 TeV, C;; = 1 and (bottom
panel) /s = 3 TeV (CLIC), A = 3.2 TeV, C;; = 1 with unpolarized beams. Left: missing energy B,
right: missing transverse energy (Er).

. We first consider /s = 1 TeV and 3 TeV with £;,. = 1000 fb~! and show 1-D ¥ as
a function of different NP couplings in Fig. 4.5 and 4.6 respectively. While evalu-
ating the x? function in terms of one NP coupling, the other couplings are kept at
zero. 95% C.L. on the NP couplings has been tabulated in Table 4.3. We can see
that, different NP couplings are sensitive to different choices of polarization com-
binations, because of unequal contribution of NP couplings to the various helicity
amplitudes. We find that in case of ILC, for Cpy,/A*, Cpw/A* and Cyw /A* the
best sensitivity is achieved with {P.- : P.+ = —80% : +30%}, whereas for Cpp/A*,
{P.- : P+ = +80% : —30%} produces the best result. In context of CLIC, for Cz5/A*
we get best sensitivity for {P.- : P+ = +80% : 0%} and for Cpzy /A, Cpw /A
and Cyw /A%, the best sensitivity is obtained with {P.- : P.+ = —80% : 0%}. This
phenomenon can be also understood from Fig. 4.2, where the contribution to Zvy
production cross-section from Czp/ A*is maximum in the polarization combination
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{P.- : P.+ = +80% : 0%}, whereas the other three couplings contribute maximally
with {P.- : P.+ = —80% : 0%}. It is also evident that the initial beam polarization
indeed enhances statistical precision in the case of all four dimension-8 nTGCs. In
Table 4.3, we have quoted the statistical limits (95% C.L) for all the dimension-8 nT-
GCs for ILC and CLIC and make a comparison between the two. We can see that
due to increased signal cross-section, CLIC yields better sensitivity compared to ILC
at the same integrated luminosity. The comparison between ILC, CLIC, and ATLAS
sensitivities will be discussed next.

Figure 4.5: x? as a function of different NP couplings for different choices of polarization combination
in the context of ILC. All the relevant parameters are written in the inset. Top left: C5;,/A*%; top right:
Cpw /A?; bottom left: Cyw /A?; bottom right: Cpp/A%.

In Fig. 4.7, we compare the sensitivities achievable at the ILC and CLIC with
various polarizations and compare them with the limits obtained with the most re-
cent ATLAS data [189]. One can see that CLIC outperforms both LHC and ILC by
at least an order of magnitude for all polarization combinations. However, in case
of ILC, for Cw /A?*, Cyw/A* and Cjpyy/A?* polarization combination {P.- : P+ =
—80% : +30%} produce better sensitivity compared to ATLAS, whereas for Cpp/A?,
ILC sensitivities are better than that from ATLAS with {P.- : P.+ = 4+80% : —30%}.
It is evident from the results that initial beam polarization can improve the level of
precision in dimension-8 nTGCs measurement to a large extent.
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Figure 4.6: Same as Fig. 4.5 but for the CLIC.

Figure 4.7: Comparison of 95% C.L. limit of dimension-8 nTGCs for three different polarization com-
binations, in the context of the ILC and CLIC with the existing ATLAS bound. Left: Unpolarized
beams; Middle: electron beams are left polarized; Right: electron beams are right polarized. De-
tailed polarization information are given in the inset.

In Fig. 4.8, we show the variation of statistical limits (95% C.L.) of the NP pa-
rameters with the integrated luminosity in the context of both ILC and CLIC. We
have allowed the luminosity to vary from 10 fb~! to 1000 fb~'. With the increasing

TH-3404_186121021



62 Chapter 4. Examples of SM dominance

95% C.L. limit

Couplings ILC CLIC

(TeV—) | P =08 | Pox =70 | P =008 | Pux =0 | Pux =708 | Pox 1000
Crw +0.351 +0.096 +0.139 +0.036 +0.028 +0.046
M —0.774 —0.103 —0.126 —0.039 —0.045 —0.033
Couw +0.770 +0.603 +1.086 +0.049 +0.041 +0.069
A —0.770 —0.603 —1.086 —0.049 —0.041 —0.069
Cow +2.032 +1.460 +5.457 +0.129 +0.100 +0.277
M —2.032 —1.460 —5.457 -0.129 —0.100 —0.277
Cup +0.226 +0.326 +0.165 +0.014 +0.021 +0.011
A —0.226 —0.326 —0.165 —0.014 —0.021 —0.011

Table 4.3: Optimal statistical limit (95% C.L.) on dimension-8 nTGCs at ILC and CLIC for different
beam polarization combinations.

Figure 4.8: Variation of the limits on NP parameters with the integrated luminosity at the ete™
colliders. Left: ILC; Right: CLIC.

luminosity, the statistical limit of all the NP parameters is decreased and follow a
similar trend. Varying the luminosity from 10 fb~' to 1000 fb~! enhances the statisti-
cal limits by 76% (64%), 69% (67%), 67% (65%), and 67% (64%) for Czy;, /A*, Crw /A?,
Cww/A*, and Cpp/A?, respectively for ILC (CLIC).

4.3.4 Correlation of CP-violating dimension-8 nTGCs

Having discussed our results for each individual NP couplings, we will present our
two-parameter analysis. The bounds shown in Fig. 4.7 are the most conservative
ones. However, there is a possibility that more than one non-zero couplings par-
ticipate in efe~ — Z7 process. For example, when CP-violation is considered,
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Figure 4.9: 95% C.L. of CP-violating anomalous couplings in 2D parameter space. Left panel: (<)
& (01{345 ); middle panel: (C/@V" ) & (C@B ). right panel:( Cff" ) & (C}@W ). Top:ILC; Bottom:CLIC.

Cew /A, Cyw /A* and Cpp/A* can contribute simultaneously in Z~ production and
therefore, the sensitivity in measuring one coupling can be affected by the measure-
ment of the other coupling. In order to capture this non-trivial correlation between
these couplings, we have considered two dimension-8 nTGCs non-zero at a time
and computed the bound on the parameter space spanned by them. In Fig. 4.9, we
show the statistical limits on two-parameters space spanned by {Crp/A*, Cyw /A*},
{Cpp/A*, Cew/A*} and {Cyw/A*, Cpw /A*} respectively for different polarization
combinations. Like one-parameter analysis, here too we can see that CLIC can offer
precision at least one order of magnitude higher than that of ILC. Interestingly, we
see non-trivial correlation between two parameters, which vary with varying degree
of polarization. This happens due to non-trivial interference terms between various
couplings. We see, unlike the one-parameter case, here even unpolarized beams
can give rise to best sensitivity along certain coupling directions. Therefore, one can
say, the two-parameter analysis can provide significantly different sensitivity and
polarization-dependence, again owing its origin to the constructive or destructive
interference.

In the context of ILC, we have considered the position beam to be both right and
left polarized with same degree (P.+ = £30%) whereas for CLIC the positron beam
is unpolarized, while in both cases electron beam is supposed to have a higher de-
gree of polarization (P,- = £80%). Now, from Fig. 4.9, we can see that the is no sig-
nificant change in the nature of correlation of dimension-8 nTGCs in two-parameters
space if we compare the elliptic contours between ILC and CLIC. However, the actual
sizes of the contours will definitely depend on the degree of polarization. Therefore,
one can infer that the correlation between two couplings will be dominantly gov-
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erned by on electron beam polarization in case of both ILC and CLIC at the design
polarization.

4.3.5 Sensitivity comparison: OOT vs regular binned x? analysis

In this section, we investigate the estimation of the sensitivity of dimension-8 nTGCs
through regular binned x? analysis using Eq. (2.6) and compare the results derived
from OQOT. Therefore, we consider the most constrained dimension-8 effective cou-
pling i.e. Cpp/A* among these four couplings. We again take up the design details
of two linear colliders listed in Table 4.2 and show the 95% C.L. statistical limit of
Cpp/A* by the cyan color in Fig. 4.10. The 95% C.L are tabulated in Table 4.4. The
estimation of the sensitivity via OOT of Cpp/A* is shown in magenta in Fig. 4.10.
Now, if we compare the sensitivity of dimension-8 NP coupling, OOT outperforms
cut-based analysis by a factor of 1.8.

Figure 4.10: Comparison of the sensitivity of Cp/A* for OOT and cut-based analysis. Beam polar-
ization information is written in the captions of the figures. Top panel: ILC; Bottom panel: CLIC.

We would like to reiterate that our analysis only involves non-zero effects from
dimension-8 operators. However, the inclusion of loop-induced NP effects from
dimension-6 operators contributes to Zv production cross-section with < 50% of
that of the tree-level results at CLIC (/s = 3 TeV and A = 3.2 TeV) and < 8% of
the tree-level result at ILC (/s = 1 TeV and A = 1.3 TeV). Although the dominant
contribution comes from dimension-8 operators, especially the CLIC analysis, the
effect of loop effects from dimension-6 operators cannot be neglected. Having said
that, in this work, we have obtained the maximum sensitivity that can be achieved
for dimension-8 couplings (individual or pair-wise) while all the other couplings
are assumed to be zero. The same approach has been taken in [189]. The inclusion
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95% C.L. limit
Coupling ILC CLIC
(Tev—) | P 0% | Pox 700 | P =000 | Pux 3 | Pox 70| P =100
Con +0.401 +0.540 +0.285 +0.025 +0.036 +0.020
M —0.401 —0.540 —0.285 —0.025 —0.036 —0.020

Table 4.4: 95% C.L. limit of Cp/A* through cut-based analysis at ILC and CLIC for different beam
polarization combinations.

of all dimension-6 and 8 terms in a marginalized analysis will weaken the limits ob-
tained thus far. Obtaining the best possible sensitivity for all the dimension-6 and
-8 operators and taking into consideration all the relevant experimental results, can
be the topic of a more elaborate future study.

4.4 Probing dimension-8 nTGCs via ZZ production

4.4.1 ZZ production at the CLIC

Pair production of Z-boson at e*e™ colliders is primarily governed by the electron-
mediated ¢-channel diagram within SM (Fig. 4.12). The BSM contribution from
dimension-8 operators to the ZZ production takes place via s-channel v and Z medi-
ation. Here, we consider that the NP contributions to the process et e~ — ZZ other
than nTGCs are negligible. In principle, tree-level dimension-6 SMEFT operators
can contribute to the ZZ production via vf f and Z f f couplings. From the exper-
imental measurements at LEP2 and LHC, the vf f (o ey) coupling shows < 0.1%
deviation from SM whereas for Z f f coupling ( g), the deviation is < 0.1% [188]°.
Therefore, we have neglected the contributions from dimension-6 operators to ZZ
production. The variation of the total cross-section with the dimension-8 nTGCs for
unpolarized and two different polarization combinations is shown in Fig. 4.11. The
total amplitude of the process eTe™ — ZZ is

|-/\/ltot|2 e |-/\/lSM’2 +2R (MSMM*dimension—8> + |Mdimension—8|2‘ (49)

The dominant CP-even BSM contribution to the total cross-section arises from the
interference term 2R (MgyM " ginension—s) When C;/A* are small. As the interference
term is proportional to C;/A*, the cross-section shows asymmetric variation with
C;/A* in that small interval. In case of large C;/A*, the dominant contribution to the
total cross-section comes from a pure BSM term i.e. |Mainension—g|* that is propor-
tional to (C;/A*)°. Therefore, in this range, behavior of the total cross-section is sym-
metric with C;/ A% CP violating dimension-8 nTGCs do not interfere with the SM.
Therefore, their contributions may stand on a comparable footing or be suppressed
by dimension-10 and dimension-12 SMEFT operators. However, in our analysis we
assume that no NP effect except dimension-8 operators contribute to ZZ produc-
tion. The beam polarization plays an important role to enhance or reduce the total

3¢gand g are U(1),,, and SU(2) coupling constants, respectively.
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Figure 4.11: Variation of ZZ cross-section with the different dimension-8 effective couplings at the
et e” colliders with /s = 3 TeV. Left: {P,- : P+ = 0% : 0%}; Middle: {P,- : P.+ = —80% : 0%};
Right:{P,- : P.+ = +80% : 0%}.

cross-section. For C;/A* (i = BW, BW,WW) couplings, the ZZ cross-section is in-
creased with {P,- : P.+ = +80% : 0%} whereas for Czp/A* coupling, the opposite
polarization provides the enhancement.

4.4.2 Collider analysis

In this section, we will briefly discuss the strategy of estimating signal-background
events for ZZ production by reducing the non-interfering SM backgrounds for a
specific final state signal of our consideration. The production and subsequent decay
final state signal (see Fig. 4.12) for the analysis is given by

ete” = ZZ, 7 -0l (U=e,pn), Z — v (4.10)

This final state signal provides missing energy through the SM neutrinos which is

7 [
€+ <
{
A
Z v
e- >
v

Figure 4.12: Z boson pair production and subsequent decay to OSL + missing energy (Eniss); left:
SM, right: dimension-8 SMEFT.

advantageous to discriminate other non-interfering SM backgrounds from the ZZ

production. On top of that, as the Z decay to neutrinos has a higher branching ra-
tio compared to charged leptons, this final state produces more statistics. The final
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state signal process of our interest is 0SL + missing energy (Fhyiss). Dominant non-
interfering SM backgrounds arise from 2-body WW and ¢*¢~ (¢ = r, j1). There are
3-body non-interfering backgrounds like WW Z, vvZ and ¢¢Z but their contribution
is < 0.1% compared to WTV. Using a suitable cut on ARy, the (T ¢~ background can
be fully reduced without harming the signal. Therefore, in our following analysis,
we try to reduce WW as much as possible. In order to mimic the actual collider
environment, we use selection criteria on leptons, jets, and photons mentioned in
Section 3.6. We take ¥ and invariant di-lepton mass (m) as collider variables for

Figure 4.13: Normalized event distribution of OSL + missing energy for signal and non-interfering
SM background with /s = 3 TeV, C;; = 1, A = 3.2 TeV and unpolarized beam. Left: missing energy
(Enmiss), right: invariant dilepton mass ().

signal back-ground estimation. £ is defined in Eq. (4.8) and my, is expressed as

o Invariant di-lepton mass (my,): The construction of an invariant di-lepton mass
for two opposite sign leptons can be done by defining;:

miy = (pe+ + pe-)°, (4.11)
where py, is the 4-momentum of /.

We generate signal and background events in Madgraph , then showered and an-
alyzed through Pythia and the detector simulation is done by Delphes . The UFQ file
that is feeded to Madgraph is generated through FeynRules .

The normalized event distributions for £ and my, are shown in Fig. 4.13. The
signal distributions shows interference between dimension-8 couplings and the SM.
If we look at signal event distributions for missing energy in case of all nTGCs, the
distribution peaks near \/s/2 which is evident as one Z decays to vv. Therefore,
a cut in the vicinity of \/s/2 for En;ss reduces the irreducible non-interfering SM
background significantly. Additionally, a sensible cut on m, also helps us to reduce
the other backgrounds even further. We observe that, with 1475 GeV < F < 1550
GeV and 80 GeV < my < 98GeV, all the signal distributions dominate over non-
interfering SM backgrounds. This region of phase space is sensitive to study the
nTGCs. Here, we note that the choice of the NP scale A has been done in such a way
that the EFT assumption remains valid. In the following discussion to estimate the
sensitivity of dimension-8 nTGCs, we will work in the region of phase space guided
by the aforementioned kinematic cut values.
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4.4.3 OOT sensitivity of NP couplings

The optimal sensitivity of NP couplings can be determined by using the x? function
defined in Eq. (2.47) with the covariance matrix shown in Eq. (2.36). We choose the
CM energy /s =3 TeV and £;,; = 1000 fb~! and then show x? variation with NP cou-
plings for different choices of polarization combinations in Fig. 4.14. The resulting
statistical limits (95% C.L.) for each NP coupling with different beam polarization
combinations have been tabulated in Table 4.5. Judicious choices of polarization

Figure 4.14: x? function of different dimension-8 nTGCs for different choice of polarization combina-
tions at CLIC. Polarization information is written in the inset. Top left: C5,,,/ A% top right: Cpw / A%
bottom left: Cyyy/A%; bottom right: Cgp/ A*. The CM energy is \/s = 3 TeV and integrated lumi-
nosity £i,, = 1000 fb™1.

combination help to estimate the bound on NP couplings in a most stringent way.
{P.- : P.+ = —80% : 0%} polarization combination provides the most optimal limit
for C;/A* (i = BW, BW,WW) couplings while for Cz/A*, the opposite polariza-
tion combination produces the best result. We can see that given the CM energy and
integrated luminosity, CLIC provides much better constraints on NP coupings com-
pared to current experimental bounds. For a careful choice of beam polarization,
the most optimal limits of C5y, /A%, Cpp/A?*, Cpw /A* and Cyw /A* couplings are 29
(60), 6 (29), 8 (16) and 15 (9) times better than the latest experimental limits at ATLAS
(CMS), respectively. The statistical sensitivity of NP couplings depends on their im-
pact on the ZZ production. For unpolarized beams, C'5;, /A* maximally contributes,
while Cyw /A* has the least influence. Notably, the contribution of C'z,y, /A to ZZ
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production surpasses that of Cyw /A* by a significant factor of thirty. This leads
to C'zy,/A* being constrainted approximately 7 times more tightly than Cyy /A* as
evident from Table 4.5.

