Effective Field Theories to Probe Physics
Beyond the Standard Model at Colliders

Thesis submitted for the degree of Doctor of Philosophy by
Abhik Sarkar

under the supervision of

Prof. Subhaditya Bhattacharya

Department of Physics
Indian Institute of Technology Guwahati
May, 2026

TH-4060_216121001



TH-4060_216121001



Effective Field Theories to Probe Physics
Beyond the Standard Model at Colliders

Thesis submitted in partial fulfillment of the requirements for
the award of the degree of Doctor of Philosophy in Physics by

Abhik Sarkar

under the supervision of

Prof. Subhaditya Bhattacharya

Department of Physics
Indian Institute of Technology Guwahati
May, 2026

TH-4060_216121001



TH-4060_216121001



TH-4060_216121001



TH-4060_216121001



“Truth s much too complicated to allow anything but approximations.”

John von Neumann

TH-4060_216121001



TH-4060_216121001



DECLARATION

This is to certify that the thesis entitled “Effective Field Theories to Probe Physics
Beyond the Standard Model at Colliders”, submitted by me to the Indian Institute
of Technology Guwahati, for the award of the degree of Doctor of Philosophy, is a bonafide
work carried out by me under the supervision of Prof. Subhaditya Bhattacharya. The
content of this thesis, in full or in parts, have not been submitted to any other University
or Institute for the award of any degree or diploma. I also wish to state that to the best
of my knowledge and understanding nothing in this report amounts to plagiarism.

K Sandean
Vw«u&q

Signed:

Abhik Sarkar

Department of Physics,

Indian Institute of Technology Guwahati,
North Guwahati-781039, Assam, India.

Date: 01/05/2026

TH-4060_216121001



TH-4060_216121001



CERTIFICATE

This is to certify that the thesis entitled “Effective Field Theories to Probe Physics
Beyond the Standard Model at Colliders”, submitted by Abhik Sarkar (216121001),
a research scholar in the Department of Physics, Indian Institute of Technology Guwahati,
for the award of the degree of Doctor of Philosophy, is a record of an original research
work carried out by him under my supervision and guidance. The thesis has fulfilled
all requirements as per the regulations of the institute and in my opinion has reached
the standard needed for submission. The results embodied in this thesis have not been
submitted to any other University or Institute for the award of any degree or diploma.

3 .\[Wﬂ}fgz&eﬂﬁz&w

Signed: -

Prof. Subhaditya Bhattacharya
Department of Physics,

Indian Institute of Technology Guwahati,
North Guwahati-781039, Assam, India.

Date: 01/05/2026

TH-4060_216121001



TH-4060_216121001



ACKNOWLEDGEMENTS

I would like to begin by expressing my sincere gratitude to my supervisor, Subhaditya
Bhattacharya, for his unwavering support and guidance through the many phases of this
journey. At times when this path felt like merely a means of livelihood, conversations
with him rekindled my scientific curiosity and restored a deeper sense of purpose. His
clarity of thought, fluency of expression, and exceptional command over presentation
skills will remain a lasting source of admiration for me.

Next, I would like to express my gratitude to my Doctoral Committee members: Meduri
C. Kumar, Soumitra Nandi, Arunansu Sil, and Poulose Poulose, for their valuable com-
ments and suggestions during the annual progress seminars, which significantly con-
tributed to improving the quality and direction of this thesis. I would also like to sin-
cerely thank my research collaborators: Subhaditya Bhattacharya, Soumitra Nandi, San-
joy Biswas, Basabendu Barman, Jayita Lahiri, Sahabub Jahedi, Anupam Ghosh, Amir
Subba, Dipankar Pradhan, Lipika Kolay, Indrajit Saha, Niloy Mondal, Soumyajit Dutta,
Lopamudra Mukherjee, Shashwat Sharma, and Mathew Thomas Arun for generously
sharing their expertise. Without their contributions, none of these projects would have
reached publication-worthy quality. I am also grateful to ILANCE, Japan for supporting
my international travel to Tokyo for attending their conference.

I would like to express my heartfelt gratitude to my friends and colleagues at II'T Guwa-
hati: Niloy Mondal, Sourav Mondal, Subhasis Maiti, Hrishikesh Deka, Saswata Jana,
Arpita Deb Singha, Rajesh Mondal, Rony Boral, Amir Subba, Dipankar Pradhan, Sa-
habub Jahedi, Gargi Sen, Anupam Ghosh, Partha Das, Swarup Kanti Sarkar, Avishek
Sarkar, Shantanu Sahoo, Seshadri Majumdar, Chinmoy Dey, Lipika Kolay, Sunil Kumar
Moharana, Sovan Sau, Subhankar Patra, Ankan Pramanik, Ayan Chakraborty, Indra-
jit Saha, Camelia Jana, Dipendu Bhandari, Snehasish Das, Amit Kumar, Sanjib Ray,
Nayan Das, Jnana Ranjan Das, Bhoomika Das, Koustav Roy, Shailesh Pincha, Joya
Ghosh Dastider, Vaibhav Pandey, Vishal, Urmimala Dewan, Arkodip Biswas, Disha
Bandyopadhyay, Niraj Koirala, Nihar Ranjan Ghosh, Jitumani Kalita, Rajat Kumar
Mandal, Subhajit Kala, Sandip Naskar, and many others, for making this journey truly
memorable. I would also like to thank a few dear friends who have been part of differ-
ent phases of my life and to whom I owe a great deal: Lakhan Paul, Kripanka Sundi,
Priyanka Dey, Joybrata Sarkar, Pallabi Biswas, Shubham Choudhury, Anupam Deka,
Victor Dey, Sajal Chakrabarty, Supriya Dutta, Prabhat Kumar Singh, Rohit Kumar,
and, Surojit Kayal. I would like to especially thank Anindita Talukdar for her constant
support through both good and challenging times.

Most importantly, I would like to express my deepest gratitude to my father, Ajit Kumar
Sarkar, my mother, Amita Sarkar, and my sister, Ankita Datta, for their constant support
and for standing by me during the times when I needed them the most. Finally, I would
like to thank LGBRIMH, Tezpur, for providing me with psychiatric and psychological
support, thereby keeping me sane, throughout this journey.

TH-4060_216121001



TH-4060_216121001



ABSTRACT

Physics beyond the Standard Model (BSM) is motivated from several observations like
that of tiny but non-zero neutrino masses, evidences of a dark matter, matter-anti-
matter asymmetry, stability of the Higgs vacuum, heirarchy problem, and many more.
But, since the discovery of the Higgs boson, searches for TeV-scale New Physics (NP)
at the Large Hadron Collider (LHC) have largely yielded null results, thereby placing
significant constraints on fundamental theories that predict new resonances at the TeV
scale. In this context, where no substantial increase in the LHC energy is expected in
its future run, and relatively lower energy but high precision lepton colliders are on the
horizon, Effective Field Theories (EFTs) emerge as a powerful and pragmatic framework
for probing the effects of NP that remain kinematically inaccessible and thus manifest
only virtually. The thesis explores the prospects of applying EFTs, with particular
emphasis on the Standard Model Effective Field Theory (SMEFT), wherein the Standard
Model (SM) is extended by higher dimensional effective operators constructed from its
fields abiding by the SM gauge symmetry. We study several applications of SMEFT,
where the deperture from the SM observation can hint towards the existence of NP. We
investigate modifications to the Higgs boson couplings with SM gauge bosons, as well
as flavor violating effects that are highly suppressed in the SM. In addition, we employ
the Dark Matter Effective Field Theory (DMEFT) framework, which extends the SM
by introducing a Dark Matter (DM) candidate whose interactions with SM fields are
mediated by higher dimensional operators. While accounting for the observed DM relic
abundance such operators can also encode imprints of the early Universe when produced
during the reheating era, which may be probed through their signatures at the future

collider experiments.
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Chapter 1

Introduction and Motivation

“Somewhere, something incredible is waiting to be known.”

Carl Sagan
Contents
1.1 The Standard Model of Particle Physics . .......... 2
1.2 Need for Physics Beyond the Standard Model . . . . . . .. 9
Purpose and Objective of the Thesis . . . . .. ... ........ 22

IN a broader sense, the goal of particle physics extends beyond the mere discovery of
new particles or forces. Its deeper objective is to uncover the fundamental principles
of physics. This involves identifying the underlying concepts, symmetries, and mathe-
matical structures that organize the seemingly complex phenomena of the universe into
a coherent framework described by a small set of physical laws. From this perspective,
particle physics may be viewed as a program of reductionism, seeking to explain diverse
phenomena in terms of a minimal number of physical principles. Over the past cen-
tury, remarkable theoretical and experimental evidences have led to the formulation of
the Standard Model (SM) of particle physics [17], which is based on the principles of
quantum field theory and local gauge symmetry. It successfully describes three of the
four known fundamental interactions of nature: electromagnetic (EM), weak and strong

forces, through the gauge symmetry structure: SU(3)c x SU(2)r x U(1)y.