Figure 4.15: Comparison of the variation of the x? function of different NP couplings for unpolar-
ized beam at the CLIC. Top left: C,,,/A%; top right: Cpw /A*; bottom left: Cyyw /A%; bottom right:
CgB /A4

4.4.4 Sensitivity comparison: OOT vs regular binned x? analysis

The statistical limit of NP couplings can also be determined by a contemporary re-
gural binned x? analysis. Here, we discuss the estimation of NP coupling through
a cut-based analysis and compare the estimated limit with OOT results. Using
Eq. (2.6), the variation of the x? function with NP couplings is shown in Fig. 4.15
by magenta color. The comparison plots clearly show that OOT provides a tighter
bound on NP couplings than the regular binned analysis. If we compare the statis-
tical limits, OOT performs better than the regular binned analysis by a factor of 1.7
for each NP coupling.

A comparison of 95% C.L. of dimension-8 couplings between the current exper-
imental constraint from the ATLAS, the cut-based analysis and OOT is shown in
Fig. 4.16 for various choices polarization combination where the benefit of the re-
sults using OOT can be clearly seen.
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Couplings 95% C.L.

(Tev—) | Poe <8 | Pur =700 | P =130
O +0.044 +0.050 +0.038
e

—0.043 —0.043 —0.042

c +0.125 +0.299 +0.085

A
—0.125 —0.299 —0.085

o +0.288 +0.307 +0.156

e

—0.288 —0.307 —0.156
o +0.049 +0.043 -+0.060
2

—0.049 —0.043 —0.060

Table 4.5: Optimal statistical limit (95% C.L.) on dimension-8 nTGCs at CLIC for different beam
polarization combinations.

Figure 4.16: Comparison of statistical limit (95% C.L.) of NTGCs between latest ATLAS experiment,
OOT and cut-based analysis. The information about beam polarization is written in the headings of
the plots.

4.4.5 Correlation between CP violating dimension-8 nTGCs

The expected statistical limits at CLIC discussed above provide the tightest bound
on each NP coupling in case of one parameter analysis. In a generic scenario, the
estimation of a NP coupling can be affected by the presence of other NP couplings.
In our case, all the CP-violating dimnesion-8 NP couplings can contribute simulta-
neously to the process ete™ — ZZ. Therefore, we consider two dimension-8 nTGCs
non-zero, at the time keeping the third one fixed at zero in order to estimate the sta-
tistical limits and correlation between these two. In Fig. 4.17, we show 95% C.L. in
a 2-parameter scenario spanned by planes {Cpw /A%, Cpp/A?*, {Cww /A%, Cpp/A*}
and {Cpw /A*, Cyw /A*}, respectively, for all polarization combination. It is worth-
while to notice that the optimal limit on dimension-8 nTGCs in a 2-parameter case is
still more stringent than experimental limit by CMS (one parameter analysis). Here,
likewise one parameter scenario, the beam polarization plays a crucial roll to con-
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Figure 4.17: Correlation among dimension-8 nTGCs in 2 parameter space. Left:{Cpp/A*, Cyw /A*},
Middle:{Cpw /A, Cpp/A*}, Right:{Crw /A%, Cww /A*}. Polarization information is written in the
inset. CM energy and luminosity are written in the headings .

straint a 2-parameter space. As expected, the estimated dimension-8 couplings are
abruptly changed due to the presence of others, depending on the constructive or
destructive interference between themselves.

4.5 tt production production at eTe™ colliders

Lastly we discuss another example of the OOT where SM interference dominates the
signal. We consider ¢t production at an e*e™ future collider like the ILC assuming
any NP contributions stemming from EFT operators are subdominant. These con-
ditions are realized, for example, in the so-called “flipped” 2HDM [192-197] (for
a review see [198]) where one scalar doublet couples to down-type quarks, while
the second doublet couples to leptons and up-type quarks. If this second doublet
is assumed to be heavy * it will generate an effective interaction of the form (le)(qu)
As noted in the Introduction, this situation can be studied in an effective theory ap-
proach, with the advantage that the results are not tied to a specific model. Thus,
we consider first the possible low-energy manifestation of such UV complete model
(i.e. below the scale of the heavy scalar) using an effective theory parameterization;
within this context we will use the OOT to derive the minimum statistical uncer-
tainty to which the Wilson couplings in the effective theory can be measured.

In the SM, pair-production of top-quark at the e* e~ colliders is generated at tree-
level by v and Z mediation, as shown in the left side of Fig. 4.18. The SMEFT contri-
butions can be separated into two classes: those that modify the eeZ and ttZ vertices,
and those that generate 4 fermion eett vertices (right side of Fig. 4.18). The relevant

“More specifically, we assume the second doublet has a small expectation value, large mass, and
small mixing with the other doublet.
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Figure 4.18: Top-quark pair production at et e~ collider. Left: SM contribution; Right: SMEFT con-

tribution.

effective operators (in the so-called Warsaw-basis parameterization [86]) are

group Operator vertex

Qi = (iH'D,H +H.c) (") 3V’ g.eZ Pre

I Q= (H'T'D,H + H.ec. ) (Lo 1y _%VzgzéZPLe
Que = (iH'D,H +H.c.)(e,7"e,) sv2g,eZ Pre
Qn, = (H'D,H +H.c)(G,"q) 3v2g.1Z Prt

1104 =(H'7T'DH+Hc)(qr'v"e) —5v°gtZPrt
Qr. = (iH'D,H + H.c.)(u,y"u,) sv2g,t7 Prt 4.12)
Q) =0 )(qsv u) (€yuPre) (v Prt)

I Q= (") @7 ) (@ Pre) (" Pui)
Qu = (7 Vpule) (s 1) (€vuPre)(ty" Prt)
Qoe = (@) (@7 ew) (€. Pre) (iy" Prt)
Qeu = (Epulr) (Ws" ) (€yuPre)(ty* Prt)
Qlequ (l )€k (Thuy) —(€Pge)(tPgt)

V| Qh = Gower)en(@ o™ u, — (€0, Pre)(to"” Prt)

where g, = \/¢>+ ¢’> and p, r, s, u are family indices.

In general the operators in Eq. (4.12) are generated by different types of NP so
that they need not have a common scale A. The experimental constraints on the Zee
coupling allow an ~ 0.1% deviation from the the SM prediction that corresponds
to A ~ 7 TeV (for a unit Wilson coefficient) for group I operators [188]. The con-
straints on the ¢¢Z coupling (group II) are significantly weaker A ~ 1 TeV [199]; the
constraints on the 4-fermion operators (groups III and IV) will be of the same order.
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Figure 4.19: Plots of the process ete™ — #t cross-section. Top row: angular dependence for
CM energy /s = 500 GeV, and different values of A for unpolarized (left) and polarized
with P, + :;g?% (right) beams. Second row: total cross section as a function of /s for C9 =
C9 = 1 and several values of A, for unpolarized (left) and unpolarized (right) beams. Third
row: dependence on the beam polarization for the SM (left) and the SM + EFT with C¥ =
CY =1and A = 4 TeV (right). Bottom row: comparison of the SM total cross section (black
horizontal line) with the SM + EFT with CY = C§ = 1 as a function of A for unpolarized (left)

and polarized (right) beams; the region labeled “BSM small” corresponds to osuigrr < 20gu.

Operators in group IV are unique in that, for the process at hand, they do not
interfere with the SM, or with the operators in the other groups, and this will allow
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a future ete~ collider to differentiate their contributions from those generated by
other types of new physics. These operators offer a convenient method to investigate
a class NP effects by suppressing SM contributions in ¢ production for a judicious
choice of beam polarization °. It is one of the goals of this paper to illustrate this
feature using the OOT as a tool; to simplify the discussion we will then consider the
effects of these operators, ignoring those that may be generated by those in groups
I, I and III. Our effective Lagrangian then takes the form

C C
Lote = 15 Qlegu + 15 Qlegu + He:; (4.13)

where C| , are dimensionless (Wilson) coefficients, and A is the scale of new physics®.
The helicity amplitude 7 M (.-, Ae+; Ar, Af) for this process is given by

L, AN + cos b 482 — 1+ X
it (5 (S (3 )]
2w

4
MO, N, =XN) = CthfA ind,
2¢2m, )\ sin @ 482 — 1+ )\ 8
M, =N, N mdlody My 090909092 INA 1——¢2 4.14
o) B [E (SRRt (1-5) e
MO, N, N) = —=(ANB — 1) (Cy + 4CoAN cos ) ;

2/\2

where )\, = =1 indicates the helicity of particle ¢, m; the top-quark mass, m, the

Z-boson mass and
2 4 2
— T g1 208 (4.15)
S S

In the above expressions, electron mass has taken to be zero; we also assumed that
(2 are real, if this is not the case then one must replace C, =+ ReC, + i\ ImC,. We
note here that, for zero electron mass, the SM contributes only to the opposite helic-
ity amplitudes A\.- = —\.+, whereas scalar and tensor mediated effective operators
contribute only to same helicity amplitudes, so there is no EFI-SM interference; this
is not the case for possible contributions from operators in groups I-IIl in Eq. (4.12).

For s > m? and s; ~ 0.25 it is easy to see that the SM contribution to the total
cross section has the form

o(Po, P, )syx1—a®>+ (a—P.-)(a+ P.+), a~0.0652; (4.16)

which vanishes when P.+ = P,- = +1 and has a maximum when P,+ = +1; the SM
polarized cross section lies above the unpolarized one when P.- < aand P+ 2 —a,
or P.- 2 aand P.+ < —a.

5As noted above, operators in group IV are generated by interesting types of new physics; for the
current reaction their contributions do not interfere with the SM, which allows a clean evaluation
of the effects of polarization — they produce O(1/A%) corrections. Operators in the I, Il and III are
generated by different types of new physics (e.g. additional Z gauge bosons) and do interfere with the
SM, giving rise to O(1/A?) contributions. There are also contributions from dimension 8 operators
which can generate O(1/A%) corrections as well, but these occur only in EFT-SM interference terms
and do not correspond to the types of new physics being considered here.

®Within the context of the flipped two-Higgs doublet model, A denotes the scale of the heavy
scalar and ¢; the product of its Yukawa couplings to the leptons and up-type quarks.

"For the helicity amplitude calculation see [150].
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Explicitly, the SM contribution is given by

do a?(1—P.-P, 1 (32
d(SZM _ %l P +) {1 + (&1 — Petsa) + Z(ﬁf — 2Pesb162 + &3) (Q:Q T3 _tﬂtg)
1
- {&(1 b 661) = TP (161 — (267 - f%)e)} By cos 0+ (@17)
2¢ +1 c2—-¢
+ [1 +¢ (51 - Peff§2) + (f% — 2Ps:6160 + 53) + %Peff€1€2:| 5,52 cos® 9} ;
Pe*_Ple 1 _483_1 _ 2.
Pess = m, Evr= %, & = 23%,,53 , ¢=3-12s;; (4.18)

and, using the notation of Eq. (2.27), effective operator contribution is determined
by the following choice of f; and g;:

3
{f1, fo, f3} = rEo:s_ {(1487), 168, cos b, 325; cos* 0} |,
2562 A4 (4.19)
{gb g2, 93} = (1 + Pe*P@L) { (012 + 16 gt 02)7 _01027 022} '
t

We plot in Fig. 4.19 this differential cross section and the associated cross section for
various choices of the model parameters and beam polarizations. As expected, the
SM cross section decreases as the CM energy /s increases, and the polarized SM
cross section for P+ = +5%7 is smaller than the unpolarized one, in accordance with
Eq. (4.16). We therefore will use this choice of beam polarizations for the optimal
estimation of the Wilson coefficients, and compare it to that with unpolarized beams.

It also evident that as A increases the total cross-section approaches the SM value.
We identify a value A = Apoungary corresponding to oo = 20, so that the process
is SM-dominated when A > Ayqundary; using Fig. 4.19 we find Apounaary ~ 2 TeV and,
being interested in situations where the EFT represents a correction to the SM, we
will consider NP scales above this value. This also shows why ¢t production is such
an effective process to probe NP above TeV scale. For our explicit calculations we
use the following collider parameters:

A=4TeV; Vs = 500GeV ; Line = 100007 1. (4.20)

4.5.1 Collider analysis

In this section, we provide an event level signal and background analysis of top
quark pair production at e~ et machine. Our main goal here is to determine the
efficiency ¢ with which we approximate the optimal observable.

As noted earlier, the SM process is mediated by Z or photon in s-channel ex-
change, while the NP effects we consider are generated by a contact 4-fermion in-
teraction; as in the previous sections we will restrict ourselves to the NP effects in
Eq. (4.13). We will consider only the leptonic decays of the I bosons that follow
from the decay of the ¢ ¢ pair, namely,

efe” — tt— (bWT) (W) = (b)) (b)) ; LU =e p, (4.21)

TH-3404_186121021



76 Chapter 4. Examples of SM dominance

Figure 4.20: Production and decay of top-quark at e* e~ colliders for 2/ +2b + missing energy
signal.

Cross-section (fb)
P =0| Px =5
BP1|C)=1,09=0| 597.8 415.4
BP2 | CY?=0,C0=1| 645.7 461.4

BP3|CO=1,C09=1| 6519 467 4

BPs | Input model

Table 4.6: Total cross-section at eTe™ collider for different benchmark points for unpolarized and

polarized P+ :jrg(?f% beams with /s = 500 GeV. All the benchmark points have A = 4 TeV.

(see Fig. 4.20). Thus the signature will be two opposite-sign leptons of same/different
flavors + two b jets+ missing energy (£). The leading (non-interfering) SM back-
ground contributions are generated by Zh, ZZ and W' W~ Z production.

We follow a standard approach, generating parton-level signal events using CalcHEP
[159]; the events are then showered and analyzed using Pythia [161]. For event re-
construction, and lepton and jet identification we use the following criteria:

e Events must have two opposite-sign leptons, and two b jets; the b-tagging effi-
ciency is chosen to be 0.6 in accordance with the ILC TDR [102].

e Lepton transverse momentum: p}. > 10 GeV.
o Light jet transverse momentum: p]f > 20 GeV.

e Leptons and light jets must be isolated: AR,y > 0.2, AR;; > 0.4 and AR;; >
0.4.

e Exclude events where the dilepton invariant mass is in the range 75 GeV <
my < 105 GeV to reduce the Z — ("¢~ background.

e Exclude events where the @ — binvariant mass is in the range 115 GeV < my, <
135 GeV, to reduce h — bb contamination.

where we defined AR = /An? 4+ A¢? as the usual distance in the rapidity (n) -
azimuthal angle (¢) plane. The invariant mass cuts are designed to exclude the
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Figure 4.21: Invariant di lepton mass (m;;) (left), Invariant di b-jet mass () distributions (right) for
2l + 2b + missing energy final state coming from ¢t signal with EFT (A = 4 TeV) as well as dominant
SM backgrounds at the et e~ collider with /s = 500 GeV. Top panel: Unpolarized beams; bottom

panel: polarized beams P, :;g?%.

SM background; the values selected are based on the event distributions plotted
in Fig. 4.21.

Using these selection criteria we determine the efficiency factor e by using Eq. (3.11).
For the benchmark points in Table 4.6 we find € ~ 0.008, roughly independent of po-
larization. In the following we take a conservative approach and use e = 0.001 or
e = 0.005.

4.5.2 1o surfaces of EFT parameter uncertainties

Using Eq. (2.47), we define the optimal 1o region of the statistical uncertainties of
the EFT parameters C , for the above described reaction. We choose three different
combinations of the NP coupling seed values: i) C{ = 1,C9 = 0,4i) CY = 0,C9 =1,
and ii7) C) = 1,CY = 1. The 1o regions are plotted in Fig. 4.22 for various choices of
input values ¢ and beam polarizations in AC; — AC; plane where AC; = C; — CY.
For this calculation we choose /s= 500 GeV and £;,,= 1000 fb~'. Note that, even
though the SM dominates, the NP effects are significant even for A = 4 TeV.