The SM has been extensively tested in a wide variety of experiments and has achieved
remarkable agreement with observations across different energy scales. A major mile-
stone in the validation of the SM was the discovery of the Higgs boson in 2012 by the
1
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ATLAS [18] and the CMS [19] experiments. This discovery confirmed the mechanism of
electroweak symmetry breaking (EWSB) [20] and the generation of masses for elemen-
tary particles within the SM. Despite its tremendous success, there are several issues
which the SM cannot address, rendering it to be an incomplete description of nature.
Such observations suggest the existence of physics beyond the Standard Model (BSM).
Understanding the nature of these new physics (NP) remains one of the central challenges

in particle physics.

1.1 The Standard Model of Particle Physics

The modern formulation of the SM did not emerge as a single construct, but evolved
over the century through gradual synthesis of distinct theoretical ideas and experimental
ventures. An important development in this progression was the a-particle scattering
experiment by Rutherford [21], which demonstrated the existence of a compact atomic
nucleus and established scattering as a powerful tool to probe internal structure. The
quest for fundamental particles started in 1897 with the discovery of electron (e™) at
the Cavendish Laboratory by J.J. Thompson in the Cathode Ray Tube Experiment [22].
Although the idea of the EM force carrier photon (v) was conceptualized by Albert
Einstein in his paper explaining photoelectric effect [23] in 1905, the formal discovery
is attributed to discovery of Compton scattering in 1923 at the Washington University
(WashU). Muons (p~) were discovered in cosmic rays by Anderson and Neddermeyer
in 1936-1937. Electron neutrino (v.) was discovered at Savannah River Plant (SRP) in
1956, followed by muon neutrino (v,) in 1962 at Brookhaven National Laboratory (BNL).
The third generation leptons tau (77) and tau neutrino (v;) were discovered in 1975
and 2000, respectively, thereby completing the lepton family. Concept of quarks were
conceptualized by Gell-Mann and Zweig to explain hadronic structure in 1964. Following
that the light quarks: up (u), down (d) and strange (s) were discovered via deep inelastic
scattering (DIS) experiments at SLAC in 1968. The charm (c¢) quark was discovered from
J/W discovery in 1974, followed by bottom (b) quark discovery in 1977. The heaviest
of them all, the top (t) quark was discovered in 1995 by the CDF [24] and D@ [25]
collaborations at Fermilab. The mediator of strong forces, gluon (g) was discovered in
1979 at DESY. The heavy gauge bosons: W* and Z, were discovered by UA1/UA2
collaboration in 1983 at CERN [26-28]. With the discovery of the Higgs boson in 2012,
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the final missing ingredient of the SM, the particle content is now complete, summarized

in Tab. 1.1.
Particle | Qem m (GeV) T (s) Discovery
Fermion: Quarks
+2/3 2.16 x 1073 - SLAC:; 1968
d -1/3 4.70 x 1073 — SLAC; 1968
s —-1/3 93.5 x 1073 — SLAC; 1968
c +2/3 1.2730 = BNL, SLAC; 1974
b -1/3 4.183 - Fermilab; 1977
t +2/3 172.56 1. 7Sligmse Fermilab; 1995
Fermion: Leptons
e~ —1 | 510.99895000 x 10~6 = Cavendish Lab; 1897
Ve 0 <0.8x107? - SRP; 1956
wo -1 105.6583755 x 1073 | 2.2 x 1076 Caltech; 1937
v 0 <0.19 x 1073 - BNL; 1962
T -1 1.77693 2.9 x 10713 SLAC; 1975
vy 0 <182 x 1073 — Fermilab; 2000
Boson: Gauge
0 0 3 DESY; 1979
~ 0 <1.0x 1077 — WashU; 1923
W=+ +1 80.3692 3.0 x 1072 | CERN UA1/UA2; 1983
VA 0 91.1880 3.0 x 102> | CERN UA1/UA2; 1983
Boson: Scalar
h 0 125.20 1.6 x 10722 CERN LHC; 2012

TABLE 1.1: The SM particles with corresponding EM charge (Qgwm), mass (m), lifetime
(1) and discovery information [9].

The mathematical construction of the SM was developed over stages. The unification of
electricity and magnetism through Maxwell’s equations marked the first step toward a

0" century, the development of

unified description of fundamental forces. In the early 2
quantum theory provided a framework to describe phenomena at short distances, where
classical physics fails. With the advent of the Dirac equation, the unification of quantum

physics and special relativity was initiated. This program reached full maturity with the
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development of the quantum electrodynamics (QED) in the 1940s by Schwinger, Tomon-
aga, and Feynman. This was further extended through the development of non-Abelian
gauge theories, by Yang and Mills, providing the formulation of the weak interaction,
building upon Fermi’s theory. The understanding of strong interactions advanced fol-
lowing the development of the quark model by Gell-Mann and Zweig, leading to an
SU(3) gauge description known as quantum chromodynamics (QCD). These ideas were
ultimately combined together by Glashow, Salam, and Weinberg into the modern SM,
based on the gauge group SU(3)c x SU(2)r, x U(1)y. The SM Lagrangian is defined as

follows:

1 1 1
Lom = — ZGﬁ”GWA _ ZW,L{I/WﬂVI = ZBNVBW - |DHH|2 s ,u2(HTH)
— NH'H)? + 2,i 104, + Gpiqy + eilde, + UpilDu, + dyild, (1.1)

— (Wl Hey + Y Gy Huy + yly GpHdy + hoc.).

Here, H = iooH *, where H is the SM Higgs doublet. The terms in the final row of
Eq. (1.1) are referred to as Yukawa terms. The index p, 7 runs over the flavor generations
of the SM fermions, p,r = {1,2,3}. In addition, the SU(2)y, doublet fields, ¢, ¢, and H,
carry indices that are implicitly summed over their components. Similarly, the SU(3)¢
color triplet quarks, ¢, u, and d, carry color indices that are summed over the three

colors: 7, g, and b. The field strength tensors are defined as

By = 0,8, — 0,B,,,
Wi, = 0.Wk - a,W] + gl /KW Wk (1.2)

G, = 0,Gf — 8,G + g, fPCGEGY

where, By, Wlf and Gl‘j‘ are the gauge bosons corresponding to the groups U(1)y, SU(2),
and SU(3)c, respectively. /K and fABC are the structure constants for SU(2); and
SU(3)¢, respectively. The indices run as follows, I, J, K = {1,2,3} (SU(2)r triplet
indices)!, and 4, B,C = {1,2,---,8} (SU(3)¢ octet indices). The covariant derivative
is defined as

Dy, = 8, —igs0s TG} —ig 6, T'W! — iV g'B,, . (1.3)

! Also, M, N denote SU(2)r indices in Sec. 2.2, when more than three doublets appear in an operator.

TH-4060_216121001



Chapterl: Introduction and Motivation 5

T4 and 7! are the SU(3) and SU(2) generators, respectively. The SM fermion represen-

tations, with their generations, are defined as follows:

), G () g A0, 0,0,

- - - - 1,0,+3 1,01
61()0’0’ D {ep> Lp> TR} s uz(; ) : {ug, cgr, tr}, dj(g 3) : {dg, Sr, br}.

The numbers in the superscript correspond to the gauge parameters (Js, 0y, Y). The left
(L) and right (R) chiral fermions are defined as ¢y, g = Pr g, where, Pr, and Pg are
the chiral projection matrices %(1 — 75) and %(1 + 5), respectively. Further, for the
SU(2)1, doublets, ¢, and ¢, have weak isospins I3 = % and I3 = —% for the upper and
lower components, respectively. Correspondingly, the U(1)y hypercharge (V) is defined
as Y = Qrm — I3, where, Qg is the EM charge of the fermion. The Higgs doublet, H

has Y = %, hence the doublet can can be decomposed as follows:
1 (Hy+1H> H*
H=— — 5 1.5
\/§<H4—|—iH3> <H0 (15)

1.1.1 Electroweak Symmetry Breaking

In the SM, the constituent particles acquire mass through the mechanism of EWSB,
also known as Higgs mechanism. The mechanism induces a spontaneous breakdown of
electroweak symmetry SU(2)r, x U(1)y — U(1)gm, leaving electromagnetism unbroken
and the photon massless. Also, the SU(3)¢ color symmetry is left untouched in this
mechanism. For p? < 0, A > 0, the Higgs potential in Eq. (1.1) has has an infinite set of

degenerate minima satisfying

2 2

1 v w
(HTH)zi(Hf+H22+H§+Hf):?:—ﬁ.

(1.6)
One possible way to adhere to Eq. (1.6) is to provide a non zero vacuum expectation
value (VEV) v to Hy component, while the remaining components acquire zero VEV.
The Hy component can be expanded around the VEV as Hy(xz) = v + h(z), where h(x)
denotes the physical Higgs boson field. The corresponding Higgs potential exhibit the
Mezican Hat shape. This is demonstrated for the H° component in Fig. 1.1. After

EWSB, in addition to this massive scalar field, there are three massless Goldstone fields,

which ultimately gives the longitudinal degrees of freedom (DOFs) to the W+ and Z
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V(H")

Re(HO) Sm(H")

FiGure 1.1: The Higgs potential exhibiting the popular Mezican Hat shape. We
demostrate it for the H° component. The transition from A — B indicates the shift
of VEV from (H%) =0 — (H°) = .

bosons, rendering them massive. The photon is still left massless due to the unbroken
U(1)gy symmetry, and the gluon is massless as SU(3)¢ remains unbroken. Gauging

away the Goldstone bosons, the Higgs doublet can be written in the unitary gauge as
1 ( Hi(z)+iH(x) ) 1 ( 0 )
== , — — : 1.7
VG ( + h(z) + iHa () V2 \v + h(z) (1)
Upon redefining the electroweak gauge bosons in terms of their physical fields

1
We = 7 (W FiWg)

Z, = WE cos Oy — B, sin by , (1.8)
Br — WB sin Oy + B, cos Oy ,
and expanding the Higgs kinetic term, one obtains the masses and interaction terms
of the Higgs and gauge bosons. Here, Oy = tan=!(g'/g), is called the Weinberg an-
gle, with sin? @y ~ 0.23 following W and Z mass measurements. Similarly, the Higgs
potential gives rise to the physical Higgs boson mass, mp = V2 v, as well as Higgs self-
interactions. The Yukawa sector generates the fermion masses and governs the Higgs-

fermion Yukawa interactions. The Feynman diagrams for Higgs boson interactions with

SM particles, along with the corresponding Feynman rules, are shown in Tab. 1.2.

Quark Mixing and Flavor Violation The origin of quark mixing in the SM arises
from the Yukawa terms and is manifested in the W* boson mediated charged current

(CC) interactions. For the flavor eigenstates, we use the notation u’L r and d'L’ R» While
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| h W+
howenn-
W= h w-—
2 2 2 2
g .g .m
? ) Juv = 21 UWg,uu Z?guu = QZT‘Q/VQ;W
Z h Z
hween-
Z h Z
(9° +9%)v m5 (9* +97) ;
? 9 Juv = 2i ng,ull ¢ 9 Juv = QZTQZQ;W
h h h f
ho==e=- « s ho===-
h h h \
2 2 m
PN A v o iy _ W
6iAv = —31 6iA = —31 2 V2 n

TABLE 1.2: Tree level Feynman diagrams of Higgs boson interactions with SM gauge
bosons, itself and SM fermions, with corresponding Feynman rules.

ur,r and dr g denote the corresponding mass eigenstates. After EWSB, the quark

Yukawa Lagranian looks like

£y == (B2 i, - @ (L) @) — e

== (UL)IJ (Mu)pDr (ur)r — (dL)p (Md)pDr (dr)r — h.c.,

(1.9)

where, the flavor and the mass eigenstates and eigenvalues are connected as follows:

V2

(dz)p = (VAP (dL)r,  (dr)p = (VAP (dR)r,  (Ma)}y = (VEPe ({‘}5) (VD

(un)y = (VEV" (), (ur)p = (VR (). (ML = (V)P (yi ) vty

(1.10)
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Here, V}' ’g are unitary matrices. Now, the quark CC Lagrangian can be written as

g [
7= (dp)p V"W, (u)p
V2t e (1.11)

(ur)p VWi (VEVEP (d)e + = Wy (VEVE P Wi (),

V2

ﬁgc = (Wr)p ’YMWM_(d/L)p +

Sle Sle

Here, (Voxm)P" = (VEVLdT)pT is the Cabibbo-Kobayashi-Maskawa (CKM) mixing ma-

trix [29]. By convention, the flavor and the mass eigenstates are chosen to be same for

/A

u quarks ie. u,

up, whereas the d quarks are chosen to be rotated, going from the

flavor basis to the mass basis:

d/ Vud Vus Vub d
dy=Vorm)P'dr = || =|Veg Ves V| |s]|- (1.12)
v Via Vis Vi b

From the definition of Vg, the transition from a d quark to an u quark is described
by V.4, whereas the transition from an u quark to a d quark is described by V>, We

now discuss some features of the CKM matrix:

2

e For n x n complex matrix, there are n? complex elements, and hence 2n’ real

parameters. Unitary (VTV = 1) imposed n? constraints, n on diagonal entries and
n? — n off-diagonal orthogonality conditions. Since overall phases are irrelevant,
2n — 1 relative phases can be removed. So, the overall number of free parameters
is 2n2 —n? — (2n — 1) = (n — 1)2. These parameters are divided into n(n — 1)/2
Euler angles and (n — 1)(n — 2)/2 phases. For the 3 x 3 Vognm matrix, there are 4

free parameters: 3 FEuler angles and 1 complex phase.

e Using three Euler angles: 012, 013, 623, and the complex phase: §, the CKM matrix

can be parameterized as:

ci2 si2 O Cc13 0 8136—i6 1 0 0
VCKM: —S12 C12 0 0 1 0 0 C23 5923 5
0 0 1 —813€i6 0 C13 0 —823 (€23
(1.13)
c12€13 512€13 s13€”"
= | —S12C23 — C12523513€"’  C12C23 — S12523513¢€" s23C13 | >

i i
512823 — C12€23813€"°  —C12523 — $12C23513€"  €23C13
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where, c;; and s;; refers to as cos0;; and sin0;;, respectively. The complex phase

6 carries the seed of CP violation in the SM.

e The elements of Voky are determined from a global fit to a wide range of experi-
mental data [9]. The magnitude |V,4| is primarily extracted by comparing nuclear
B decay and neutron decay rates with that of u decay. The elements |V,s| and
|Ves| are obtained from semileptonic K — 7 and D — K decays, respectively. The
value of |V,4| is obtained from neutrino and antineutrino-induced charm produc-
tion from valence d quarks in nucleons. The elements |V,;;| and |V3| are extracted
from semileptonic B — 7 and B — D decays, respectively. The magnitudes |V;4]
and |Vi4| are determined indirectly through loop-induced processes involving top
quark mediated box diagrams. Finally, |V3| is obtained from measurements of top
quark decay branching fractions at collider experiments. The best-fit values and

hierarchical structure of these elements are shown in Fig. 1.2.

0

Via Vs Vi 0.97435 0.22501 0.00373 [

Vg Voo Vg I~ 0.22487 0.97349 0.04183 1 O B
0.00858 0.04111 0.99912

Vi Vs Vi - .

F1GURE 1.2: The magnitudes of the different elements of the CKM matrix along with
their pictorial representation, where the area of the boxes indicate the sizes of the
respective elements.

1.2 Need for Physics Beyond the Standard Model

Despite its enormous success, the SM is unable to address several important issues,
indicating that it provides only an approximate description of nature. These include
the existence of non-luminous dark matter (DM) [30-34], the observation of non-zero
neutrino masses [35-38|, the hierarchy problem [39-41], the question of Higgs vacuum
stability at high scales [42-45], the strong CP problem [46, 47|, the origin of the matter-
antimatter asymmetry [48, 49|, and various flavor anomalies [50-54|, among others. We

briefly discuss some of these issues in the following sections.
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1.2.1 Existence of Dark Matter

Anisotropies in the Cosmic Microwave Background (CMB) indicate that DM constitutes
~ 26% of the total energy density of the Universe [34], which corresponds to a relic
abundance of Qh? = 0.1200 £ 0.0012.  is defined as (p/p.) with

_ 3H?
- 87Gn

Pe ~ 1.054 x 107° h? GeV /em?® (1.14)

where, H and Gy are the Hubble and the Gravitational constants, respectively. h
is the reduced Hubble parameter, defined as h = Hy/(100 km/s/Mpc), with Hy =
(73 + 1) km's~'Mpc~!. However, the SM does not provide a viable DM candidate,
thereby strongly motivating the existence of BSM physics. Evidence for DM primarily
arises from astrophysical and cosmological observations. Early indications include the
stellar motions in the Milky Way and galaxy velocity dispersions in clusters [31], both
pointing to the presence of unseen mass. Stronger evidence emerged from galaxy rotation
curve measurements [32| in the 1970s, which showed flat rotation profiles at large radii
instead of the expected classical behaviour, implying the existence of unknown matter.
Gravitational lensing provides another compelling evidence for DM by mapping the total
gravitating mass through the deflection of light. In context of the Bullet Cluster observa-
tion [33], gravitational lensing measurements indicate a clear separation between visible

matter and collisionless, non-luminous DM, shown in Fig. 1.3 (left).

DM Properties Recent Planck [34] results indicate that the total matter density of
the Universe is 2, ~ 0.31, while the baryonic component contributes only €2 ~ 0.04,
with visible matter accounting for an even smaller fraction, implying the existence of
a dominant non-luminous component. Although baryonic dark matter candidates have
been considered, constraints from big-bang nucleosynthesis (BBN) strongly favor dark
matter being predominantly non-baryonic [55] and composed of fundamental particles.