The 10 uncertainties for different combination of input values are listed in Ta-
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Figure 4.22: Optimal 1o regions in AC| — AC plane for various choices of EFT parameters
and choices of beam polarization. See figure inset and heading for details.

ble 4.7, while 1o surfaces are shown in Fig. 4.22. The polarization of the initial beams
in the lepton collider play a crucial role in determining the uncertainties of NP cou-
plings. Precise extraction of NP relies on reducing the SM contribution and/or en-
hancing BSM contribution to the specific process. The uncertainties of NP couplings
for different choices of beam polarization (within the possible ranges in accordance
to collider TDR) are shown in the bottom right of Fig. 4.22. For (P,« ="t ), both SM
and BSM contribution to the top-quark pair production increase, while if we flip the
polarization sign, both contributions will decrease. But we observe that (P,+ :jrg?% )
provides most constraint surface in AC; — AC; plane, which implies that the reduc-
tion of SM contribution is more important than the increment in BSM contribution in
this scenario. We note that for (P.+ =3¢ ) choice of polarization combination, NP
uncertainties are approximately 10 — 20% smaller compared to unpolarized beam.
We also note that in all cases the uncertainties for the tensor operator coefficient Cs
are smaller than for the scalar one, as the tensor operator provides larger BSM con-
tribution to ¢ production than the scalar operator. As A increases, BSM contribution
to the production cross-section is reduced, as a result, the uncertainties of the NP

couplings are also increased. This behavior is illustrated in Fig. 4.23.

The OOT done here is primarily signal-based, where we assume that the non-
interfering background effects are negligible, which is true to a great extent. How-
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ever, uncertainty of NP couplings will increase when we include these remaining
background effects. We take into account these effects by choosinga lower efficiency
(e = 0.001) than the one derived when ignoring such backgrounds (¢ = 0.008).

—5%
P+=0 P+ :—4-20%

Seed parameters e = 0.005 e = 0.001 e = 0.005 e =0.001
+AC, £AC, | £AC, £AC, | £ACT £AC; | £AC, A0,
+0.52  +0.32 | +1.16 +0.71 | +0.46 +0.29 | +1.03 +0.66

CY=1,09 =0
-141 -0.32 | -3.18 -0.71 | —=1.37 —0.15 | —=3.06 —0.66
+0.55 +0.08 | +1.24 +0.19 | +0.44 +0.07 | +1.00 +0.16
0 =0,09 =1
-0.37 -0.14 | -0.84 -0.31 | —0.32 —0.11 | —0.72 —0.25
+1.02 +0.10 | +2.29 +0.23 | +0.55 +0.09 | +1.24 +0.19
CY=1,C9=1
—-042 =033 | =094 -0.74 | -0.37 —0.14 | —-0.84 —0.31

Table 4.7: Optimal 1o statistical uncertainties of the C'y and C> couplings for unpolarized and

polarized P, :jrgga% beams, and two values of €; we used the parameters in Eq. (4.20).

Figure 4.23: 10 surfaces in AC; — AC; plane for two choices of A and unpolarized (left) and

polarized P+ :jrggz’% (right) beams. See figure inset and heading for details.

4.5.3 Differentiation of hypotheses

We discuss the distinction of different hypotheses from a base hypothesis using
Eq. (3.13). We consider C} = C§ = 0 as the base hypothesis (that corresponds to
the SM), and various other choices of the seed values of NP couplings (given in the
previous section) as alternative hypotheses. The degree of statistical differentiation
of the alternate hypotheses from the base hypothesis are shown in Fig. 4.24 and
listed in Table 4.8, for both unpolarized and polarized beams. 20, 30 and 50 regions

TH-3404_186121021



80 Chapter 4. Examples of SM dominance

Model . & (1) Significance (Ao)
P =0|Px =0,
0.001 1000 0.29 0.35
C,=1,Cy,=0|0.001 2000 0.41 0.49
0.005 | 1000 0.69 0.78
0.001 1000 2.77 3.36
Ci1=0,Cy=10.001| 2000 3.92 4.75
0.005 | 1000 6.19 7.51
0.001 1000 3.93 4.83
Ci=1,C,=10.001| 2000 5.56 6.82
0.005 | 1000 8.79 10.80

Table 4.8: Statistical significance Ao of several hypotheses C;, Co with respect to the SM.

are shown by red, blue and green colours around the base hypothesis. The alter-
nate hypotheses are denoted by cross, square and triangle symbols, respectively.
For unpolarized beams, hypothesis I (C; = 1,y = 0) is indistinguishable form the
SM even if we choose ¢ = 0.005 and £;,; = 2000 fb~!. With ¢ = 0.001 (0.005) and
Lt = 2000 fb~!, hypothesis IT (C; = 0,Cy = 1) lies beyond 3¢ (50) the exclusion
(discovery) limit. Due to larger BSM contribution, hypothesis IIl (C; = 1,C, = 1) is
easier to distinguish than the other two hypotheses. Appropriate beam polarization,
larger € and high luminosity help the differentiation become more significant.

Figure 4.24: Statistical significance (¢f. Eq. (3.13)) Ao < 2, 3, 5 (respectively, red, blue and
green areas) of alternate models with respect to the SM for unpolarized (left) and polarized
P+ :12?% beams (right); also noted the statistical significance of 3 specific models. See
figure inset and heading for details of the parameter choices.
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4.5.4 Optimal versus standard binned x?

In this section we provide a comparison of the optimal coefficient uncertainties with
those obtained using a basic analysis of collider data using the x* function defined
in Eq. (2.6). From this we define the 1o regions in parameter space by the condition

Figure 4.25: Comparison of 1o surfaces in AC; — Acy plane between OOT (light red) and cut-based
analysis as in Eq. (2.6) (in green) for unpolarized beams.

x? < 1. The results for three choices of model parameters, and the comparison with
the corresponding OOT results are presented in Fig. 4.25. The y? statistic defined
in Eq. (2.6) depends on the number of bins, a dependence that is also examined
in Fig. 4.25; we find that choosing 5 bins provides the most constrained parameter
space ® and thus we use this choice in the following examples. These results give a
measure of the degree to which the analysis based on Eq. (2.6) can be improved. In
this case, as BSM contribution is less than SM to the signal final state, the statisti-
cal fluctuation in each bin is large, as a consequence, uncertainties in NP couplings
estimated from binned analysis is worse than the OOT uncertainties.

4.6 Comparison with BSM dominance

We now consider the determination of NP parameters in cases where the NP dom-
inates over the SM; specifically, we will consider the production of new particles at
an ete” collider. For this a specific model must be selected, and we will use the well-
understood extension of the SM where an additional doublet is added to the scalar
sector, the two-Higgs doublet model” 2HDM). As noted in Section 4.5, the so-called
‘flipped’ 2HDM [192-198] can be used to describe the type of NP effects considered
in that section.

The new particles in the 2HDM are a neutral CP-even scalar, a neutral CP-odd
scalar, and a pair of charged scalars H +. we will also assume the presence of right-
handed neutrinos Ny and assume that the Nz and H* are light enough to be pro-
duced at the e*e™ collider. We then will study the degree to which this collider can

8This choice provides a balance between the number of events with the statistical fluctuations in
each bin.
°For a recent review see [53, 200].
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be expected to determine some of the couplings associated with this extension of
the SM.

4.6.1 tt production at ete~ colliders within flipped-2HDM

We first briefly revisit the process considered in Section 4.5, assuming now that the
NP can be directed produced in colliders. In this case the contact interaction on the
right-hand diagram on Fig. 4.18 is replaced by the heavy scalar exchange diagram
in Fig. 4.26. We consider flipped 2HDM to elucidate this scenario. This model does
not generate the effective interaction @7, ,, in Eq. (4.13), so that ¢; = 0. The Yukawa
couplings to the CP-even heavy Higgs (H) are given by [198]

m —
~ Lyue =~ LyrffH . (4.22)

where y; = cos(f — a) —sin(8 — a)ky, with Ky = cotf = v; /v, and « is the angle
associated with the diagonalization of the neutral CP-even scalar mass matrix.

For this model C = ™<*tk;. In order to estimate the the uncertainty of this NP
coupling we will consider the resonant production of H and its subsequent decay
— tt. In the numerical analysis, we consider heavy Higgs mass my = 500 GeV,
sin(ff — ) ~ 1 in the decoupling limit and small tan 3 (~ 0.5). In this case we find
Cy = 5.7 x 107". Comparing uncertainty in C;, AC) in the flipped-2HDM is smaller
than in the EFT scenario due to a greater NP contribution to ¢t production.

Figure 4.26: Left: NP contribution to ete™ — ¢t in a flipped 2HDM; where H denotes a heavy
scalar. Right: dependence of the y? function on the NP coefficient uncertainty AC;, when
CY = 5.71 x 1077, with the 1o bound indicated.

4.6.2 H™*H™ production at eTe™ colliders

We consider next the pair production of H* which provides an additional channel
to probe the NP in this model in which the NP contribution dominates. We assume
that the H* have the standard minimal coupling to the photon,

H" (pa)H (p3)y : — ieo(py — ph), (4.23)
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and parameterize the leptonic-Yukawa'® and Z couplings as follows:

H" (ps)H (p3)Z : — ia (pf — p§)

4.24
e"NpH™ : b; ( )

where, p; and p, are the incoming momenta of H~ and H*, respectively. For defi-
niteness we will consider three different models : the flipped 2 HDM or inert doublet
model (IDM) (doublet) [49], the type-II seesaw model (triplet) [201], and the scoto-
genic model [60]; these are characterized by'!,

Model a b
Flipped 2 HDM/Inert-doublet (IDM): eo cot(260,) = 0.21 (4.25)
Scotogenic: ep cot(26,) = 0.21 0.1
Type II seesaw: ep tan(d,) = 0.17 0

As a concrete application we will consider H*H~ pair-production at a linear
eTe™ collider; the relevant diagrams are shown in Fig. 4.27. The corresponding he-
licity amplitudes, M'(\.-, A.+), are easily obtained: M’(\, \) =0, and

452 — 1 1 1+ \)?
M'(\, —)\)—i{egnLaeo( “u - A > i —|—< A 4 2} B+ sind;

2S94 259y ) S — m2 4 t—mg
(4.26)
where 6 is the scattering angle of H* from the axis of collision, 8+ = /1 — 4m?,, /s,
and s
t=3 (1 + By+ cosf) +m2, . (4.27)
e el .- H~
- }’ i
Nr
e
€ e T ~HY

Figure 4.27: Leading pair-production mechanism for singly charged scalar pairs (H*) at an e* col-
lider.

In the numerical examples we will choose a charged-Higgs mass of my= = 200 GeV
and the right-handed neutrino mass of my = 200 GeV. As the Z boson cou-
ples strongly to left-handed (right-handed) electron (positron) compared to right-
handed electron, left polarized electron, and right polarized positron beam enhances
the H" H~ cross-section. We study the effect of beam polarization by comparing the
results for unpolarized beams to those with P,- =*3% and P.» =*10%  The plots of

~80% = —50%"
the total cross section as a function of the CM energy are presented in Fig. 4.28.

19We assume that the masses of any other heavy neutrinos are large enough to have negligible
effects at the colliders being considered.
"Here, b is a free parameter.
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Figure 4.28: The total cross-section for charged scalar pair production as a function of the CM
energy (1/s) at an e™ e~ collider for unpolarized beams and two different choices of beam
polarization. Left: IDM; middle: type-II seesaw; right: scotogenic (see Eq. (4.25)).

4.6.3 Collider analysis of the inert doublet model

In this section we estimate the efficiency factor e for H*H~ production within the
inert doublet model (IDM). This model is one of the simplest extension of the SM
where the scalar sector is assumed to include an additional doublet H,, and an un-
broken discrete Z, symmetry under which H, is odd whereas all other fields are
even. This discrete symmetry forbids Yukawa interactions between the inert dou-
blet H, and SM fermions and ensures that the lightest physical component of H, can
serve as a Dark Matter (DM) candidate. The Lagrangian consisting the scalar dark
sector can be written as

L= Lo+ |D,Hs|* — V(Hy, Hy), (4.28)
where,
V(Hy, Hy) = —pg(H{Hy) + Ay (H{Hy)? + 10> (H Ho) + N(H}Hy)? + Ay (H{ H1)(H} H>)
A
+ Ao(H{H,)(HJH,) + 33[(1{1* H,)* +H.cl]. (4.29)

We assume 12 > 0 that ensures that the vacuum expection value of the inert dou-
blet vanishes and guarantees that Z, remains unbroken. In contrast the SM scalar
doublet H; does acquire a vacuum expection value v. The physical modes consist of
a singly-charged scalar H*, a CP-odd neutral scalar A°, and CP-even neutrals h, H°,
where © is the physical SM scalar field. The corresponding tree-level masses are
given by

Mo = p* + Ao,
1
2 _ 2 2
My+ = P~ + 5)\1"0 ) (4.30)
1
m1240 = M2 + 5()\1 + )\2 — 2)\3)1)2,

where )\L = %()\1 + )\2 + )\3)
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Figure 4.29: Normalized missing energy distribution of OSL + missing energy signal for IDM
at the e™ e~ collider with /s = 500 GeV and unpolarized beams.

The signal we will use to identify the production of an H*H~ pair will be two
opposite-sign e or u leptons (OSL) plus missing energy (¥). The decay chain can be
written as

ete" > H H-, H* - H'W=, W =19, WH=ity; (4.31)

where we focus on the leptonic decay modes of V. The dominant (non-interfering)
SM background arises from W*W~, ZZ and W*W~Z production. The analysis
of H"H~ production in an ee™ collider for the IDM has been studied in detail in
several publications, see, e.g., [202-205].

Cross-section (fb)
L __+30%
Pt =0 | Px =500

BP1 | 20 90 101.2 201.2
BP2 | 90 | 160 56.5 112.4

BPs | Am Mg+

Table 4.9: Total cross-section of charged scalar pair-production (H* H ™) for different bench-
mark points for unpolarized and polarized (P,+ :fgggg) beam:s.

We use the criteria for events reconstruction as in section 4.5.1 in order to reduce
the SM background we impose the following cuts:

e C;: events must contain two opposite sign leptons in the final state.
e C,: missing energy £ < 370 (300) for BP1 (BP2).

It follows form Fig. 4.29 that C; » strongly reduce the (non-interfering) SM back-
grounds. We also chose charged scalar masses equal to my+ =90 GeV and 160 GeV
in view of the latest bounds [206]. Using the the definition of € in Eq. (3.11), the
efficiency factor for the two benchmark points is tabulated in Table 4.10. These re-
sults justify the conservative choice e = 0.005 we used above for all the different NP
scenarios.
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Cross-section
Signal SM background
Cuts | BP1 |BP2 | W*W~ | ZZ | Wt W~ Z
(tb) | (fb) | (tb) | (fh) (tb)
Cy 202 | 113 | 2114 | 112 0.8 0.02 0.02
Cy 196 | 0.85 | 4.01 0.0 0.002 0.019 0.015

Efficiency factor (e)

BP1 BP2

Table 4.10: Event cross-section and efficiency factor (e) for two different benchmark points of
IDM and corresponding SM background estimation background estimation for unpolarized
beams with CM energy (1/s) = 500 GeV.

4.6.4 1o surfacesin the a — b plane

We now apply the OOT to obtain the the optimal statistical uncertainty regions for
the NP couplings (a, b); the results are presented in Table 4.11 and the corresponding
1o regions are shown in Fig. 4.30 with CM energy (1/s) = 500 GeV, luminosity (£;,,;) =
1000 tb~" and signal efficiency (€) = 0.005. For the IDM and type Il models the uncer-
tainties in NP couplings are similar since the cross sections are almost equal. For the
scotogenic model where b # 0, the t-channel diagram contributes and enhances the
cross section, resulting in an increased sensitivity to b. In Table 4.11, 10 uncertainties
of NP couplings for two different charged Higgs masses (mg+ = 90,160 GeV) are
listed. For mpy+ =160 GeV, due to smaller production cross-section, the uncertain-
ties of NP couplings are increased by approximately 30% compared to the case of
mp+ = 90 GeV. We can also see that a judicious choice of polarization also enhances
the cross section, leading to a reduced statistical uncertainty in the determination of
the NP coefficients. For P, :fggg‘j the uncertainty in the parameter a (b) is reduced
by approximately 50-55% (25-40%). Finally, as a function of the luminosity £;,; and
the efficiency ¢, the uncertainties scale as 1/(1/£;,.€) with the expected result that a
larger luminosity and/or efficiency also lead to reduction of the uncertainties.