Below we state some properties of DM:

e DM should be electromagentically neutral, and thereby have minimal interaction
with photons, as indicated by CMB. However, feeble effective interactions [56-58|

or interaction with dark photons |59] is possible, although strongly constrained [60].
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e DM must be stable on the scale of the lifetime of the Universe, as any significant
decay into lighter particles would deplete its abundance and hence fail to account

for the observed relic density.

e DM should be massive, as its presence is inferred through gravitational effects and
it significantly contributes to the energy density of the Universe. The allowed
mass range spans a wide spectrum, from ~ 10%° GeV for primordial black holes

(PBHs) [61] down to ~ 1073 GeV for fuzzy dark matter [62].

e DM is preferably cold, i.e., non-relativistic at the time of structure formation. Cold
dark matter (CDM) forms a central component of the ACDM model, successfully
accounting for large-scale structure formation, dark matter halos, and the acceler-
ated expansion history of the Universe. In contrast, hot dark matter (HDM), being
relativistic, suppresses structure formation and is therefore disfavored. Warm dark
matter (WDM) represents an intermediate scenario, though constructing consistent

models with them remains challenging.

DM Yield Evolution

—— Equilibrium

Freeze-out

= Freeze-in

10 -

TR

1072 ! g 1! 1 1

x=mpm/T

FIGURE 1.3: Left: X-ray image (in pink) superimposed over visible light image (in
galaxies), with the matter distribution calculated from gravitational lensing (in blue)
of the Bullet Cluster, adapted from Chandra X-ray Observatory Photo Album. Right:
DM yield evolution pattern for freezing-out and freezing-in production modes, along
with the equilibrium yield.

DM Production CDM can produce the correct relic density primarily through two
different mechanisms: thermal freeze-out [30, 63|, and non-thermal freeze-in [64]. This
classification is also closely tied to its detectability. However, current observations do
not reveal its fundamental properties, such as its nature, nor whether it consists of single
or multiple components, leaving a wide scope for model building. We now elaborate on

the two major production mechanisms.
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e Thermal Freeze-out: In this scenario, DM particles are in thermal and chem-
ical equilibrium with the SM particles in the early universe. As the temperature
falls and the Universe expands, when the interaction rates of the processes that
populates the DM (I') become smaller than the expansion rate of the Universe,
i.e. the Hubble rate (H), the DM particles freeze-out (FO) from the thermal bath
and stays as relics. Primarily, weakly interacting massive particles (WIMPs) fall
in this category. The evolution of the number density (npy) of such a candidate

is governed by the Boltzmann equation (BEQ):

hDM - 3HTZDM = —<0’1)>2<_>2 [(TZDM)2 =3 (TL]%qM)Z] 5 (1.15)

where, npy is the time (¢) derivative of npy, and (ov)a,9 is the thermal averaged

cross section of the processes that keeps the DM in thermal equilibrium?. nquM is
the equilibrium number density of the DM defined as
Gi 2 mpm
n%d, = (ﬁ) mDMTKQ( > ) , (1.16)

where, g;, mpy and T are the intrinsic DOFs, mass of the DM, and temperature of
the Universe, respectively. Ko (z) is the 2°¢ order modified Bessel function of second
kind. Usually the evolution is quantified by a dimensionless quantity called yield,
defined as Ypym = (npm/s), which remains unaffected by the expansion of the Uni-
verse in the radiation-dominated era, where s = (272/45) g,,7°. Time and temper-
ature are connected by the relation, ¢t = (1/2%), where X = 1.67,/gx, (T*/Mp),
Mp ~ 10'® GeV, is the reduced Planck mass. g, and gxp are the entropy and
matter DOFs, respectively. The relic density is defined in terms of the yield after
freeze-out as

Qpamh? = 2.744 x 108 mpy Yo (o) (1.17)

where, zg = (mpm/Tp), with To ~ 10713 GeV is the present day CMB temperature.

e Non-thermal Freeze-in: In this case, DM particles never reach equilibrium with
the SM bath particles due to its suppressed interactions, and are produced from
decay or scattering of thermal bath particles out of equilibrium and freeze-in (FI).
Feebly interacting massive particles (FIMPs) fall in this category. Depending on

JTL d°p: Q exp [(— 3, Bi) /T]
f Hz d3p; exp [(* Zz El) /T]

2The thermal average of an observable Q is defined as [65].
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the temperature at which DM is predominantly produced, there are two types
of FI scenarios: Infrared (IR) FI [64], and Ultraviolet (UV) FI [66]. In IR FI,
DM is produced at low energies through feeble interactions with light mediators
or thermal particles, with the relic density primarily determined by IR processes.
In contrast, in UV FI, DM production occurs at high energies through processes
mediated by higher dimensional operators or very heavy particles with masses close
to the UV scale. The BEQ governing FIMP evolution is same as that of WIMPs,
expect for the fact that the DM annihilation to SM is omitted, and additionally
the decay of bath particles to DM is included, given as

0

npm + 3Hnpu = (D152 [0 —"D/Mé%yj
"pMm
0 (1.18)
g, 9
+ (ov)assa |(n°)? — nd = :
pMm

where (I')1_,2 denotes the thermally averaged decay rate of SM particles into DM,
and (ov)s_2 represents the thermally averaged scattering rate of SM particles
producing DM. The main characteristic of the FIMP BEQ is the tiny initial DM
number density (npm). Also, in case of FIMP, I' <« H, so (nDM/nglM) < 1,
and hence, terms proportional to it can be neglected. The DM yield evolution for

freeze-out and freeze-in production modes, is shown in Fig. 1.3 (right).

DM Detection The detection of DM relies on its non-gravitational interactions with
the visible sector, with WIMPs being particularly promising candidates, as FIMPs in-
teraction with the SM is suppressed. Detection strategies include indirect detection
(ID) via annihilation signals, collider searches through missing energy signatures, and
direct detection (DD) via scattering off atomic nuclei or electrons. These possibilities

are illustrated in the graphic, Fig. 1.4 and will be discussed in detail.

e Direct Detection: DD [67-69] aims to measure the tiny energy deposits, typi-
cally O(KeV) to O(eV), generated when galactic DM particles traverse the Earth
and scatter off sensitive, underground detector materials. When scattering with
atomic nuclei, the expected event rate relies on the DM’s local density, its rela-
tive velocity, and the detector’s target mass. Nuclear scattering is classified into

two (non-relativistic) categories: spin-independent (SI) and spin-dependent (SD)
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FIGURE 1.4: DM interaction with the SM via 2 — 2 process leads to different DM
detection strategies: DM annihilation to SM produces indirect detection (ID), scattering
of DM with SM provides direct detection (DD), and production of DM at collider

experiments provide collider search.

interactions. SI scattering is independent of nuclear spin and features a coherent
enhancement proportional to the square of the target’s atomic mass number (A?).
Conversely, SD scattering rely entirely on the nuclear spin and lack this coherent
enhancement factor, leading to much weaker experimental limits compared to SI
interactions. Currently, the most stringent limits on SI interaction arise from the
LUX-ZEPLIN experiment [70], which achieves a sensitivity of O(107*®)cm? for
DM masses above ~ 5 GeV. In addition to nuclear interactions, DM also undergo
scattering with electrons bound within atomic or molecular systems. Since elec-
trons are significantly lighter than nuclei, the energy-momentum transferred during
such a collision are much smaller. Hence, electron scattering is particularly crucial
for detecting lighter DM particles that wouldn’t deposit enough energy to trigger

a nuclear recoil. In Fig. 1.5, we provide the SI DD limits for nucleon (left) and

electron (right) scattering for various experiments.

Direct Detection constraints on SI scattering

Direct Detection constraints on SI electron scattering
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FIGURE 1.5: SI DD limits for nucleon (left)

DM mass in GeV

experiments, adapted from [1].
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e Indirect Detection: The goal of ID [71] is to observe SM particles generated by
the annihilation or decay of dark matter (DM) particles within the galactic halo
or beyond. This detection method relies on identifying anomalous excesses in cos-
mic ray fluxes near the Earth that cannot be explained by known astrophysical
backgrounds. The production rate of these detectable signals depends on the DM
annihilation or decay rate, the local DM density in the target region, and the final
state multiplicity per event. The primary observable excesses we search for include
high-energy gamma rays, neutrinos, and antimatter particles like positrons, an-
tiprotons, etc. Because no statistically significant DM signal has been conclusively
confirmed yet, these searches establish stringent upper bounds on the DM annihi-
lation cross-section and decay lifetimes. The Fermi-LAT experiment [72, 73] places

stringent constraints on DM annihilation, resulting in gamma ray production.

e Collider Search: DM search at colliders aim to produce DM particles directly in
high energy particle collisions, such as those at the ongoing Large Hadron Collider
(LHC) [74-76] or future lepton colliders [77]. Since DM particles have minimal in-
teraction with ordinary matter, they escape detectors completely unnoticed, result-
ing in their production be inferred through a noticeable imbalance in the event’s
energy, known as missing energy (ME), [, or transverse momentum, known as
missing transverse momentum (MET), £p. The most prominent signature of this
production is ME/MET accompanied by a single radiated SM particle, such as =,
jet, W, Z, or h, often referred to as a mono-X search. Additionally, experiments ac-
tively search for more complex features, like long-lived particles (LLPs) that leave
tracks or produce displaced vertices, as well as rare processes like the invisible de-
cays of Z or h. Despite rigorous investigations across vast model parameter spaces
evaluating various masses, couplings, and spin states, no statistically significant

DM signal has yet been confirmed at colliders.

1.2.2 Neutrino and Flavor Sector

The SM has a very non-trivial flavor structure, encoded in the hierarchy of masses of the
fermions, flavor mixing angles, and a CP violating phase, the high scale origin of which
still remains unexplained. Therefore, the fermion sector comprising of neutrinos, charged

lepton, and quarks of different flavor, provide a rich ground for stress test of the SM as
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well as search for BSM physics. The observation of neutrino oscillations provides clear
evidence for non-zero masses of neutrino, which cannot be accommodated with the SM
framework. This opens up avenues to search for high scale physics through mechanisms
such as the Seesaw models [78-82|. Charged lepton flavor violation (cLFV) processes
such as yu — ey [83, 84|, are highly suppressed in the SM, making them extremely
sensitive NP probes. Similarly, precision measurements of anomalous magnetic moments
and electric dipole moments of charged leptons [85-90] offer complementary constraints.
In the flavor sector, rare meson decays, meson mixing, and CP violation [91, 92| provide
stringent tests of the SM and are sensitive to virtual NP effects. The interplay between
these observables allows for a comprehensive survey of wide range of BSM scenarios

across different energy scales.

Neutrino Masses and Mixing Neutrinos were postulated by Pauli in 1930 to ac-
count for the apparent non-conservation of energy and spin in S-decay, and were later
incorporated into the theory of weak interactions. Within the SM framework, neutrino
mass terms of both Dirac (7zvg) and Majorana (v$vy) types are not permitted by the
field content and symmetries of the theory. While the SM assumes neutrinos to be mass-
less, early anomalies in solar neutrino flux (93] hinted at physics beyond this picture.
Neutrino oscillations, first proposed by B. Pontecorvo [94-96] and later formalized by
Maki, Nakagawa, and Sakata [97], imply that neutrinos are massive and that flavor and
mass eigenstates are misaligned, similar to the quark sector. This phenomenon was con-
clusively established by the Super-Kamiokande [35, 36], SNO [37], and KamLAND [38|
experiments. In this framework, the flavor eigenstates v, (p = e, u,7) are related to
the mass eigenstates v; (i = 1,2,3) via the unitary PMNS matrix, |v,) = Upnns|vi).
The PMNS matrix is a 3 x 3 matrix with three rotation angles (612, 613,623) and a CP
violating Dirac phase (dcp). In addition, the PMNS matrix allows for the possibility
of Majorana phases, which do not affect neutrino oscillation but have implications for

lepton number violating processes. We now discuss some aspects of neutrinos in detail.

e Neutrino Oscillation: The mass eigenstates of the neutrinos, v; are the eigen-
states of the free Hamiltonian (in vacuum), i.e. Ho|v;) = E;|v;) and they evolve
with time to e =" |1;). Hence, the flavor eigenstates at time ¢ are superposition

of flavor eigenstates at time ¢ = 0, and therefore the probability of a flavor p
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oscillating into a flavor r at time t is given by
Py = [ (Ol (0) = UpiU5iUnsUsy exp[—i(Bi — Ep)t] . (119)

Assuming that the neutrinos have same energy, F; ~ E+ (m? / QE), while traveling

distance D the oscillation probability at time  is

2 * * Am?]
Py = (D)) = UpU3UUpy exp | 22D ) (1.20)

2

where, Am?j = M m? The oscillation probability depends on the three angle
and the Dirac phase, contained in the PMNS elements, as well as the mass square
splittings, Am?j. However, only |Am3;| can be determined experimentally, and
based on this two mass hierarchies arise, Normal Ordering (NO) and Inverted
Ordering (I0), depending on which is the lightest neutrino mass eigenstate v;
or 3. Cosmological observation puts most stringent limits on the sum of the
neutrino masses, i.e. Y .m,, < 0.12 (0.15) eV for NO (I0) [34]. Also, KATRIN [98|
puts bounds on the effective electron neutrino mass, m,, < 0.45 eV. The globally
fitted neutrino oscillation parameters [10] are tabulated in Tab 1.3. It should be

noted neutrino oscillation cannot distinguish between Dirac or Majorana nature of

neutrinos, which still is an open question.

Parameters Normal Ordering (NO) | Inverted Ordering (I0)
Am2, (1075 eV?) 7.50°0.5
Am2, (1075 eV?) 2.5510.02 2.457003
sin? 012/1071 3.18 £0.16
sin? f3/1071 5.74 +0.14 5.7870:19
sin? 63/10~! 2.20079:969 2.225770%
Sop T 1.087013 1.58%0 15

TABLE 1.3: Best-fit £ 1o limits on neutrino oscillation parameters from global fit
presented in [10].
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e Weinberg Operator: The simplest realization of neutrino mass generation arises

at dimension 5 through the Weinberg operator |78, 99|,

o)

(5)
AW

, where, (’)1(/?}) = (@H) (ﬁT€T> + h.c. (1.21)
where, A%) is the effective NP scale, and AP" is a dimensionless constant. This op-
erator violates lepton number by two units (AL = 2), and, after EWSB generated
Majorana mass for neutrinos, which is given by m!’ = ()\7”"1)2 / A)(/?))). For sub-GeV
neutrino masses with AP ~ O(1), the NP scale, Agjj) ~ O(10'3) GeV, beyond the
reach of any current or future experiment. It is worth noting that the inclusion of
higher dimensional operators can significantly lower the corresponding NP scale.
For instance, a simple generalization of the Weinberg operator to dimension d can

be written as

ol = oQ)(H H)F, (1.22)

where k = (d —5)/2, with d odd and d > 5. Correspondingly, the NP scale is
reduced, yielding estimates such as A%) ~ O(10%) GeV and A%) ~ O(10%) GeV,
and so on. These operators can also generate neutrino masses at one or more
loops. The neutrino mass generated for d dimensional operator at n loop level can

approximately be given by [100]

d—>5

2\ pr

mPT ~ (d;’ A fd) . (1.23)
Ay (1672)™ \ Ay

The sensitivity of Weinberg operator has been extensively studied in context of
colliders [101, 102|. Although the flavor diagonal couplings are strongly restricted
from absolute neutrino mass measurements [103-105], the off-diagonal couplings

are still accessible at energy scales of future colliders [101].

e Neutrino Mass Models: The Weinberg operator can be generated in a plethora
of BSM scenarios. A tree-level UV completion requires a mediator that contracts
SU(2)r, indices between a doublet and an antidoublet, i.e. 2® 2 =1 @ 3, thereby
restricting the possibilities to a fermion singlet, scalar triplet, or fermion triplet. A
doublet mediator is not allowed, and a scalar singlet cannot generate the operator
at tree level. Among the most well-established realizations are the three types

of Seesaw models. In these frameworks, the Weinberg operator is generated at
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the tree level, thereby inducing non-zero neutrino masses. In the Type-I Seesaw

FIGURE 1.6: Seesaw mechanisms of type-I (left), type-II (center), and type-111 (right),
for neutrino mass generation via Weinberg operator at the tree level.

model, the SM is extended by a Majorana right handed neutrino (RHN), Nr. The

relevant Lagrangian concerning the RHN is
. 1 .
Ln > =Y (FHNR) = 5Mx (NGNR) + hee., (1.24)

where, Yy and My are the neutrino Yukawa coupling, and the RHN mass, re-
spectively. Integrating out the RHN generates the Weinberg operator, as shown
in Fig. 1.6 (left panel). The Type-II Seesaw is characterized by the addition of
a scalar triplet (A) with hypercharge, ¥ = 2, which couples with SM Higgs and

lepton doublets as follows
1 L
L£a D —5Va ((Aiool) + \aMa (H"iosAH) + hec., (1.25)

where, the SU(2), bi-doublet representation of the scalar triplet is

1 AT \@ ATt
A=— ; (1.26)
V2 \\aA0 A+
The Weinberg operator is generated by integrating out the ¢-channel mediator, A,
as shown in Fig. 1.4 (center panel). A hybrid of the first two types, in the Type-
IIT Seesaw model, the SM is extended by a Majorana triplet fermion, 3, and the

relevant Lagrangian is

Ly > Yy (THx) - %MgTr (559 + hec., (1.27)
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where, the SU(2)[, bi-doublet representation of the fermion triplet is

1 20 Vemt
Y=— . (1.28)
V2 \yam- o0
The Weinberg operator is generated by integrating out the s-channel mediator, 3,

as shown in Fig. 1.4 (right panel). Integrating out the heavy fields and post EWSB

the generated Majorana neutrino mass of the three scenarios are shown below.