4.6.5 Differentiation of models

We can now follow the same approach as in Section 4.5.3 and use the OOT to estimate
the extent to which different hypotheses can be distinguished. Specifically, given
a “base” and alternate hypotheses, {a°, 1’} and {a, b}, respectively, we define the
significance as in Eq. (3.13) (where now ¢ = g,(a°, 8°), 5 = ¢:(a, b)) and again
assume that these hypotheses can be distinguished at the > (o level if Ac > /.
Taking a® = ° = 0 (similar to the SM) as a base hypothesis, we determine the
statistical separation of the models listed above. For CM energy /s = 500 GeV,
L = 1000 b1, my+r = 160 GeV, and ¢ = 0.005, the separation significance are
listed in Table 4.12 and corresponding plots are shown in Fig. 4.31. For unpolarized
beams, we can see that for both inert doublet and type-II seesaw models are under
discovery limit (that is, Ao < 5), but the scotogenic model is above this limit due
to the enhancement of the cross-section by the t-channel Vi contribution. Polarized
beams (P.+ :J_rgggf) enhances the production cross-section, which in turn provides a
clear distinction (above 50) of the three different models from the base hypothesis.
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Figure 4.30: Optimal 1o surfaces for different models with unpolarized and polarized beams

P+ :fggé, e = 0.005, and mpy+ = 90 GeV (left column) or my+ = 160 GeV (right column).

Also note that with larger luminosity, total number of events increases to provide
higher significance.

4.6.6 Comparison between optimal and standard x?

The statistical uncertainties obtained using the OOT can be compared to those ob-
tained using a basic collider analysis based on Eq. (2.6), as was done in Section 4.5.4.
Here also we consider the differential cross-section as our collider observable for
the binned analysis. The resulting 1o regions in the a — b plane for three different
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Uncertainties
P+=0 P+ :fgggg
Model my+(GeV) | +Aa +Ab +Aa +Ab
90 +0.025 +40.050 | +-0.011 +0.038
—0.077 —0.050 | —0.027 —0.038
Inert doublet
160 +0.033  +40.058 | +0.014 40.046
—0.117 —0.058 | —0.042 —0.046
90 +0.060 +0.012 | +0.028 +0.007
) —0.070 —0.012 | —0.028 —0.007
Scotogenic
160 +0.085 +40.016 | +0.041 40.010
—0.105 —0.016 | —0.042 —0.010
90 +0.028 +40.050 | +-0.017 +0.038
—0.095 —0.050 | —0.028 —0.038
Type-II Seesaw
160 +0.037 +40.058 | +0.015 40.046
—0.157 —0.058 | —0.043 —0.046

Table 4.11: Optimal 1o statistical uncertainty in the a, b couplings for both unpolarized and

polarized P+ :Jjgg;‘; beams with e = 0.005.

Figure 4.31: Statistical significance of alternate models with respect to the a° = 4 = 0 model
(cf. Eq. (3.13)), Ao < ¢, for various choices of ¢. Cross, square and triangle correspond to the
IDM, type-II seesaw and scotogenic models, respectively. Left: unpolarized beams, right:

i _+30%
polarized beams P+ =7_//.

models are shown in Fig. 4.32 for both the binned and OOT analyses (the collider pa-
rameters as in Section 4.6.3). The 1o contours for binned analysis (OOT) are shown
by green (pink) color contours. In this scenario, with purely NP productions, the
cross-section is larger, statistical fluctuation in each bin is less, making the NP un-
certainties determined through binned analysis close to OOT.
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Models significance (Ao)
P =0 | Pox =307
Inert doublet 4o 170
Type-II Seesaw | 2.820 130
Scotogenic 170 400

Table 4.12: Statistical significance of three different models with respect to the a® = 5° = 0
model.

Figure 4.32: Comparison of 1o statistical limit for OOT (pink) and collider (green) x? ina — b
plane for charged scalar pair production at ete™ colliders for unpolarized beam. All the
relevant parameters are written in the caption. Left: IDM; middle: type-II seesaw; right:
scotogenic model (see Eq. (4.25)).

4.7 Summary

In this Chapter 4, we have discussed the estimation of NP couplings in several cases
where SM interference dominates the signal. In Section 4.3, we have considered
dimension-8 SMEFT operators, which can give rise to anomalous neutral triple gauge
couplings, namely ZZ~ and Zv+. For this purpose, we have considered Zv pro-
duction at the linear e"e~ colliders to probe physics beyond SM. We have analyzed
mono-photon + missing energy as the final state signal and used cuts on missing
energy (¥) and missing transverse energy (Hr) to segregate the signal from non-
interfering SM backgrounds. Using OOT we find optimal sensitivity that can be
achieved in the measurement of dimension-8 nTGCs at the experiments. We have
considered the differential cross-section of Z~ production as the observable of the
OOQT, to estimate the 95% C.L. limit on the dimension-8 nTGCs. On one hand, we
have performed individual one-dimensional analysis for all the couplings, on the
other hand, the two-parameter analysis has also been performed in order to explore
the non-trivial correlation between different NP couplings. A comparative analy-
sis of NP couplings between our predictions for future colliders, namely, ILC and
CLIC, and the most stringent limits obtained so far from ATLAS has been performed.
While both linear colliders outperform ATLAS with certain polarization combina-
tions, CLIC offers at least ten times improvement over ILC sensitivities. For all the
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cases, the non-trivial effect of beam polarization can be noted. It is worthwhile to
mention that different combinations of polarized beams are sensitive to different
couplings. Considering the choice of beam polarization that provides the most strin-
gent limit at CLIC, we have observed that the optimal limit on dimension-8 nTGCs
is at least fifteen times better than the current experimental limit.

In Section 4.4, we have discussed determination of dimension-8 nTGCs via the
process e"e” — ZZ which is a parallel search along with Z~ production. Consid-
ering OSL + missing energy as the final state signal, signal background estimation
has been done using missing energy and invariant dilepton mass. We have deter-
mined that Cj,;,/A* is the most stringent NP coupling compared to other three cou-
plings. For a careful choice of polarization, Cj;,,/A* is approximately thirty time
more tighter than the ATLAS limit. With an appropriate choice of beam polariza-
tion, the statistical limit of NP couplings is approximately 15% to 45% more precise
compared to the unpolarized beam.

In Section 4.5, we have studied two limits of the OOT, one in SMEFT (¢t produc-
tionin an e*e™ collider) where the SM dominates over the NP contribution, and one
in UV complete NP models (H " H~ production in an e*e™ collider) where SM con-
tribution is subdominant. For the first application we used an EFT parameterization
of the NP effects, including for simplicity only those operators that do not interfere
with the SM contributions in this process. We find that for realistic collider parame-
ters the 1o statistical uncertainty of the NP parameters lie in the 20% to 100% range
(depending on the values of the coefficients, the beam polarizations and the effi-
ciency of signal background estimation). The possibility of distinguishing different
NP models (defined by their values of the NP coefficients) is equally modest, with a
significance below 50 in all cases studied. In the second application the NP particles
are assumed to be light enough to be directly produced. Here we find that the sensi-
tivity is much higher so that the NP parameters could be measured to a precision of
1% to 10% (depending on the values of the coefficients, the beam polarizations and
the efficiency). Moreover, different models can be easily distinguished, provided
the beams are strongly polarized, which provides a useful comparison of how ef-
ficiently the NP couplings can be extracted at the proposed future e* e~ colliders.
The calculations for both applications require the estimation of an efficiency factor
e which we obtain by performing standard collider analyses of the corresponding
reactions by studying a cut based signal background analysis. The statistical uncer-
tainties in the NP coefficients obtained using the OOT are O(0.5) in the first case we
considered (Section 4.5), white significantly smaller, O(0.05), for the second exam-
ple (Section 4.6). This is imply due to the different values of the NP contributions
to the cross sections in each case: in the first the NP effects are small, this leads
to a relatively small inverse-correlation matrix M in Eq. (2.26), while in the second
example NP effects dominate leading ot a larger M and correspondingly smaller
uncertainties. We also compared the OOT results with those obtained a simple col-
lider estimate of the parameter uncertainties based on the x? statistic of Eq. (2.6). We
found that the optimal uncertainties are significantly smaller in the case where the
NP effects are subdominant, but that in the case where the NP dominates the results
are comparable. The collider analysis, however, can be improved by optimizing the
data binning, and possibly by selecting a better suited statistic; such investigations,
however, lie outside the scope of this paper.
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OOT with non-interfering SM
background: Example 1
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5.1 Introduction

In this chapter, we discuss the estimation of NP sensitivity with substantial non-
interfering SM background. In the previous chapters, non-interfering SM back-
grounds was ignored in the OOT, assuming their presence to alter the conclusions
marginally. However, we must note here that the presence of SM background was
considered before as well, to do event simulations and to evaluate the signal effi-
ciency ¢, after background reduction. Here, we consider the SM background events
in constructing the optimal covariance matrix folded with appropriate efficiency fac-
tor ¢, after the cuts.

The example at hand has flavour constraints which has important implications
to the collider observability. Precision tests carried out at low energies play a crucial
role in exploring flavour violating NP effects under SMEFT framework. FCNC pro-
cesses such as b — s(d) transitions are one of the most important probes in this con-
nection, as there is no such interactions within the SM at the tree level. Such flavour
observables therefore provide an important bound on the corresponding SMEFT
operators [207-211]. In addition, there are processes that are GIM suppressed [212].
At the one-loop level, flavour changing (FC) productions involving up type quarks
are even less prominent than those involving down type quarks. Hence, FC tran-
sitions involving up type quarks provide an important window to search for NP.
Along with flavor observables, top-quark physics also plays an important role un-
der SMEFT framework as it has O(1) Yukawa coupling, which is crucial to explain
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92 Chapter 5. OOT with non-interfering SM background: Example 1

the origin of EWSB. Several analyses under SMEFT framework in the top-quark sec-
tor have been performed in [213, 214]. This motivates us to choose tc production as
an example process to study.

As we know that the renormalization-group equations (RGE) allow one to com-
pute the running and mixing between the BSM scale down to the electroweak scale
and further down to the scale of low-energy precision experiments, the SMEFT can
be matched to alow energy EFT. It could be done following a two step matching pro-
cedure. The coefficients C;’s generated at the scale A will be related to their values
at the electroweak scale v ~ 246 GeV, and these coefficients can further be related
to the WCs of a low-energy EFT through RGE running. Therefore, any constraints
obtained on the WCs from low energy data will in turn limit C;(A)s at any given
BSM scale A. The flavour changing neutral current (FCNC) processes are loop sup-
pressed in the SM, and any tree level NP contributions to such processes will have
limited parameter spaces allowed by the data. Similarly, the availability of precise
data on the flavour changing charged current (FCCC) processes at the low energy
could play an essential role to constrain the NP parameter space contributing to such
processes at the tree level. Therefore, the study of FCNC and FCCC processes at the
low energy will play a crucial role in exploring flavour violating NP effects under
SMEFT framework.

The stringent constraint on the dimension-6 effective operators derived from the
flavour observables indicate that their production at the LHC is small, while the
SM background is huge and mostly irreducible, so that a prediction requires thor-
ough analysis. It is also difficult to probe them in a future electron-positron collider
with a maximum centre-of-mass (CM) energy of 3 TeV. Therefore we examine the
process at high energy muon collider [118]. Muons, being fundamental particles,
provide the advantage of directing their entire energy towards short-distance scat-
tering rather than having it distributed among the partons. As a result, a 14 TeV
muon collider can exhibit effectiveness on par with a 100 TeV proton-proton collider
[215]. This high-energy capability is particularly advantageous for both the explo-
ration of new heavy particles along with indirect measurements at elevated energy
levels. Hence, a multi-TeV moun collider acts as both discovery and precision ma-
chine altogether. Limited studies on tc production at lepton colliders have been doc-
umented in the existing literature [216-219]. In a somewhat similar analysis [219],
the flavor constraints are obtained from rare B decay processes, applicable to vector
operators only, while ours is done considering all possible observables applicable to
all of vector, scalar and tensor type four-Fermi operators.

This chapter is arranged in the following way. In Section 5.2, we discuss the rel-
evant phenomenological framework for our analysis. Then in Section 5.3, we study
the constraints from flavour physics. Collider simulation is presented in Section 5.4.
Finally, we summarize our conclusion in Section 5.5.

5.2 Phenomenological framework

Our goal of the analysis is to probe the dimension-6 flavor violating effective (EFT)
operators that contributes to tc (tc + t¢) production at the future muon collider. The
Feynman graphs for the ¢¢ production is shown in Fig. 5.1 ({c graphs are similar with
same contributions and not shown here). There are essentially two different contri-
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butions: (i) via Ztc vertex and (i7) four-fermi putc contact interaction. As elaborated
later, operators contributing to Ztc affect the process very mildly, while the main
contribution arises from the four-Fermi operators.

pt e "

Z
£ (2

o
o

e o
Figure 5.1: Feynman diagrams that induce ¢ ¢ production at the muon collider; left: effective four-

Fermi (ppitc) couplings, right: effective Ztc couplings. The conjugate processes look alike with exactly
same cross-section.

There are three types of four-Fermi operators containing i) four leptons, ii) four
quarks and iii) two leptons and two quarks, where the last one serves our purpose.

There are seven operators that contribute to the y*p~ — tc production, as given by
[86, 218]
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where [ (e) is the left (right)-handed lepton doublet (singlet), ¢ is the left-handed
quark doublet, and u (d) is the up (down)-type right-handed quark singlets. Apart,
p, 7, s,t indicates flavour indices, 7! are the Pauli matrices, € = —imy, 0" = %[7“, 7]
The operators as in Eq. (5.1) has been mentioned time and again in the thesis, butit’s
still useful to refer them here in explicit. Using Eq. (5.1), the most general four-Fermi
effective Lagrangian for putc contact interaction can be written as

1 — Iy = Iy - I v
Lypte = 35 > Vi@ P (i Pie) + Sig(Pipn) (EPje) + Tij (10,0, Popt) (t0™ Pic)],
i.j=L,R
(5.2)
where vector-like (V;;), scalar-like (S;;) and tensor-like (7};) couplings can be ex-
pressed in terms of the Wilson coefficients (WCs) of the seven four-Fermi operators
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asin Eq. (6.1) as
VLL = (Cl(ql) - Cl(qS))a VLR = Clua VRR = Ceua VRL - qua

Skrr = —Cl(elq)w Srr = Scr = Srr = 0, (5.3)
Tap=—C® Ty =Tig =Ty = 0.

lequ>’

Note that for vector operators we have all the helicity combination of fermions ap-
pear for both lepton and quarks, while for the scalar and tensor couplings only RRR
combination is non zero. The above parametrisation will be used for the collider
simulation later.

The tree-level dimension-6 SMEFT operators that contribute to effective Ztc ver-
tex are

Ol = i(H D*H)(G7,0).
Oy = i(H D" H)(¢.7,7 @), (5.4)
Oy = i(H DM H) (tsy,u4).-

Therefore, the effective Lagrangian containing Ztc vertex' is
Lzte = -1V (aZ Py + a%PR)cZ,, (5.5)

where a; and ap are the functions of CS;, Cﬁ; and Cg, as,

1 1
— (O - CY)), af = —Ch. (5.6)

z
a =
L 4c,, 4cy,

5.3 Flavour constraints and predictions

In this section, we study all possible flavour and top quark related experimental con-
straints that put bound on the dimension-6 effective couplings of our interest as de-
scribed above. We then make some observable predictions for some rare processes
based on the constraints obtained for the effective operators.

5.3.1 Flavour and top-quark constraints

Note that the operators defined in Eq. (5.1) will contribute to various low energy
observables related to FCNC and FCCC processes. In the following we will discuss
different inputs which we have considered in this analysis.

FCNC processes: Most important constraints will be obtained from the semilep-
tonic and leptonic decays of via b — s¢*¢~ decays. The corresponding low energy
effective Hamiltonian is given by [220, 221]

4GF 6%

Hegr = HIY — —=\

V3 116n? (ACHO§ + ACI0L, + CLOY + Cli 0l + C0% + CHO%,

+%%+%%) (5.7)

yte vertex is forbidden by U(1) gauge invariance.
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where ¢ stands here for all the three lepton fields: e,z and 7. Here, ¢, and G are
the U(1)c,, and Fermi coupling constants, A\, = V;, V., is the CKM combination. The
four-Fermi operators as in Eq. (5.7) are expressed as

Oy = (57, PLb)(Ey"0), O = (5Prb)(LL),

- ) _ - (5.8)
Ofo = (S/V,UPLb) (6’7“'75”7 0% = (SPRb) (f’y%).