2
Gt (Typel),
m, = % (Type-11) , (1.29)

2
% (Type-III) .

Also, the Weinberg operator can be generated by NP at loop level and such pos-
sibilities are called radiative models. Popular models in this respect are the Zee
model [106], the Scotogenic model [107], etc. These models are characterized by
the fact that neutrino masses arise at loop level, allowing the masses of the heavy

mediators to be lowered to experimentally accessible scales.

Charged Lepton Flavor Violation In the previous section, we saw how the obser-
vation of neutrino oscillations indicates flavor violation in the neutral lepton sector. For
consistency, one may therefore expect analogous flavor mixing in the charged lepton sec-
tor as well. In this context, dedicated experimental searches have been pursued for a long
time. Searches have targeted processes such as radiative decays (u — ey [84], 7 — I,
with [ = e, [108, 109]), three body decays (u — 3e [110], 7 — 31 [111]), and coherent
i — e conversion in nuclei [112-115]. In the minimally extended SM which includes
neutrino masses and mixing, contributions to cLFV processes are extremely suppressed,
with radiative decay branching ratios as low as ~ 107%4 [116], indicating large room for
possible BSM physics. The limits on cLFV processes from several experimental searches

are tabulated in Tab. 1.4.

Flavor Changing Neutral Currents In Sec. 1.2, we saw that the CKM mixing allows
flavor changing charged currents (FCCC) in the quark sector. However, the Lagrangian

provides no flavor changing neutral currents (FCNC), rendering such processes absent
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Radiative Decays Bt~ — puefe”) <1.8x1078 [111]
B(p= —e™7) <31x10713[84] | B(r~ = pTee™) < 1.5x107% [111]
Bt~ = e ) <3.3x1078 [108] | B(r~ —» p ptp™) <1.9x 1078 [111]

B(t™ = u= ) <4.2x 1078 [109) Low Energy Colliders

Rare Z Decays o(eFr)Jo(utu~) < 8.9 x 1076 [117]
B(Z — e puT) <2.6x 1077 [118] | o(p7F)/o(ptu~) < 4.0x 1076 [117]
B(Z — e*77) <5.0x 1077 [119] Mesonic Radiations

B(Z — p*r%) <65x1077 [119] | B(t~ —e 7%  <80x107% [120]
(

Three Body Decays B(tm = p <1.1x1077 [121]

)

p~ —eete”) < 1.0 x 10712 [110] B(r~ — e p°) <22x 1078 [122]

) <27x1078 [111] | B(r— —up%) < 1.7x1078 [122]

Bt~ —etp~pu~) < 1.7x1078 [111] Bt~ — e ¢) <2.0x1078 [122]
)

<1.7x 1078 [111] B(t™ — u=¢) <23 x1078 [122]

TABLE 1.4: The limits on branching ratios and cross sections of cLFV processes from
different experimental searches.

at tree level. Although FCNC processes arise at loop level in the SM, they are highly
suppressed. Consequently, searches for FCNC serve as stress tests for the SM and as
sensitive probes of possible NP. Colliders and B-factories have searched for a wide range
of FCNC processes, which include radiative decays such as b — sy (B — Xy [123-
125], B — K*y [126, 127|), semileptonic decays b — s¢T¢~ (B — KITI~ [128, 129],
B — K*ITI~ [129, 130], Bs — ¢lt1~ [131]), neutral meson mixing (BY — B’ [132],
B°—B. [133], D° — D’ [134]), and rare kaon decays (K* — 7w [135]), among others.
Although these precision observables provide sensitive probes of potential NP, in most
cases, the current measurements are largely consistent with the SM within experimental
and theoretical uncertainties, and the flavor sector continues to offer strong constraints
complementary to direct collider searches. Similar FCNC searches have also been con-
ducted in the context of top quark production and decay [15, 136-140]. However, no
significant deviations from the SM predictions have been observed so far, primarily due
to limited precision in current top quark measurements. As the heaviest particle in the
SM, the top quark offers a promising window into potential new physics. Consequently,
FCNC studies involving the top quark are crucial for probing physics beyond the SM
at current and future experimental frontiers. The limits on top quark FCNC processes

from LHC searches are tabulated in Tab. 1.5.
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Two Body Decays Three Body Decays

B(t— Zq) <1.2x107* [139] | B(t — ut7Fq) <87 x 1077 [140]
B(t — hu) <1.9x107% [141] | B(t = eTuFu) < 7.0x 1078 [15]
B(t — hc) <3.4x107% [142] | B(t — eTuFc) <89 x 1077 [15]

TABLE 1.5: The limits on FCNC decays of top quark from different LHC searches.

Purpose and Objective of the Thesis

Despite extensive searches at the LHC and other experiments, no conclusive evidence of
BSM physics has been observed so far. In particular, the absence of new resonant states
at the TeV scale has placed strong constraints on a wide class of fundamental theories
that predict new particles within the accessible energy range. At the same time, several
fundamental questions, such as the origin of DM, the structure of the flavor sector, etc.,
remain unanswered, rendering the SM to be an incomplete description of nature. In this
context, where no significant increase in the LHC energy is anticipated in the immediate
future, and upcoming lepton colliders are expected to operate at relatively lower energies,
the strategy for probing NP may rely on indirect effects of seeing deviations from the
Standard Model prediction. Effective Field Theories (EFTs) provide a systematic way
to capture such effects arising from heavy DOFs that remain kinematically inaccessible

and manifest only virtually.

The primary objective of this thesis is to explore the application of EFT frameworks in
probing BSM physics, primarily focused at future collider experiments. In particular,
the works considered in this thesis focus on the Standard Model Effective Field Theory
(SMEFT) framework, within which we study several applications to different areas of
High Energy Physics of current relevance. We consider modifications to Higgs Boson
couplings with gauge bosons and fermions, and investigate flavor violating interactions
that are highly suppressed in the SM. The aim is to quantify the sensitivity of collider
observables to such effects and to develop analysis strategies for their estimation. In ad-
dition, this thesis employs the Dark Matter Effective Field Theory (DMEFT) framework,
wherein the SM is extended by a DM candidate interacting with SM particles via higher
dimensional effective operators. The objective is to examine whether such operators can

account for the observed relic abundance of DM and other cosmological constraints, and
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if they can warrant a discovery at the collider; then to explore if they encode informa-
tion about early Universe dynamics, such as reheating, which may be indirectly probed

through collider signatures.

The thesis is organized as follows. Chap. 2 develops the formalism of EFTs, including
SMEFT and DMEFT. Chap. 3 provides an overview of collider phenomenology and
analysis techniques. Chap. 4 and 5 present detailed applications of SMEFT to Higgs
Physics and Flavor Physics, respectively. Chap. 6 focuses on the application of DMEFT
to DM and its connection to early Universe dynamics. Finally, Chap. 7 summarizes the

main results and outlines future prospects.
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Chapter 2

Effective Field Theories

“Tell all the truth but tell it slant—"
Emily Dickinson

Contents
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2.3 Dark Matter Effective Field Theory ... ... ........ 42
Appendix: Effective Field Theories . . . . . . ... ... ...... 44

EFFECTIVE theories reproduce the observable behavior of a physical system within
specified validity conditions, without relying on a complete description of the underly-
ing fundamental dynamics. In the absence of a fundamental description valid across
all energy scales, effective theories allow us to parameterize and quantify observables in
terms of the DOFs relevant at that given energy. Effective descriptions are applicable
at every energy scale, and a simple illustration can be drawn from atomic and molec-
ular systems. In principle, Quantum Mechanics provides a complete description of the
dynamics of atoms and molecules through the Schrodinger Equation. For interacting sys-
tems, this leads to a set of coupled equations whose complexity grows rapidly with the
number of particles, making even systems of O(10) particles computationally demand-
ing. Consequently, predicting macroscopic properties, such as the color of a solution
formed by mixing compounds containing O(10%3) molecules, becomes impossible from
first principles. In this regime, an effective description emerges in the form of Chemistry,

which replaces the underlying microscopic dynamics with simplified reaction rules and

25
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FIELDS arranceD BY PORITY
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FiGURE 2.1: A graphic depicting how different fields are ordered based on purity,
adapted from zkcd. Although mathematical constructs provide the most pure descrip-
tion of nature, the need for quantification necessitates approximate descriptions tailored
to specific scenarios.

empirical laws, providing a sufficiently accurate account of the relevant observables. In
Fig. 2.1, different fields are arranged according to their purity. While a single underlying
fundamental theory may govern all physical phenomena, the need for quantification and
applicability necessitates the use of different effective descriptions across distinct regimes.
These working theories provide approximate yet sufficiently accurate frameworks that are
well-suited to the problem at hand. So, in principle, effective theories make science prac-
tical. EFTs are effective theories that are formulated within the framework of quantum
field theory, where the relevant DOFs are fundamental fields. They describe phenom-
ena at a particular energy scale using the most general Lagrangian consistent with the
symmetries, while systematically encoding the effects of NP present at different energy
scales through incorporation of higher dimensional operators. In the following sections,

we formally build EFT descriptions relevant for our studies.

2.1 Constructing Effective Field Theories

In order to design an appropriate EFT, on both a technical and a physical level, three
key ingredients are required: (I) identification of the light fields, or relevant DOFs; at the
scale of interest; (IT) construction of all operators consistent with the symmetries of the
system; and (III) a power counting scheme that governs the perturbative expansion and
controls the estimate of the uncertainties. We now elaborate on each of these ingredients

in detail.
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Light Fields The light DOFs correspond to those fields that remain active at the
scale of interest. Identifying them is the primary step in construction of an EFT, as
the effects of NP manifest through their interactions, thereby governing the extent to
which such effects can be probed in experiments. The choice of light fields can be
illustrated in several well-known examples. In Chiral Perturbation Theory (ChPT) [143,
144], the relevant DOFs are the light (pseudo) Nambu-Goldstone bosons (pNGBs), whose
interactions encode the non-perturbative QCD effects that dominate at low energies. In
the Euler—Heisenberg theory [145, 146, which is valid at energies well below the electron
mass (m,), the electron field is integrated out, and the entire theory is expressed purely

in terms of photon fields, which are the relevant DOFs in this case.

Symmetries In constructing EFT operators, one must ensure that they remain in-
variant under all symmetries that are operative at the energy scale of relevance, as they
fundamentally restrict the allowed interactions in the theory. Construction of EFT oper-
ators usually follow two approaches: top down, and bottom up. In the top down approach,
one starts from a preferred UV theory, whose low energy effects are captured by a re-
stricted set of operators obtained by integrating out the heavy DOFs. In contrast, the
bottom up approach proceeds without assuming a particular UV completion. Instead,
one constructs the most general set of operators organized by a systematic expansion. In
both approaches, the operators must abide by the symmetries of the low energy theory.
Some examples in this context are as follows. In ChPT, the underlying symmetry is
the approximate chiral symmetry SU(N¢)r x SU(Ny)r — SU(Ny)y, where Ny denotes
the number of light quark flavors. Similarly, in the Euler-Heisenberg Lagrangian, the

relevant symmetries are Lorentz invariance and the U(1)gy gauge symmetry.

Power Counting In an EFT, power counting is a very fundamental component, and
it is just as important as something like gauge symmetry in UV theories. The power
counting scheme provides a systematic way to handle the theoretical uncertainty. At
each order, there is a finite number of operators, and the accuracy can be improved by
working to higher order in the expansion parameter. In ChPT, the operator expansion
is performed in powers of external momenta (p) and light quark masses (mgq) over the
chiral symmetry breaking scale (A, = 47F), where, F' is the chiral limit decay constant.

Similarly, in the Euler-Heisenberg Lagrangian, the expansion is organized in inverse
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powers of the electron mass, with higher dimensional operators suppressed by powers
of (1/me). This corresponds to an expansion of the amplitudes in the ratio of the
electromagnetic field strength (o)) or photon energy (p,) to the electron mass, such that

higher order terms encode increasingly suppressed nonlinear photon interactions.

EFT

ChPT (Nj = 2)

Euler-Heisenberg

Light Fields

= {Wi,wo} —>U:exp<

1.1
ST
iE)

Ay — Fuy

Symmetries

SU(2)p x SU(2)gr — SU(2)y

Lorentz, U(1)gm

~ () (%)

(F;U/F'uy)27 <fuyF“”> 2

Power Counting

~ (&) (%)

E (p,ubDrut), B (xUt + Ux')

Operators

TABLE 2.1: EFT construction components and examples of operators for ChPT (N, =
2) and Euler-Heisenberg Lagrangian. For ChPT, y is defined as 2BM, where, B is a

constant and M is the light quark mass matrix. For EH theory, F uv is the dual of F,, .

2.1.1 Some Features of EFT Frameworks

While this thesis primarily focuses on the phenomenological applications of EFTs at col-
liders, the robustness of these predictions is deeply rooted in formal QFT. Constructing
a mathematically consistent EFT, whether through top-down or bottom-up approach,
requires careful investigation of several theoretical subtleties. In this section, we briefly
outline three such aspects: (I) the emergence of local effective operators from inher-
ently non-local actions, (IT) the role of the covariant derivative expansion in preserving

manifest gauge invariance, and (IIT) the order-by-order renormalizability of EFTs.

Preserving Locality of EFTs A fundamental requirement of any QFT is locality,
which dictates that interactions occur at a single spacetime point. However, when heavy
DOFs are formally integrated out of a UV-complete theory, the resulting effective action
is inherently non-local. EFTs restore locality order-by-order via a systematic low-energy
expansion [147]. This can be demonstrated for a simple scenario containing a light
scalar field ¢ (with mass, m) and a heavy scalar field ® (with mass, M > m), with an

interaction term governed by a dimensionful coupling x. The action for the UV model

TH-4060_216121001



Chapter 2: Effective Field Theories 29

is given by

1 1 1 1
Suv = /L‘,Uv diz = / <2(a#¢)2 - §m2¢2 + §(aucb)2 — §M2<I>2 - H<1>¢2> diz.
(2.1)
The generating functional of the theory is given by the path integral over both fields:

7z - / (D] [DB] eiS0ve ] (2.2)

To construct the effective action using ¢, we integrate out the heavy field ®. Integrating
by parts, (0,®)> — — (®0®), allows us to write the ®-dependent part of the action as
a Gaussian integral with the differential operator (D + M 2) and a background source
J(x) = —rk¢*(z). Executing this exact Gaussian integral yields the effective action,

SErT[¢] = Shight[#] + ASEFT, Where,
K 2 2 4., 74
ASper =5 [ (@) Gla—y) ) dla d'y. (23)
Here, G(x — y) is the Green’s function of the heavy field, satisfying
(Op + M%) G(z — y) = —i6W (z —y). (2.4)

The double integral over distinct coordinates x and y formally defines a non-local action.
The ¢ field at point x interacts continuously with the ¢ field at point y via the exchange
of the heavy mediator. To bridge this non-local action to a local EFT, we invoke the
low-energy limit. In this regime where the momentum transfer is much smaller than the
mass of ® i.e. p?> < M?, or equivalently as an operator, 0 < M?, the inverse differential

operator can be Taylor expanded as a local derivative series:

1 1 O] W2
SN, LN § . =L g 2.
O+ M? M2< ERET > (25)

This expansion transforms the non-local Green’s function into a Dirac delta function,
6@W(z — 5) and its derivatives, which enforces # = y and forces the double integral to
collapse into a single spacetime point. Substituting this expansion back into the effective

action generates the local EFT Lagrangian:

2 2 2

P @06 () + Sr @) — L (26)

AlLprr(a) = 556 () -
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The non-local heavy field exchange has been reduced to an infinite series of localized con-
tact interactions, organized by strictly increasing mass dimension. This establishes the
connection that the EFT is a local theory, given that one truncates the series expansion

at a finite order appropriate for the energy scale of interest.

Covariant Derivative Expansion In the presence of gauge symmetries, expanding
the functional determinant in terms of partial derivatives (0,) and bare gauge fields
(say, X,,) breaks manifest gauge invariance at intermediate steps. To ensure the effective
Lagrangian remains explicitly gauge invariant and covariant throughout the matching
procedure, one must employ the Covariant Derivative Expansion (CDE) [148-150]. The

one-loop effective action is given by
Sgpr = / Leprdiz =iTrin(—D? — M? - U), (2.7)

where, U encapsulates any local interaction. CDE evaluates the functional trace! in the

momentum basis. Extracting the plane-wave states i.e.

SEFT:i/d4ﬂ$/

shifts the covariant derivative to D, — D, + iq,. The effective Lagrangian density then

(x|e % In(—D? — M? — U)e" 4% |x), (2.8)

dq
(2m)*

takes the local form

LrpT = i/(g%trln [(q2 — M?) — (2iqg- D + D?* + U)] ) (2.9)

To establish a systematic local operator expansion, the free heavy propagator (¢ — M?)

is factored out:

(2.10)

. d'q 2 2
LErT = 1 tr<In(¢® — M*) +1In |1

2g-D+D*+U
(2m)* '

2 — M?