The O’ operators can be obtained by interchanging {L <+ R} from the operators O
as above in Eq. (5.8). The SM Hamiltonian (H°) already incorporates O} and O},
operators with WCs C§" and Cf}l. Therefore, AC{ and AC!, denote the WCs corre-
sponding to O} and 0! operators stemming from NP. Remaining effective operators
are absent in the SM framework thus comes purely from NP contribution. We will
use Eq. (5.7) and Eq. (5.8) to obtain limits from b — s and b — d transitions and
translate them in terms of the Wilson coefficients of our notation as in Eq. (5.1). Fol-
lowing a tree level matching procedure, one can express the WCs defined in Eq. (5.1)
in terms of the WCs of in the low energy effective Hamiltonian given above [222].

e b — sy decay: b — s transitions are absent at the tree level within the SM;
therefore observables having such transitions provide intriguing indications of
potential NP effects through ACY and ACY, [223-227]. They stem from several
experimental observations like B — K, B — K*pp, and By — ¢, which
have been considered in this analysis [228-237]. The latest experimental results
from the LHCb on lepton flavor university (LFU) ratio Rx and R} [238,239] are
in great agreement with the SM prediction which indicates a tighter constraint
on ACY and ACY,. After matching dimension-6 effective couplings in Eq. (5.1)
with the Hamiltonian written in Eq. (5.7), we get [222]

a\ (v W), O
20t = () (39) (0 - ),

a\ (v 1) @)
ACH, = (V_W) (p) (Clq -Gy - qu> ,

where o = €3 /4r is fine structure constant, \, = V;;Vi; and v is the VEV of

the SM Higgs. We can see that Ol(ql ), Ol(s’), and O, are the three dimension-6

SMEFT operators that contribute to b — suu transition. Since we have anal-

(5.9)

ysed the constraints by choosing one operator at a time, therefore, for Ol(ql ) and

Ol(j’) operators, ACY = —ACY,; whereas for O,., we have AC§ = ACY,. Follow-
ing the analysis discussed in [227], we obtain ACY§ = —0.23 and transmitting
this limit to couplings of dimension-6 SMEFT operator using Eq. (5.9), the con-
straints are noted in Table 5.1.

e b — dpp decay: b — dpyp transition is another FCNC process which also plays

an important role to constrain NP scenarios [240, 241]. Like b — suu tran-
sition, here also Ol(ql ), Ol(qg), and O, operators contribute. Consequently, the
relations between the WCs in two different parametrizations are similar to
that in Eq. (5.25), just with a trivial substitution of A\, = V;;Vi;. We utilize
the experimentally determined value of ACy = —0.53 from the global fits of
Bt — atutu~, B — K*utu~, B — ptp~, and radiative B — X,y de-
cays data sourced from [241], to relate the dimension-6 effective couplings of
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our choice (Eq. (5.25)). The constraints from this decay channel for these three
dimension-6 effective couplings are tabulated in Table 5.1.

e K — pp decay: The expression for the branching ratio of K, — p*p~ decay
using the Hamiltonian in Eq. (5.7) can be expressed as [242, 243]

[iemicBu| s ((2my\ Groe Ye
TR prsp _ (20 ) TEQepal_\ 2o 0
167 L mx ) \/2n € S%V_l— o

10)

In the above Eq. (5.10), 71, represents the mean life of the K; meson, m, and
my denote the masses of the muon and kaon respectively, G» and «. stand
respectively for the Fermi constant and the fine structure constant, and /5, and
A, are defined as:

2
BR(K, —» pu"pu ) =1L

4m?2
Bu=l1 = =L =i V. (5.11)

q
My

Y, indicate short-distance contribution from SM while Ny? = 4[0.54(77) —
3.95i] x 1071 in GeV 2 is the short distance contribution [244] and C}, = C5Y +
ACY,. The relevant operators are Ol(; ), Ol(:;’) and O, that contribute to this ob-
servables. ACY, respects Eq. (5.9). Resulting limits on dimension-6 effective
couplings are written in Table 5.1.

e B, — B, mixing (with ¢ = d, s): B® or B, mesons exhibit oscillatory behaviour
between particle and antiparticle states, a phenomenon arising from the influ-
ence of flavour-changing weak interactions. These meson-antimeson mixings
are the AB = 2 FCNC processes. In presence of NP, the mixing amplitude or
the frequency of meson-antimeson oscillations is defined as,

AM, = 2| M| = 2|ME>M + MBNT), (5.12)

with ABa
<Bq’Heff_ |By)
2Mp,

MY, = (5.13)

The dominant contribution to M%" in the SM arises from the top mediated
box diagrams [245-247], and the corresponding contribution is given by

G? -
MM = s, 13, Bns () (A)? (5.14)

Here, mp,(mp,) and fBg< ;= 190.0 (230.3) MeV are the masses and decay

constants, By, = 1.222 (1.232) is the brag factor of By, meson respectively,

ng = 0.55 is the QCD correlation factor [248], and Xti(s) = VoV - The Inami-
Lim function f(z) is given by [249]

B 1 9 3 323 log oy
f(x)—x(zl+4(1_x)—2(1_$)2)— r=—"-. (5.15)

(1—x)%’ my
We already mentioned that the SMEFT operators in Eq. (5.1) contribute to
FCNC processes like b — s¢*¢~ and b — d¢*{~. The four fermi operators in
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Figure 5.2: 7 mediated 1-loop NP contribution to Am go.

Egs. (5.7) and (5.8), may contribute to B, — B, and B° — B® mixing amplitudes
respectively via the diagram shown in Fig. 5.2. In our scenario, the dispersive
part of the diagram in Fig. 5.2 will contribute to A/{,. The dominant contribu-
tion will arise from a 7 mediated loop via the insertion of operators Oy and
O,0. From the dispersive part of the diagram in Fig. 5.2, we obtain

G%O‘Z 2 5 i\ 2 2 2\ 2 2 9 A?
) m, f5, Bins(\)* |4 ((ACS + ACT,)mj, + 4ACTm?) log )

+ (2mp(ACT + ACT) + m2(3ACE, — ACS))DiscB[2m}, m,, m,]

o, NP __

T

+ 4(AC2 + ACY)m2 — 2m2(AC2 — TAC2)|. (5.16)

The expression of DisB[a,b,c] function is written in the Appendix A.4. As

we have discussed earlier, the contributions to b — s7"7~ will come from Ol(ql ),
Ol(s’) and O,..The amplitude is calculated using the Hamiltonian described in
Eq. (5.7). Therefore, effective couplings related to these operators obey Eq. (5.9).

The relevant constraints from this observable are presented in Table 5.1.

e B? — pu decay: Following Eq. (5.7), the branching ratio of B? — pu~ turns
out [250],

G%aQMBSf%Smﬁ()\zd)z . 4m?

BR(B’ = - —=
( s i M l’[' ) TBS 167T3 M%S

[en (5.17)

The branching ratio of this rare decay is (2.697037) x 10~ [248, 251]. Under-
standably, oM 0¥ and O, contribute to this branching ratio. Using Eq. (5.9),

lg 7 ~lq 7
the constraints obtained on the effective couplings for the relevant operators

are tabulated in Table 5.1.

o K* = ntpp decay: The effective Hamiltonian relevant to s — d transitions is
parameterized as [252, 253]

G 10
s—d __ F\sd L "L
Hie ——\/5& <§“:CZ-O,»+L§WTCWOW>, (5.18)

where \j¢ = V,, V5. The details of O; — Oy, operators are discussed in [252].
The operator relevant to K* — n*vv decay is
Oy, = a(dy"(1 —5)s) (7.(1 — 75)we),
Oy = a(dy" (1 +745)s) (i, (1 = 5)w).

(5.19)
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98 Chapter 5. OOT with non-interfering SM background: Example 1

The WC is C’VLZ = CVLZ’SM + 5(]12 with SM contribution

Clst % (Azjx +Xt) , (5.20)
2ms2 \ N}

where X; = 1.48 is the short-distance NLO QCD correction arises from top-
quark, X¢ ~ X* = 1.04 x 1073 and X7 = 0.70 x 10~? are the short-distance
charm contribution with the NLO logarithmic approximation [253, 254]. By
correlating the dimension-6 effective operators from Eq. (5.1) with those spec-
ified in Eq. (5.20), we can express the dimension-6 effective couplings [255] as

9 2
5CL = s el - a] SCR =0, (5.21)

€2 A5 A2 lg lq
The branching ratio of B* — n*vw decay is expressed as [255, 256]

202\ N4PB(K T — 7letu,)

B(K"’ — 7'r+1/17) = |Vus|2

> ek + ¢l (5.22)

l=e,u,T

We take B(K+t — n%Tr,) = (5.07 £ 0.04) x 1072 and B(K" — #twv) =
(1.14793%) x 1071° from the PDG average [188], and obtain 6C,, = —3.31. Fol-
lowing Eq. (5.20), constraints on dimension-6 effective couplings are noted in
Table 5.1.

FCCC processes:

e b — ¢lv decay: The most general effective Hamiltonian for b — ¢(u){v, transi-
tions is written as [258]

e, 4G
HEI = \/5 Vpl(1+CL)OL + CL 0L, + CL OL +CL 0% + CLOY], (5.23)

with the operators

Oifl (@) (L vurin),
= (GrY"br) (I Vuv1),
(951 (qLb )(ZRVlL) (5.24)
Os, = (qrbr)(lrir),
OT = ( ro™ bL)(lRU,uuVlL)

with ¢ = w or c. If we match the ones in Eq. (5.23) with those mentioned in
Eq. (5.1), we find the following relations between the couplings [222]

@ B Vi % Cl(elqu _ _2& CSz Cl(jq)u _ _2@ ﬁ (5 25)
v )7 A2 Vip \ 02 )7 A2 Vib T

02

A2 V.

FCCC processes like b — ¢/v have been widely studied on [257, 259, 260]. In
this analysis, we borrow the constraints from [257], where the experimental
results of B — D(D*){~,, R(D™),B — wl~, ({ = p, e) along with lattice
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5.3. Flavour constraints and predictions 99

NP Related processes/ Constraints Simultaneous fit
couplings Observables (GeV™2) (GeV™?)
b— sup —(3.98 £1.20) x 10710
b— dup —(1.90%965) % 10710 [241]
CVJA? | B(Kp — ptpo) —(1.2179:33) x 10710 —(9.96 & 0.03) x 10~10
B(BY — ptp”) —(7.39%531) x 10710
B(K*+ — 7tvp) —(3.5015:55) x 10710
Ampo —(1.81 £0.05) x 1078
Ampgo —(3.08+£0.01) x 10°®
B — DWry, —(0.3540.15) x 1077 [257]
B — D¥pu(e)v (0.14 £ 0.09) x 107 [257]
B — muy, (0.06 = 0.20) x 1077 [257]
b — suu —(3.98 £1.20) x 10~1°
b — dup —(1.9075:55) x 10710 [241]
B(Ky — p'p) —(1.2175357) x 10717
B(BY — utpu) —(7.3975:41) x 10710
B(K* — ntup) (3.501030) x 10710
CP /A2 B(r* = ) (1.28 +0.81) x 1078 —(9.99 £ 0.03) x 107°
B(K* — uv,) (2.21 £0.74) x 10°8
B(B* — Tv,) (1.27 4 0.43) x 1077
B(D% — pv,) (6.02 4 9.94) x 107°
B(D* = uv,) —(1.14 £1.52) x 1078
Ampy —(1.8140.05) x 10~8
Ampo —(1.10 £0.01) x 1078
B(t — blvy) (7.1340.37) x 1077
Ceu/N? t— cll < 107° [214] s
Cru/N? t — cll < 107° [214] i
b — s —(1.2440.26) x 107°
b — dup (0.687272) x 1010 [241]
Cle/N? B(Kp — utu) —(1.213%533%) x 1071° —(1.04 £0.03) x 107°
B(BY = ptp”) —(7.39%0:443) x 1071
Ampo —(1.81+£0.05) x 107
Am o —(1.10£0.01) x 10°8

Table 5.1: Constraints on the different dimension-6 effective vector couplings from various flavour
and top-quark processes and decay modes. For the details on observables concerning b — su™p™
and b — dut ™ transitions, see references [227, 241] and for the measurements see the text.

inputs are taken into account. We find that from b — cuv, and b — upw,
decays, the constraints on O are M /A% = (0.09 £ 0.58) x 10~7 GeV~2 and

lequ lequ
Cl(elq)u JA? = (0.02 £ 0.12) x 1077 GeV 2 respectively. As the uncertainties are
very high here, we may infer that the corresponding operator is insensitive to
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NP Related processes/ Constraints Simultaneous fit
couplings Observables (GeV~2) (GeV~2)
B — D®ruy, (1.81 £0.06) x 1077 [257]
B — D%,
Hou (0.09 £ 0.58) x 107 [257]
B — DWey,
B — T,
THY) (0.03 +0.18) x 107 [257]
B — mev,
Ol /A2 B(rt — ) —(5.82+0.31) x 10710 | —(6.61 £ 0.17) x 10710
B(K* — uv,) —(1.83 4+ 0.05) x 107?
B(B* — Tv,) —(6.64 £0.21) x 107°
B(D¥ — v, —(4.36 4 3.17) x 10710
B(D* — uv,) (8.61 £ 11.71) x 10710
B — DWry, (0.62 4 0.17) x 1077 [257]
B — D™
" Pl (033 £6.61) x 101 [257]
Crogal/ N2 B — DWey, (0.72 £ 6.51) x 10710
B —
THV (0.07 % 0.16) x 107 [257]
B — mev,

Table 5.2: Constraints of scalar and tensor mediated dimension-6 effective couplings from various
flavour observables, see text for details.

3)

lequ 1S also insensitive for these two decay

these decays and zero consistent. O
modes for the same reason.

e P — (v, decay: Leptonic decays from psudoscalar mesons (P) provide one of
cleanest probes to constrain NP. The hadronic matrix elements for these decays
with different Lorentz structures are defined as [261]

Mp

0 _ L P _ . /”/’ O = P — _q S | 5.26
(Olq1v* 1502 P(p)) = ifpp (01175421 P (p)) prmql + Mg, (526)

where mp, fp, and Mg, ATE the mass, decay constant, and mass of constituent
quarks of P-meson. These inputs for different pseudoscalar mesons are taken
from FLAG review [248]. Ol(s’) and Ol(el 3u operators contribute to this decay.
Using the effective Hamiltonian in Eq. (5.23), the branching ratio of P — (v is

expressed as
mp

m€<mQ1 + mQQ)

OSQ )
27)

where, 7p is the lifetime of P meson, m, is the mass of the lepton (¢), and V,,,,
is CKM matrix element. Cy, and Cg, follow same relations as expressed in
Eq. (6.25). Constraints on Cy, and Cg, couplings are tabulated in Table 5.3.
Using these observables, we note the constraints on C;/A? in Table 5.1 and 5.2
following Eq. (5.25).

mpmzfl%G?rV;nqz ( m§>2 L_Cy +
1

B(P—)gyg):Tp e _ £

2
mp

e ¢t — bly, decay: Along with the flavour observable described above, semi lep-
tonic decays of top quark is instrumental in constraining NP. The t — blv,
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5.3. Flavour constraints and predictions 101

Decay Branching Constraints (GeV~?)

modes ratio Cy, Cs,
7t 5 v, | (99.9877 £0.00004) x 1072 | —(1.774£0.6) x 1072 | (4.3340.23) x 10~*
K* — MYy, (63.56 £ 0.11) x 1072 —(3.21 4 1.08) x 102 (1.36 +0.04) x 1073
B* - 11, (1.09 £ 0.24) x 10~ —(1.854+0.62) x 10! | (4.94 +1.60) x 10~2
D¥ = v, (5.43 £0.15) x 1073 —(8.744+14.43) x 1072 | (3.25 £2.36) x 1074
D* = (3.74 £0.17) x 10~ (1.66 £2.21) x 1072 | —(6.40 +8.71) x 10~

Table 5.3: Constraints on Cy, and Cg, from B(P — fv,). Experimental inputs for different P — ¢v,
branching ratios are adopted from PDG average [188].

decay gets contribution from few operators in Eq. (5.1), thereby imposing con-
straints on the associated dimension six effective couplings. This decay process
is governed by W mediated charge current interaction within SM whereas for

NP contribution arises from 0¥, O ~and (’)l(f;u operators. The total decay

lg 7 ~lequ’

width (T") for this process is given by

1 2t 2t
It = / / ML |"dE, | dE;, (5.28)
64m3m, Ey=0 < By=(™ | t t‘ b ¢

where m; is mass of top quark, £, and E; are the energy of b-quark and lep-
ton (/). SM and NP contribution to the total amplitude are written in the Ap-

pendix A. 4 Constaints on (’)(1) from this decay is tabulated in Table 5.1. For

scalar (Cz y A2) and tensor (0(3 ../ A?) mediated couplings, orders of the con-
straints are 1072 and 10~* respectlvely For t — ¢l decay (Eq. (5.29)), upper
limit of these operstors is 107°. Therefore constraints obtained from ¢ — blv

on C\" /A% and C¥)

P vequ/ A’ are ruled out from the upper limit of ¢ — c£¢ decay.

We would like to note that no suitable observable has been found to constrain Oy,
and O., operators. An upper bound is noted for this two operators form ¢ — c//
decay in Table 5.1, and we make predictions for ¢ — c// as we discuss below.

5.3.2 Prediction on different observables

Using the constraints on the EFT operators obtained in Table 5.1, Table 5.2 and Ta-
ble 5.3, we provide future prediction of following observables, with numerical esti-
mates noted in Table 5.4.

e B(t — cll): The branching ratio of t — ¢/ decay is given by

5
my

Bt — ctt) = 614473 AITL

(4(0(1)+( )2+ (C2, + C2 + C2 + CY)

lq lelq

,+ 72000
(5.29)

2The expression of B(t — cf/) is calculated in the limit of m.., m, — 0, but in numerical evaluation
all masses are taken into account.
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102 Chapter 5. OOT with non-interfering SM background: Example 1

As of now, there hasn’t been any specific experimental searches conducted to
observe t — cl{ decays. However, an indirect upper limit on ¢ — c¢¢ decays
can be obtained by ¢t — Zg searches at ATLAS [262]. At 95 % C.L., bounds on
t — cl{ branching ratios are [214]

B(t — cete™) < 2.1 x 107,
Bt — cu™p™) < 1.5 x 1074

These upper limits of the branching ratio provide upper bounds on the dimension-
6 effective vector and scalar operators on the order of 10~° whereas for tensor
operator the upper bound is 10~7. Constraints determined from experimental
inputs on dimension-6 effective couplings listed in Table 5.1 and 5.2 respect
this upper bound. Using the obtained constraints on dimension-6 effective
couplings, we provide the prediction on this observable in Table 5.4.

(5.30)

o B(K; — 7%/): The branching fraction of K; — 7900 can be expressed as [263,
264]

B(Kp — %) = (C§, + Ciylas| + Chiclas|” + C%,) - 10712, (5.31)
The details of a,, C;,, Cfyy, Chsy and Cf are discussed in [263, 264]. Constraint
on Cz(ql ) /A? and Cl(; ) /A? couplings provide prediction on this observable.

e B(D° — up): Branching ratio of D° — uu decay is noted as [265]

Mp 4m?2 Am?
D° = 1— —£ (1= =-—"9A7 + |B|? 32
BID® — i) = gy [1= gk [0 = JpolaP +152|, 632
with
L )
a fchn (5.33)
B="L2"0(00 + O — C + Cpe)),

c

where m, is the mass of charm quark, M) and fp are the mass and decay

constant of D, respectively. Tensor mediated operator does not contribute to
this observable as <€+€_\Og’3u\D0> = 0. Constraints on operators written in

Eq. (5.33) provide prediction on this observable.

e B(t — cv): Scalar mediated dimension-6 effective couplings provide a predic-
tion on BR(¢! — c¢y) through 7 mediated 1-loop diagram as in Fig. 5.3. Vector
and tensor mediated operators do not contribute to this observable as (¢y|O} |t) =

0° and <ny](9(3) ]t> = (. The expression of B(t — ) is given by

lequ

2
8e2mb Cl(el)u A 2

B(t — cy) = 9Ft(m% =) ( A;’ (1 + 2Log [—T]) (m 4 Tm2m? + m}).

(5.34)

Prediction on different observables noted in Table 5.4 suggest that all the experi-
mental predictions on dimension-6 effective couplings are consistent with existing
upper bounds.

30 is any vector operator in Eq. (5.1).
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Figure 5.3: 7 mediated 1-loop scalar mediated operator o!!

leu

contribution to ¢ — ¢y decay.

Dimension-6 Observables Branching ratio
couplings Prediction | Upper bound
B(Kp — nl%te™) | 7.38 x 107 | 2.8 x 10719 [266]
CA%) BEK; — moutp~ | 8.43 x 107 | 3.8 x 10710 [267]
B(D° — pp) | 4.63 x 10723 | 3.1 x 10~° [268]
B(t — cee) 1.28 x 10711 | 2.1 x 1074 [214]
B(t — cpu) 1.30 x 10711 | 1.5 x 1074 [214]
B(K; — m%te™) | 7.42 x 10711 | 2.8 x 10710 [266]
CI((‘Z) B(K, — nutp™) | 8.46 x 10711 | 3.8 x 10710 [267]
B(D® — pp) | 4.63 x 10721 | 3.1 x 1079 [268]
B(t — cee) 1.31 x 10711 | 2.1 x 1074 [214]
Bt — cup) 1.33 x 10711 | 1.5 x 10~ [214]
BD° — pp) | 4.04 x 10721 | 3.1 x 1079 [268]
z: B(t — cee) 2.79 x 10712 | 2.1 x 1074 [214]
B(t — cpup) 2.82x 10712 | 1.5 x 1074 [214]
B(t — cee) 2.34 x 10713 | 2.1 x 107* [214]
Cilg) B(t — cup) | 2.37 x 10713 | 1.5 x 104 [214]
B(t — cy) 4.30 x 10717 | 1.8 x 107%[269]
B(t — cee) 2.84 x 10713 | 2.1 x 1074 [214]
C}i—i’) B(t — cup) 2.86 x 10713 | 1.5 x 107* [214]

Table 5.4: Prediction of different observables from the simultaneous fit and existing upper bound.

5.4 Collider Analysis

In this section, we analyse the possibility of probing the NP at collider in terms of
the effective operators as in Eq. (5.1). For that we focus on those most stringent
limits of the dimension-6 effective operators stemmed from the flavour observables.
If the most stringent limits on the NP couplings can be probed for a given /s then
the others can be probed at a smaller /s. From Table 5.1, we see that the flavor

constraint on Cl(j’l)q /A?, the tensor coupling is one of the most stringent ones which
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are on the order of ~ 10~ GeV~2 followed by Cz(ellzl JA? ~ 10719 GeV—? and C /A2 ~

1072 GeV~2. Therefore, in our subsequent analysis, we will focus on these three
WCs mostly. From Eq. (5.36), it is clear that the signal cross-section exhibits a linear
growth with the square of the CM energy, conversely, SM background processes
are expected to decrease as /s increases. Therefore, at high /s, a muon collider
should have the capability to detect a such NP scenarios where the CM energy of
the machine is expected to go upto 30 TeV. For our analysis, we consider /s = 10 TeV
with an integrated luminosity (£,:) of 1 ab~!. This choice is within the reach of the
future muon collider projections [118]. We further note that when we are probing
C/A%* ~ 10711 GeV~2 at /s = 10 TeV, we assume, A > 10 TeV, so that the Wilson

coefficient C' 2 1073, to keep the effective theory framework validated.

5.4.1 tc (tc + tc) production cross-section

The differential ¢¢(fc) production cross-section at u*u~ collider, governed by the
effective four-fermi contact interaction as shown in Fig. 5.1, in terms of vector, scalar
and tensor couplings is given by*

do  3F
1 1 2
dCOSQ 8 |: (VRR+VLL)( +( "’B)COSQ-FﬁCOS 0)
+2(VE, + Vig) (1= (1+ B) cos + B cos”6) (5.35)
+ S2p(1+ B) — 4SrrTrr(1 + B) cos§ + 16Tax(1 — 8 + 28 cos® 9)} ,
where F = 5 = (1 - 63 and [ = 2 +Z§ Therefore, total production cross-section is
3
Oproa = F [STIZ%R(3 —B) + 5512%1% + (VEL + Vig + Vig + Vi) (3 + 5)1 : (5.36)

The variation of the signal cross-section (o,r04) for the vector, scalar and tensor four
Fermi operators used in this model with CM energy (1/s) is shown in the right side
of the Fig. 5.4. Here, A = 50 TeV and Wilson coefficients (C' = 1) are kept constants.
From Eq. (5.36) we see that the total cross-section (opr0q) is proportional to s/ A4,
therefore, larger (1/s) yields larger cross-section, provided we are in the effective
theory limit, i.e. /s < A. We also note from Fig. 5.4, that the production cross-
section is largest for the tensor coupling and the lowest for the vector coupling. For
vector coupling, the cross-section ~ 0.1 fb at /s = 5 TeV and that is down to 0.001
fb at /s = 1 TeV for C/A? ~ 1071 GeV 2, making it a necessity to probe these cou-
plings at v/s = 10 TeV.The variation is shown in one operator scenario, that implies
Oproa X C?/A*. Therefore the variation of total cross-section with C'/A? is symmet-
ric as depicted in the left side of Fig. 5.1. Apart from the four-fermi couplings, Ztc
couplings (a7 and a%) via OEC)I, 0(3) and Op, also contribute to tc production by in-
terfering with the four-fermi vector couphngs Vi;. The contribution of Ztc couplings
can be incorporated to the total cross-section by redefining

1 1
Vij — Vij +4cZa? (mwmz> with af = —(0}}; _ 0}}”;), a? = 1 Ci (5.37)

2
s —my 4ey

wherei,j = L, R,and ¢7 = —1/2+ 52 and ¢% = s? are the couplings to a left or right

4In the expression of differential cross-section, muon mass is neglected.
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5.4. Collider Analysis 105

Figure 5.4: Variation of total cross-section of tc¢ production at 1.~ collider with different choices of
C /A% (GeV~2) (left) and CM energy (1/s) for A = 50 TeV (right).

handed electron, respectively. On contrary to four-fermi couplings, the cross-section
via Z mediation drops as ~ 1/s due to the s-channel mediation. In the left side of
Fig. 5.4, we show the variation of o,,,q with varying C'/A? in GeV 2. From the figure,
we again see that the tensor mediated four-fermi coupling (Tzr) provides the max-
imum contribution to the tc production and vector mediated production provides
the least. In one operator scenario, all the vector operator contribute equally to the
total cross-section. If we assume Ztc effective couplings to be of the same order to

Couplings (GeV~?) | Cross-section (proa) (fb)
WA 4.8 x 1072
;jq)u /A2 0.15
O JA? 0.77
O A 1.71 x 10710

Table 5.5: tc(te) production cross-section (oproa) at muon collider for vector (Cl(ql ) /A?), scalar
! gu /A2), tensor (C) u/A?), and Ztc (C’;}g /A?) effective couplings. We consider /s = 10 TeV and

C/A% = 10719 GeV 2 for all the operators.

that of vector coupling, C/A? ~ 107 GeV~?, then the contribution from Ztc is way
milder than the four fermi operator contribution, see Table 5.5, where we see that the
production cross-section (opr0q) for vector coupling surpasses that of Ztc coupling
by an order of 10® in fb at 10 TeV muon collider. Therefore in the following analysis
we neglect the contribution of Ztc and study the four fermi operators.

5.4.2 Signal and background processes

In high-energy muon colliders, collision events take place at a center-of-mass (CM)
energy surpassing that achieved by the present LHC (parton level) or potential fu-
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ture electron-positron colliders. Consequently, it is anticipated that jets that are
closely clustered together in these collisions will exhibit collimation, effectively co-
alescing into a singular, consolidated jet. A notable illustration of this behavior can
be observed in the jets stemming from the hadronic decay processes of top quarks or
W /Z bosons, where they converge to form a single “top” or “W/Z" jet [270]. Since
the signal process is 1~ ™ — tc, for this analysis, we consider a dijet signal with no
leptons. The corresponding SM background processes are p~ut — tt, u~ ™ — ¢q,
pwpt —=ce, ppt = bb, ppt = WHW-and ppt — Z2.

Event simulation

The signal and background events are generated in MadGraph5. For the EFT signal
process, the UFO model file is generated using FeynRules. The benchmark points
(BPs) we consider for collider analysis are:

e BP1 (Vector) : C’l(ql)/A2 = —9.96 x 1071Y GeV 2,

e BP2 (Scalar) : C\)) /A% = —6.61 x 10710 GeV 2,

equ

e BP3 (Tensor) : C\2) /A2 = 7.24 x 10! GeV 2.

equ

These BPs are most stringent flavor constrained vector, scalar, and tensor couplings
as noted in Table 5.1 and 5.2. Using these numerical inputs, MC generated events
are fed into Pythia8 and Delphes3 for parton showering and detector simulation
respectively.

o We use the leptons and jets selection criteria described in Section 3.6.

e The jet clustering has been done in Fastjet3 [271] using anti-kt algorithm
[272]. The jet radius is taken to be 0.5 with the minimum pr of the jet set as 20
GeV. The jet reconstruction is done using Delphes3.

Figure 5.5: Normalized event distribution for dijet final state containing signal and background pro-
cesses at muon collider with /s = 10 TeV and £;,, =1 ab™ L.
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5.4.3 Cut based Analysis

For the analysis, we use the following sequential cuts for the signal and background
processes:

o Cutl: N;=2and N, =0.
o Cut?2: ij > 8 TeV.
e Cut3: M]h > 160 GeV.

Here, M;; is the invariant mass of the dijet, M Jh is the invariant masses of the re-
constructed particles of the heavier jet. The major background, in case of our analy-
sis, are the diboson processes. In Cut 1, which is our signal selection cut, we demand
only processes with 2 jets. We further remove events with detected leptons. This will
remove the detected leptonic and semi-leptonic decay processes for W W~, ZZ as
well as ¢t. The invariant mass of the dijet pair is expected to peak near the centre of
mass energy of the incoming particles for jets coming from the production level pro-
cesses. For jets coming from branching or radiation, the invariant mass is expected
to peak at a lower value. Imposing Cut 2, we can remove futher semileptonic and
leptonic processes from diboson production, where the leptons were not detected.
Now, due to the collimation of boosted jets in high energies, as we mention above,
we expect multiple jets branching from top or W/Z to appear as a single jet in the
detector. The invariant mass of the reconstructed particles of such jets are expected
to peak at the mass of their respective sources, i.e. top mass or W/Z mass. In tc
signal process, the heavier jet is expected to peak at the top mass, as such Cut 3, will
significantly remove WW ™ and ZZ backgrounds as evident from the distribution
in Fig. 5.5. The signal can be further separated from the background by using a
charm tagging algorithm on the lighter jet of ¢c signal process. However, with the
current c-tagging efficiency at LHC [273, 274], it looks like a far-fetched possibility.
This is primarily due to high miss-tagging efficiency of the b-jets as c-jets. After
employing sequential cuts as mentioned above, signal significance S/+/S + B and
efficiency factor” e, = az‘(if) / ag(rb")d are noted in Table 5.6. We see that the benchmark
point with vector couplings have most signal significance, while the tensor one has
the least.

5.4.4 OOQOT Sensitivities

In general, a collider observable (e.g., differential cross-section) contains contribu-
tion from both the signal and background. The expression of the observable i.e.,
differential corss-section follows Eq. (2.37). The presence of the second term in
Eq. (2.37),i.e. the SM background makes an important distinction of this OOT analy-
sis from the previous ones. Here g; are the non-linear functions of NP couplings and
fi are the function of phase-space co-ordinate ¢ and e, () is the signal (background)
efficiencies in estimating the signal (and background) after using judicious cuts as
tabulated in Table 5.6. In this analysis as our focus on 2 — 2 processes, the phase
space co-ordinate will be ¢ = cos ¢, where 0 is angle between the outgoing particles

50?25) is the final state cross-section after final for signal (background) whereas O’S(rbo)d is the pro-

duction cross-section for signal (background).

TH-3404_186121021



108 Chapter 5. OOT with non-interfering SM background: Example 1

Process No Cuts | Cut1l | Cut2 | Cut3 | ¢, | Significance
p-put — te (BP1) | 6432 1339 | 891 809 0.12

ppt — te (BP2) | 2130 467 302 278 0.13

ppt — te (BP3) | 140 30 20 18 0.13 | BP1:18.40
popt —tt 1730 352 191 183 0.10

ppt = qq 3555 746 650 433 0.12 BP2: 7.42

ppt —ce 1728 363 290 190 0.11

popt — bb 914 194 143 93 0.10 BP3: 0.53

popt — WHW- | 58860 22882 | 7258 | 215 0.004

Wt = 27 3284 1238 | 454 10 0.003

Table 5.6: Cut flow and signal significance for signal at the chosen benchmark points and background
processes for analysis at muon collider at 10 TeV and 1 ab™!. Here ¢, , denotes the cut efficiency for
signal and background following the final cut (Cut 3).

with respect to the beam axis. However, the choice of ¢ can vary depending on the
specific process. We importantly note that the signal of the processes under consid-
eration are essentially dijet events (as elaborated in the previous section), stemming
from the produced particles in the high CM energy of the muon collider, enabling
us to use Eq. (2.7), without much problem. However, for processes where the decay
products are not collimated, say for example, at smaller CM energy, the usage of
Eq. (2.7) is limited.
Here, we discuss the optimal uncertainties and correlations of different dimension-

6 effective operators in context of t¢(tc) production. As mentioned before, we focus
on the probe of most stringent vector, scalar, and tensor mediated couplings that
contribute to the ¢c production at the u*u~ colliders. The x? variation dimension-6

Figure 5.6: The Ay? variation as a function of dimension-6 effective couplings; left: Cl(q1 ) /A? (Vector),
middle: OV /A? (Scalar), right: c® /A? (Tensor). The units of C/A? is in GeV 2. The horizontal

lequ lequ

axis denote Ax? = 1.

effective operators are shown in the Fig. 5.6. At CM energy +/s=10 TeV and lumi-
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nosity £ine = 1 ab™!, we observe that for all the couplings, optimal uncertainty is
narrower than flavor uncertainty. It is intriguing to note that for the tensor-mediated

operator Cl(f ;u /A?, the flavour uncertainty is way larger than the optimal collider sen-
sitivity of this coupling at muon collider (see the right most panel in Fig. 5.6). This
suggests that the pertinent operator is less-consistent in flavour observable, yet in
a collider scenario, it can be measured with larger precision. This is because the
tensor operator having most stringent flavour bound, has the largest contribution to
the tc production compared to scalar and vector operators, as already evidenced by

Fig. 5.4 and Table 5.5.

Figure 5.7: Optimal 1o allowed parameter space in 2D plane. Left: Cz(ql ) /A% — C,. /A? plane; right:

) A2 — 01(3) /A? plane. Variation of background efficiency (e;) is also shown in both cases. See

lequ equ

inset and headings for details. The flavor inputs are taken from the case-III mentioned in Table 5.7.

The correlations between the two vector couplings and correlations among scalar
and tensor couplings for different background efficiencies (¢, = {0.1,0.05}) are shown
in Fig. 5.7. The benchmark cases with seed values are listed in Table 5.7. It is clear
that the presence of background via ¢, plays a crucial role in determining the optimal
uncertainty of NP couplings, the lesser the contamination, the better the precision.
Moreover, the optimal uncertainty of NP couplings depends on the relative NP sig-
nal and non-interfering SM background contribution to the final state. Contribution
to the final state from two vectors operators is greater than the scalar and tensor op-
erators together by a factor of 25 (Table 5.6), due to the choice of the seed values
of the benchmark points. Therefore, the relative NP signal is larger than the back-
ground contribution for the vector operators than the scalar and tensor ones. That
is why the vector operator correlation is less affected by the change in background
contamination as shown in the Fig. 5.7.

In Fig. 5.8 we show the variation of 1o regions for different CM energies and
integrated luminosities. In our scenario, the increase of CM energy (v/s) is more
effective than the increase of integrated luminosity. If we increase the CM energy
twice, then the signal cross-section is increased by a factor of 4 which in turn suggest
four times enhancement in signal events. However, we must remember that when
we enhance /s, we choose A > /s to be consistent with EFT framework, reducing
the WC appropriately to keep C//A? is same ballpark. Larger CM energy also reduces

TH-3404_186121021



110 Chapter 5. OOT with non-interfering SM background: Example 1

the non-interfering SM backgrounds. However, if we double the luminosity, both
the signal and background events will enhance twice, suggesting larger CM energy
helps reducing optimal uncertainty for EFT frameworks as considered here.

Figure 5.8: Comparison of optimal 1o surfaces for CM energy (v/s) and luminosity (£int); Left:
C’l(ql)/A2 — Cye/A? plane; right: cW /A% —

lequ /A? plane. The flavor inputs are taken from the
case-III mentioned in Table 5.7.

lequ

Cases Vector ops. combination Scalar and tensor ops. combination
€)) (1)
I | 94 =—996x10710GeV=2, | = — 661 x 10710 GeV 2,
c Clen
=0 = 0
C(1) C(l)
II A2 =0, /l\egu =0
(3)
O — 1,04 x 1079 GeV 2 Clegu — 794 % 10~11 GeV 2
C(l) C(l)
Il | 2% = —9.96 x 107 GeV 2, g = —6.61 x 10710 GeV 2,
(3)
Cor — _1.04 x 100 GeV-2 Stegr 794 x 1071 GeV 2

Table 5.7: Different benchmark cases of combination of operators studied for optimal correlations
and separability from SM.

In Fig. 5.9, we show the optimal statistical separation of different cases listed
in Table 5.7 from the ‘base model” SM. Here, Case-I and Case-II are followed from
flavour constraints noted in Table 5.1 and 5.2 and case-III is considered to show the
correlations among different operators. We consider the CM energy +/s = 10 TeV
and integrated luminosity £;,,=1ab~'. We determine that for various vector (scalar
and tensor) operator combinations, Case-I, Case-1I, and Case-III are 28.18¢0 (11.630),
76.970 (1.780), and 87.340 (12.670) away from SM respectively, so that the distinction
of vector operators is comparatively easier than the scalar and tensor operators once
we adhere to the benchmark points respecting flavour constraints. Estimated values
of vector, scalar, and tensor couplings are noted in Table 5.8 for diferent CM energies
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Figure 5.9: Seperation of different cases mentioned in Table 5.7; Left: C’l(q1 ) /A% — Cye/A? plane, right:

C’l(e1 q)u JA% — C’l(s’;u /A? plane. The representative points related to case-I, case-II, and case-III are de-
noted by cross (x), triangle (A), and square (0). The ‘base model’ SM is represented by the dot (e).

Different no regions are presented in the inset of the figures.

and luminosities at 50 separation. To acheive the 50 separation for tensor operator
with current flavor bound, we require 18 ab™! integrated luminosity for 10 TeV CM

energy.
Couplings | /s=10TeV, | \/s=10TeV, | \/s=30TeV, | /s =30TeV,
(GeV72) Lim=lab™' | £,.,=10ab™! | £;.=1ab! | £..=10ab™!
O /A2 | 413 x 10710 | —3.14 x 10710 | —7.92 x 107" | —4.45 x 107"
Crl /A% | —7.88x 1071 | —2.33 x 1071 | —7.88 x 107" | —4.43 x 1071
O JA? | 1493 x 107" | 839 x 107 | 2.81x 10711 | 1.58 x 107!

Table 5.8: Values of vector (Cl(q1 ) /A?), scalar (C ) /A?), and tensor (C (3) /A?) couplings at different

lequ lequ
CM energies and luminosities at 50 separation.

5.5 Summary

In this chapter, we have explored the SMEFT operators that contribute to tc (tc + t¢)
production at colliders. The most significant contribution arises from the quark
flavour violating four fermi operators. The other operator which provides modifi-
cation to Ztc vertex has much less contribution at high CM energy and have thus
been ignored in this analysis. Such four fermi operators contribute significantly
to low energy flavour dependent processes and are thus heavily constrained by
them. We study all such FCNC and FCCC processes including b — s(d) transi-
tions, P — (v, K, — uu, B — B mixing, top decays etc., to constrain the four fermi
SMEFT operators. The most stringent bound arises on the tensor operator, having

Cl(j’l)q JA? ~ 1071 GeV~2, followed by scalar operator CZ(ZL JA? ~ 1071 GeV~? and
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vector operator Cl(q1 ) /A% ~ 107° GeV 2. We also predict observational sensitivities of
the processes like K, — mol¢, Dy — pup1, t — cll and t — ¢y from the obtained limits
and show that they are consistent with the existing upper bounds.

Using these constraints, we have examined the future probe of these SMEFT op-
erators at multi-TeV moun collider through tc (tc + t¢) production. The required
CM energy is 10 TeV where the production cross-section is of the order of fb, re-
specting EFT constraint A > y/s. Given the high CM energy, the process basically
yields dijet final state (a ‘top” jet and a ‘charm’ jet) with no leptons stemming from
the top decay. There is apparently a little chance of tagging them as well, which
incorporates several SM backgrounds. There exists very little number of variables
at disposal to segregate the signal from background, amongst which invariant di-jet
mass and invariant mass of the heavy jet plays an important role to achieve a satis-
factory signal significance for vector and scalar operator benchmarks in particular,
at high luminosity 1 ab™'.

Using OOT, we have determined the optimal uncertainties of the vector, scalar
and tensor type SMEFTs at the benchmarks respecting flavour constraints. We see
that at 10 TeV CM energy muon collider with 1 ab™! integrated luminosity optimal
uncertainty of the effective C'/A? is better than the flavor uncertainty. Relative con-
tribution between NP signal and non-interfering SM background play an important
role in NP estimation, the less the background, the better the estimation. The depen-
dence of the uncertainty on the CM energy and luminosity has also been compared
and the advantages of CM energy to estimate optimal uncertainty pertaining to EFT
limit is discussed. Considering SM as a base model, distinction of different opera-
tors from SM has also been studied. We have observed that at 10 TeV CM energy,

30 fb~! luminosity is required to segregate (at 5 o level) vector (Ol(; )) operators from

the SM, whereas for scalar ((91(61 gu) and tensor ((9[(2“) operators we need 155 fb~* and

18 ab™! integrated luminosity, respectively, after obeying flavour constraints.
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OOT with non-interfering SM
background: Example 2
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6.1 Introduction

In this chapter we again explore the optimal estimation of NP couplings in presence
of non-interfering SM backgrounds. However, here our approach will be much more
generic. In previous analyses, an analytical expression for a hard process is obtained
followed by the introduction of an efficiency factor to mimic the final signal after ex-
perimental cuts and branching ratios. The same methodology was used in the pre-
vious chapter for SM backgrounds. Unfortunately this approximation is not always
reliable, nor can it be systematically improved. In order to sidestep these problems
we develop a straightforward numerical procedure for calculating covariance ma-
trix including all final-state effects and experimental cuts without approximation
(beyond those involved in the numerical calculations), and which can be applied in
any reaction irrespective of the strength of the SM background, and in any collider
environment. This numerical procedure has already been discussed in Section 2.2.3,
which we use here. In collider experiments, a realistic comparison of the confidence
regions obtained using the likelihood function and the OOT approach must include
all relevant SM background contributions, which can significantly affect the results.
The main goal of this chapter is to provide such a realistic comparison, to use these
results to gauge how close are the results obtained using the standard likelihood
technique to the optimal ones, and to provide a tool to determine the collider pa-
rameters (such as beam polarization) that can enhance the sensitivity to a specific
type of NP; upcoming e*e™ colliders will serve as precision machines, where the
analysis is best suited.
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114 Chapter 6. OOT with non-interfering SM background: Example 2

6.2 Signal background analysis

We illustrate the method using a simple model where the NP consists of heavy
charged and neutral fermions, P* and 1, respectively, having U pTWF coupling.
These particles appear in extensions of the SM with a fermion isodoublet W = (1%, ¢~ )T
having hypercharge Yy = —1 and a singlet x, specifically in a vector-like singlet-
doublet model [151], providing a viable DM in the form of v, when they are sta-
bilized by a Z, symmetry (see Section 3.5). Here we take on a purely phenomeno-
logical approach, considering ¢* to have general chiral couplings to the Z boson
parameterized by two NP couplings, a and b, but minimal coupling to photon [275],

1€

(e b)Yy — ey, 6.1)

2ww

VYTZ o~

We now calculate the optimal (i.e. minimal) statistical uncertainty when mea-
suring the NP couplings «a, b in the pair production of ¢* (with their subsequent
decays) at an e*e~ collider (see Fig. 3.1):

ete™ =Pty = WIW gdy , W — (v (6.2)

with ¢ = e, u. We assume the 1,9, are assumed to be stable DM candidates that

Figure 6.1: Pair-production of heavy charged fermions ()74 ™) and their subsequent decay
atane’ e~ collider.

escapes detection, so that the signal consists of missing energy £ plus opposite
sign dileptons (OSL) . We include all possible 2-body and 3-body SM backgrounds:
etem — WW, ZZ, uu, 7, WWZ, tlZ, with the subsequent leptonic decays of the
W, Z and 7. We sum over e and . final states. In order to suppress the backgrounds
we impose thee following cuts

o Ci: pr > 10 GeV, Nigp = 2, [mu — mz| > 15 GeV and ARy, < 3.0,
o Cy: > 325 GeV.

where N, is the number of light charged leptons in the final state, m,, the invariant
mass of the two final charged leptons, and ARy, is the angular seperation between
two opposie sign leptons. C; reduces the (dominant) W background, while C, sup-
presses the Z, ;1 and 7 backgrounds; see Fig. 6.2.

! A similar analysis has been done in [275], but without including the SM background.

2The ideal choice of cuts (those that minimize the area of the 1o regions) are model-dependent;
we will not study here the optimization of such cuts, restricting ourselves to reasonable choices based
on physical considerations.
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Figure 6.2: Normalized F distribution (left) and AR(¢+¢~) (right) for signal and dominating
backgrounds of the reaction in Fig. 3.1; see text for details. We assumed /s = 500 GeV,
my+ = 210 GeV (consistent with LEP bound [126]) and m, = 60 GeV.

Processes | Production cross-section Number of events
(fb) after final cuts
Pa =Bt | P | P R 1
a®=1,0=0 52 55.7 4791 50832
a®=0,0"=1 19.6 204 17685 18479
a®=1,00=1 7.0 58.2 6457 53250
Www 51 798 1558 18030
TT /i 57 68 286 360
47 8.8 18.9 21 44
vvZ 3.4 50 72 1190
wz 16.5 224 18 4
WwZz 0.063 0.87 21 248

Table 6.1: Production cross sections with C; imposed, and final event numbers after cuts
C1 + Cq, for signal and background contributions to the reaction in Fig. 3.1. We took CM
energy /s = 500 GeV, integrated luminosity £i,¢ = 2000 fb~! and two polarization choices;
we assumed my+ = 210 GeV and my, = 60 GeV.

We now determine the accuracy to which a and b can be measured, assuming
these couplings have one of the following seed values: @ a° = 0, 1’ = 1 (pure axial
coupling), e a® = 1, b° = 0 (pure vector coupling), e a” = 1, b° = 1 (chiral coupling).

We list in Table 6.1 the results for both signal and background event numbers,
and the corresponding production cross sections (note that for this reaction there is
no SM-DM interference); the results illustrate the effectiveness of the cuts imposed in
reducing the background, and also the effects of the beam polarization. We assumed
the the CM collider energy is /s = 500 GeV and an integrated luminosity of £;,, =
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116 Chapter 6. OOT with non-interfering SM background: Example 2

2000 fb~!, and took my= = 210GeV, my, = 60GeV.

The choice of beam polarization plays a crucial role in optimizing signal to noise
ratio, that in turn helps in reducing the uncertainty of the coupling estimates. For
example, the choice P+ :fgggg (consistent with the ILC design [102]), increases the
signal cross-section when a® = 1, ° = 0 (it also increases the W background, but
this is suppressed by C,); this results in smaller uncertainties than (;chose obtained

~30%

using unpolarized beams. For a° = 0,b° = 1 the choice P.+ =)y enhances the

signal cross-section, and also suppresses the WIW background.

6.3 1o regions

The optimal 1o regions, dictated by Eq. (2.47), for the above three choices of {a°, 1°}
begin considered are shown in the Fig. 6.3, for the signal-only with C; and C, im-
posed (green), for the full signal+background after applying C; only (light red), and
for the full signal+background after applying C; and C, (blue); this illustrates the
degradation of the (optimal) precision to which the NP parameters can be estimated
once the background is included (a feature absent in several previous analyses that
used the OOT).

Figure 6.3: 1o surfaces for different hypotheses, a® = 1, = 0 (left), «° = 1,b° = 1 (middle) and
a® =0,00=1 (right) after implementation of cuts, C; (light red), C, (blue) as described in the text,
and signal only case in green. All the relevant parameters are written in the caption.

It should be noted that the shape and orientation of the y; = 1 ellipses has a
complicated dependence on the NP parameters a°, ", as well as on the polarization
and the specific choices made for C; ,. These features cannot be mimicked using
an efficiency factor multiplying the signal and background cross sections. Such a
simplification is appropriate in cases where the background is ignorable, or when
its cross section is approximately proportional to that of the signal, which is occurs
only in a limited number of situations. In the general case, it is more accurate and
reliable to follow the above procedure than the efficiency approximation.

In Fig. 6.4, we present a comparison of the the 1o regions from both OOT and reg-
ular x? analyses for three different hypotheses listed above. The figures also provide
a measure of the level of improvement needed in the regular x? analysis to reach the
minimal uncertainties derived using the OOT; the reason the 2 result is close to the
optimal on for a’ = 0, b° = 1 is that in this case the background is the smallest,
whence the event distribution closely mimics the pure signal. This situation will re-
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Figure 6.4: Comparison of 1o regions between collider (cyan) and OOT (brown) for three different
hypotheses mentioned at the caption.

peat in all cases where we have the signal dominates the background (after the cuts
are imposed).

Figure 6.5: Comparison of 1o surfaces for different CM energy and beam polarization.

It is worthwhile studying how the uncertainty and correlation of NP couplings
depend on the CM energy and beam polarization. An illustrative example is pre-
sented in Fig. 6.5, from which we can infer that the covariance matrix can be strongly
dependent on /s (for this particular case, the uncertainty in b drops, while a en-
hances); while, as noted previously, the overall uncertainty can be significantly re-
duced by an appropriate choice of polarizations. The ability of the OOT to determine
the effects that changes in both polarization and CM energy have on the precision to
which NP parameters can be extracted provides a useful guide in in selecting future
collider designs.

6.4 Summary

In this chapter, we have discussed the optimal precision of NP couplings in presence
of non-interfering SM background in the most generic way. This approach allows a
determination of the maximal statistical precision when measuring NP parameters
in any given collider process, incorporating all experimental cuts and including all
possible SM backgrounds in a numerical way, without worrying much about the an-
alytical cross-sections of the processes. The results obtained provide a useful gauge
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of the degree of optimization reached by standard data analysis techniques, and of
the effects of collider parameters, such as CM energy and beam polarization (when
available) in the precision that can be reached. This last can be used to compare
different collider proposals, for example, a *p~ collider with relatively high CM
energy, but no polarized beam, agains an e*e~ collider of lower energy but with
polarized beams. Finally, we reiterate that the approach here described is much
preferable to the “efficiency approximation” where experimental cuts and branch-
ing ratios are mimicked by multiplying the hard cross sections by a fixed factor. This
also enables us to apply the OOT technique for any collider environment and any
kind of NP estimation.
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Chapter 7

Summary and future prospects

Despite the tremendous success that the SM of particle physics has achieved, sev-
eral theoretical and experimental outcomes suggest the existence of BSM physics,
although no signal has been observed yet. It’s therefore crucial to explore unique
signals and innovative methods/experiments to search for NP. Thanks to the clean
environment, upcoming lepton colliders stand out as highly promising instruments
for identifying any hints of NP. Apart from the conventional binned analysis, power-
tul statistical techniques such as OOT, multivariate analysis, matrix element method,
machine learning, etc., will play a pivotal role in pinpointing NP. In this thesis, we
have explored the estimation of NP couplings for different BSM scenarios at future
lepton colliders using OOT as well as binned analyses. The OOT methodology has
been developed for three cases, when (i) signal is dominated by NP, (ii) SM interfer-
ence dominates the signal, and (¢i¢) non-interfering SM background is significant.
We develop a numerical technique for the third case, hitherto unavailable in the lit-
erature.

After Introduction in Chapter 1 and a detailed discussion of OOT in Chapter 2,
in Chapter 3, we have examined the optimal precision of NP couplings in the case of
a BSM-dominated scenario. Here we considered pair-production of heavy charged
fermions ¢* that couple to photon and Z boson. We parameterize the coupling
with Z boson by a (vector) and b (axial-vector) couplings, assuming that to photon
is known. Pair production of heavy ¢* at the eTe™ collider by helicity amplitude
technique have been calculated to employ OOT to estimate optimal estimation of
NP parameters. It turns out that vector coupling is slightly easier to probe than
axial vector coupling. The advantages of appropriate beam polarization have been
highlighted. We also show that segregation of the NP cases from the base model
(SM) is also possible at high luminosity. A UV complete model with a DM (singlet-
doublet model) matches with a hypothesis (¢ ~ 1,b = 0), for which the detailed
signal background analysis is done to find out the efficiency of the final signal (;),
after branching ratios and required cut effects, an important ingredient for OOT
estimates.

Chapter 4 describes the estimation of NP couplings for SM domination in sig-
nal. We take up several examples of such kind. In Section 4.3 of this chapter, we
have taken the process ete” — Zv. Dominant SM contribution to this process
arises from electron-mediated ¢-channel diagram and the BSM contribution stems
from dimension-8 SMEFT operators. These dim-8 effective operators produce self-
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interaction between neutral gauge bosons. Optimal sensitivity of these dimension-8
nTGCs through mono-photon + missing energy final state signal. The correlation
between CP-violating dimension-8 effective couplings has been studied as well. We
have also drawn the comparison between optimal and binned sensitivity of dimension-
8 nNTGCs. In Section 4.4, we have discussed the statistical sensitivity of the same sets
of dimension-8 nTGCs through Z Z production at the CLIC. This channel serves as a
complementary search for dimension-8 nTGCs. This search in turn gives a complete
picture of the understanding of nTGCs. In Section 4.5, we study top-quark pair pro-
duction at the e*e™ collider governed by photon and Z mediated s-channel diagrams
along with scalar and tensor-mediated dim-6 four-Fermi operators via contact inter-
action. Considering di-lepton + di-bjet + missing energy as final state signal we have
determined the optimal uncertainty of the NP couplings. Invariant di-lepton mass
and invariant di-bjet mass are the useful observables for signal-background distinc-
tion. The scalar coupling turns easier to probe than the tensor one. For the sake of
comparison, we have elaborated on the UV completion of the scalar-mediated op-
erator where via flipped 2HDM model. We have also found out that the OOT is
advantageous compared to binned analysis in the case of SM-dominated scenarios.

In Chapter 5, we have explored an example of OOT, where SM background turns
important, but the € approximation works. The methodology relies on the fact that
the covariance matrix has an added non-interfering SM contribution, but the cut ef-
ticiencies do not alter the phase space orientation, just change the overall efficiency.
This example explores the probing of flavor constraints on dimension-6 four-Fermi
SMEFT operators contributing to tc production at the muon collider. We have FCNC
transitions, FCCC transitions, particle anti-particle mixing, leptonic decay of pseu-
doscalar mesons, and top quark decays to constrain the corresponding effective cou-
plings, which have been evaluated by performing simultaneous fits based on rele-
vant observables. The most stringent constraint on dimension-6 effective couplings
is on the order of 107 GeV 2. Therefore, we need very high CM energy and high
luminosity to probe these couplings. Muon collider at 10 TeV CM energy and 1 ab™!
integrated luminosity turns useful for that. At that high energy, the final state just
presumes as di-jet events, so that one can use e approximation after having both the
signal and background. The optimal uncertainty of NP couplings provides a clear
indication that vector-like couplings have less uncertainty than scalar and tensor
ones. We have also shown that optimal sensitivity turns more precise than flavour
uncertainties.

In Chapter 6 we finally study the optimal uncertainty of NP couplings in presence
of non-interfering SM backgrounds in the most generic and elegant way. Instead of
using the efficiency factors for signal and background processes, we propose to use
final state events including background in bins to estimate the optimal covariance
matrix. The methodology has been elaborated again with the same model as in
Chapter 3 via opposite sign lepton (0SL) + missing energy to estimate the Z cou-
plings of the heavy charged fermions at the e*e™ collider. A comparison has been
drawn between CM energy and luminosity to estimate the sensitivity of NP cou-
plings. Optimal sensitivity is compared with the usual binned analysis in presence
of non-interfering backgrounds and turns better, significantly when the NP contri-
bution is large, marginal when the NP contribution is weaker. But most importantly,
the methodology enables us to use OOT in the context of any NP signal in presence
of any SM backgrounds and in the context of any collider environment.
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In summary, we thus have discussed several NP scenarios to be explored in the
future LCs. At 500 GeV ILC, Z coupling of heavy charged fermions and singly
charged scalar particles in multi-Higgs models are explored; CLIC with 3 TeV demon-
strates superior sensitivity tonTGCs via Z and ZZ productions (compared to LHC).
The discovery potential of the models is subject to several conditions. For example,
the beam polarization facility of ILC will be super useful in probing the heavy vec-
tor like fermion, or scalar couplings, to suppress the SM background contribution
in particular. The relative precision by which the NP couplings can be extracted
depend further on the production cross-section, more importantly the NP contribu-
tion to the signal. In this way, fermion couplings are easier to probe than the scalar
ones. Also the vector like couplings are easier to probe than the axial vector ones.
On the other hand, seeing the requirement of heavy NP, one requires high CM en-
ergy as accessible in muon collider. For example, flavour violating operators after
stringent flavor constraints, ¢/A% ~ O(1071%) GeV~?, requires 10 TeV muon collider
for probing.

The analyses put up in this thesis show the usefulness of OOT in guiding which
kind of NP can be estimated well and how it depends on the interfering and non-
interfering SM contributions. This brings out how and when beam polarization does
play more important role than CM energy or luminosity, or otherwise. We also do
compare the standard likelihood analysis to OOT to show when they do similar,
and where there is a significant distinction between them. Apart, the results of the
individual NP cases also turn important, be it the charged fermions (or scalars),
nTGCs, or top quark pair production. There are several examples still left to be
explored. For example, the trilinear Higgs coupling (Axxs), plays a pivotal role in
elucidating the configuration of the Higgs potential. One immediate goal is to esti-
mate the optimal sensitivity of this coupling at future colliders. Another interesting
task is to measure the sensitivity of DM-SM couplings at future colliders via mono-
X (X =, Z,j) + missing energy signal. The same needs to be done in the context
of Axion and axion-like particles (ALPs) as well. It is also important to compare it
with other statistical methods like multivariate analysis [276-279], matrix element
methods [280-283] etc., which we plan to take up next.
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A.1 Optimal Analysis with other CM energies

In this appendix, we repeat the analysis of Section 3.4 for both lower and higher
CM energies and different charged-fermion masses. The results are presented in
Fig. A.1: optimal 1o regions for /s = 250 GeV, my+ = 110 GeV (left column), and
Vs =2 TeV, myz = 900 GeV (right column). Note that as m,= and /s increase
the cross-section drops (Drell-Yann process falls like ~ 1//s, see Eq. (3.7)) and the
eigenvalues of the covariance matrix increase (since V' ~ M ~ 1/0, ¢f. Eq. (2.26)
and (2.47)); the 1o regions are corresponding larger. The two cases where a,b #
0, the 1o regions are very asymmetric because the probability distribution of NP
couplings are heavily distorted from the normal distribution.

A.2 x? ellipsoids in g; plane

If the g; are taken as the NP parameters, then the y? = 1 regions become ellipsoids in
this space, asillustrated in Fig. A.2 for two examples. In general V; is not diagonal, so
that the g;’s are correlated, however, one can always choose alternative coefficients,
linear combinations of the g;, which are uncorrelated and whose (10) statistical un-
certainties equal the square-root of the eigenvalues of V;. That is, if g; = R;;g;, one
can always find R orthogonal which diagonalizes V|, whence (Eq. (2.47)) becomes
x? = €Y.(03:)*/V{, where the eigenvalues of V; are denoted by V7 and 4g; is the sta-
tistical uncertainty of the g;. An example is given in Table A.1 and corresponding 1o
ellipsoids are shown in Fig. A.2.

Uncertainties x107% (e = 0.001)|Uncertainties x107% (¢ = 0.005)
Seed parameters x107°| |dg]| 62| 03] |61 |6G2] 03]
P=gd=1,¢0=1 | 1.07 | 1840 | 179.06 | 048 | 823 80.07
P=gl=1,¢9=-1 | 1.06 | 1818 | 177.16 047 | 813 79.23

Table A.1: 1o statistical uncertainties for the uncorrelated parameters g; (see text) for the indicated

seed parameters and efficiencies; we assume unpolarized beams.
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Figure A.1: x? < 1 regions for unpolarized beams. Left column: /s = 250 GeV and m,+ = 110
GeV; right column: /s = 2 TeV and m,,+ = 900 GeV.
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Figure A.2: x* = 1 ellipsoids in g; space for g{ , = 1077, g§ = £10~° and unpolarized beams. The
2-dimension projections are also drawn.

Figure A.3: 68.3% C.L. in two-parameter and three-parameter distributions; x? < 2.3 (left) for a — b
plane for (a = 1,b = 1) case (with dotted lines denoting 1o surfaces) and x? < 3.5 (right) for g; =
1075 (i = 1,2, 3).

A3 68.3% C.L. in two-parameter and three-parameter
distributions

For n = 2 (3) parameter, a 68.3% C.L. corresponds to x? = 2.3 (3.5). The 68.3% C.L.
contours are plotted in Fig. A.3 when a° = ° = 1 (left panel) and for g0 = 107 (right
panel); a comparison with the x* < 1 region is also provided. Itis quite evident that
68.3% C.L. regions are larger than 1o surfaces.
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A.4 Loop function for B,— B, mixings and amplitudes
oft — blv

e Loop function:

—a+b*+c? + /A(a, b2, c?)

Al
She (A

1
DiscB(a, b, c) = ~\(a, b? c¢*)Log
a

where \(x,y,2) = 22 + y* + 22 — 2(zy + yz + 22).

e t — bly; decay: The SM and BSM contributions to the ¢(p) — b(k)((k1)v (k)
decay amplitude are written as

M = i Tipre s U Pratp)(ia) Pro()
®3)
Ml = = k) PLu(p)a(ha) Proh),
i (A.2)
+ 5" (@(ka) Pro(k2)) (0(p2) Pru(p))
0(3)
8 (k)0 Pav (k) (0(p2)o Pa(p)

A.5 Renormalization Group (RG) Equations

The renormalization group equations of the relevant SMEFT couplings are written
as [284]

ac; 1
dlnp 1672

Bi, (A3)
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where C; = {Cl(ql)/AQ, ct)

lequ

/A% Cl(e?’ q)u / A2} are the SMEFT coefficients and f3; = { ﬁl(ql ), Bl(el q)u, Bl(;)u}
are the respective 1-loop /3 functions of the SMEFT operators. The 3 functions are:

1) 1) 1) (1)
6(1) _ 2 I S g2 Clq Clq Clq
la pute - 39 A2 s A2 + h/q]tw A2 A2 [PYQ]wCa
wwtc pute ppwe pputw
1 z(l)
= <9/2 + 5%2 ) A—‘; ;
ppite
(1) (1) (1)
1 11 lequ Cle U Cle U
), - (5orest) |5 cba| S| |
4 ppute ppve pptv
(1)
1 5, 2 2 Olequ
—— (o sk - gt |5 R (A9
= Hpte
3) (3) (3)
3 2 38 Cle u Cle U Cle U
d ppte pHpve pptv
©)
2 2 2 8 2 1 2 C’lequ
= — -2 —_— 3 - — 9
(99 g + 3gS 2yt A2
L ppte

Here v, = 3 <yuyl + ydyjl) and v, = (yuy!). We consider, y,, = y4 = 0 except for y,.
The RGEs for the Standard Model parameters are noted below:

dg 1 g
dlnpy 1672 (_Fg ) ’
dg' 1 /41,
ding 1672 (Eg ) ’
ng 1

ding 1672 (=745).

dy Y 9 17 9
t t (_92__912_8gg+_yt2)

(A.5)

dlnp 1672

4 12 2

Utilizing the aforementioned equations, we illustrate the evolution of dimension-
six vector (Cz(ql ) /A2), scalar (Cl(elq)u /A?), and tensor (Cl(egq)u /A?) couplings with the en-
ergy scale ranging from 1 GeV to 10 TeV. This representation is depicted in Fig. A 4,

taking into account the flavor inputs as noted in Table 5.1 and 5.2.
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Figure A.4: RG running for dimension-six vector (Cl(q1 ) /A?), scalar W /A?), and tensor (Cl(jq)u /A?)

lequ
couplings.
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