The first term is irrelevant and discarded. The second term is evaluated via the Taylor

expansion where the expansion parameter is defined as

2q-D+ D2+ U

R (2.11)

LTy refers to functional trace, whereas tr indicates matrix trace.
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Following symmetric loop integration over the momenta d*q, the remaining covariant
derivatives are algebraically rearranged using their commutator, [D,, D,| = —igx X,
where, gx is the characteristic gauge coupling. The physical field strength tensor X,
emerges naturally, guaranteeing manifest gauge invariance at every perturbative order.
Crucially, for this operator expansion to be well-defined, the series must strictly converge.
This requires the covariant operators in the numerator to be significantly smaller than
the heavy mass squared in the denominator. Because the EFT operators are generated
by both the covariant derivative D, and its commutators, it is not sufficient to merely
assume that the momentum transfer of the propagating DOFs is small i.e. p? < M?2. It
also strictly demands that the ambient background gauge field strength residing inside the
covariant derivative must also be fundamentally bounded by the heavy scale gx X, <

M?2.

Renormalization Scheme Dependence A common historical misconception is that
EFTs, by virtue of containing an infinite tower of higher-dimensional operators, are
strictly “non-renormalizable” and thus lack predictive quantum structure. In reality,
EFTs are systematically renormalizable order-by-order in the 1/A expansion. When
the theory is truncated at a fixed mass dimension, all UV divergences generated can
be entirely absorbed into a finite set of counter-terms corresponding to the effective
coefficients and SM parameters present at or below that dimension. To systematically
compute this renormalization and track the running of effective operators, the choice of
renormalization scheme is critical [150]. In EFTs, the low-energy DOFs are often massless
or treated as effectively massless relative to the heavy scale A. This scheme dependence

can be explicitly demonstrated using a toy model as follows:
i, 1 1
Suy = /LUV diz = / (5(8,@)2 - 5(8,@)2 ' 5MQcp? — k'qﬁqs) diz, (2.12)

where, ¢ is massless and ® is the heavy field. Integrating out the ® field at one-loop
yields trilinear (¢3) and quartic (¢*) self couplings. To simplify, we focus on the trilinear
coupling given by

LEFT D —%qbs. (2.13)
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We evaluate the one-loop self-energy for the light field, ¢ (shown in Fig. 2.2) induced by
the trilinear coupling. Using dimensional regularization (d = 4 — 2¢) and a renormaliza-
tion scale u, the amplitude is given by

2 [ dk 1
e k= _—

Evaluating this integral at a finite external momentum (p? # 0) isolates the short-

¢
§mmne-- ‘ foooooe- 6
¢
FIGURE 2.2: One-loop self energy correction of the light field, ¢ via trilinear ¢ cou-

pling.

distance physics, revealing a purely Ultraviolet (UV) divergence (1/eyy) alongside a
momentum-dependent logarithm:
Cc? 1 s
X(p?) = == |— +In | — ] + finite| . 2.15

(r°) = 552 LUV—I- n(_p2>-|- ni e] (2.15)
If one attempts to use the traditional on-shell (OS) scheme, the mass counter-term §mq
must be evaluated at the physical mass pole, which for this strictly massless field is p? = 0.
However, taking the p? — 0 limit forces the logarithm to undergo a severe infrared (IR)

divergence:

dmdg = pginoz(pZ) — 00. (2.16)

The OS counterterm formulation mathematically breaks down because it forces the ab-
sorption of this unshielded IR singularity. Absorbing deep IR physics into a local UV
counter-term destroys the scale separation upon which the EFT relies. Consequently,
the OS scheme is structurally incompatible with massless EF'T DOFs. Conversely, the
mass-independent MS scheme uniquely resolves this by isolating and subtracting only
the short-distance UV divergence:

Sm2 — c? o1

=" 2.17
MS 32712 eyy (2.17)
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By strictly isolating the UV behavior, the MS scheme enforces the scale separation
inherent to EFTs. The IR singularities correctly remain untouched in the renormalized
amplitude, eventually canceling against real emission processes in physical cross-sections

using the KLN theorem.

2.2 Standard Model Effective Field Theory

Although the discovery of the Higgs boson completed the SM, no significant evidence
of NP has been observed since. Consequently, experimental search strategies for BSM
scenarios have evolved from fundamental theories such as supersymmetry [151] to more
model-independent approaches based on effective operators and simplified models. In
this scenario, SMEFT [11, 14, 150, 152| is the most preferred framework. The SMEFT
framework extends the SM by systematically incorporating NP effects through higher
dimensional operators constructed from SM fields. A complementary framework to the
SMEFT is the s framework [153], where the NP effects are parametrized through rescal-
ings of the Higgs couplings to SM particles by multiplicative factors. More details on
this in App. 2.A. In the following sections, we discuss the construction and features of

SMEFT in details.

2.2.1 SMEFT Operator Construction

Since the SMEFT framework is constructed upon the SM, its DOFs correspond to the
SM fields, and the constructed operators of this theory are required to respect Lorentz
invariance as well as the SM gauge symmetry, SU(3)c x SU(2)r, x U(1)y. Two popu-
lar variations in this context are the Higgs Effective Field Theory (HEFT) [154] and the
Weak Effective Field Theory (WEFT) [155]. Both frameworks assume SU(3)c X U(1)gm
symmetry, but differ in their field content and the realization of the electroweak symme-
try. We discuss these frameworks in App. 2.B. The power counting in SMEFT is realized
through a hierarchical expansion of operators in inverse powers of the effective scale, A.
This effective scale A roughly characterizes the mass of the heavy NP resonance that has
been integrated out, assuming couplings of O(1). More generally, however, A may also

encode additional factors such as loop suppressions or combinations of masses of multiple
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heavy states. Further details are discussed in Sec. 2.2.1. The SMEFT Lagrangian is

c@Do ) ) (6 (®)
£SMEFT:[’SM—|—ZZA“{7_£:£SM+ WAW+Z ZA21
id -

4+, (218)

where, (’)Z(d) correspond to the it operator of dimension d, and Ci(d) is the corresponding
dimensionless Wilson’s coefficient (WC). In the following paragraphs, we discuss SMEFT

operators of different dimensions and categories in detail.

Operators of Dimension < 6 SMEFT operators first appear at dimension 5, where
the Weinberg operator is the only operator at this order. A detailed discussion of this
operator has already been done in Sec. 1.2.2. Although the first higher dimensional
contribution appears at dimension 5, the dominant phenomenological effects of NP at
leading order (LO) are typically governed by dimension 6 operators. These operators
can be expressed in different bases, depending on the underlying motivation, such as
the Warsaw [11] and SILH [152]| bases. In the Warsaw basis, there are 59 independent
dimension 6 operators, classified according to their field content and listed in Tab. 2.2.

We now proceed to discuss each of these operator classes in detail.

e X3 Operators: These operators modify both triple and quartic gauge couplings,
and further induce interactions involving five and six gauge bosons, which are
absent in the SM. In particular, the operators Oy and OW generate anomalous
Lorentz structures that affect charged triple gauge couplings (TGC), leading to
distinctive phenomenological signatures that have been extensively studied at the

LHC [156, 157].

e H®/H*D? Operators: This class of operators modifies the Higgs potential and
induces modifications to the triple and quartic Higgs self-couplings. In addition,
they are phenomenologically linked to scenarios with an electroweak first-order
phase transition, as studied in [158, 159]. However, some of these effects can
be partially absorbed through appropriate field redefinitions of the Higgs field.
Further, the operator O p shifts the Z boson mass after EWSB and is therefore

strongly constrained by electroweak precision observables (EWPO) [160].

e W2 H3 Operators: These operators induce rescalings of the SM Yukawa couplings.

In context of the leptonic operator O.p, non-zero flavor off-diagonal WCs can
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‘ Dimension 6 SMEEFT Operators ‘
\ X3 \ HS /| H*D? \ V2H3 \
O FABCGAv B GCn On (HTH)? Outr (HYH)(Lpe, H)
Oe FABCGAYGErGSH Ono (HH)O(HH) Ount (H'H)(gyu,H)
Ow e TKW v lew K Opp | (H'D*H) (H'D,H) | Oun (H'H)(qpd, H)
OW GIJKWA{VWZLJ/JW;)K;L
X2H? \ VX H \ W2H2D
One HYH GA, GAm Oww | (Gove,)r!HWL, | 0% | (H'iD,H) @)
Ope HH G4, GAwv Ous (o e,)H B, 0P | (HTiD}H) (@, yme,)
Onw HtE W Wi Ouws | (@Go"TAu)HGA, | Oy, | (H'D,H)(E" e,)
Oy H'H WJVWI‘“’ Ouw (%O’“VUT)TIITI W!{,, (’)(}}; HTZFH ) (@*qr)
Ous HYH B, B™ o (@o" u,)H B,y 0@ | (H'DH) G v,
Ops HYH B,, B* Ouwc | (Go™TAd)HGA, | Ouu | (HYiD.H) @5y u,)
Onwn Hir HW!, B Ouw | (@o"™d)T HWL, | Oy | (H'iD,H)(@nd,)
O i Hir'HW], B Ous (@potd,)H By, Omua | (H'iD,H)(Wp"d,)
W4 : (LL)(LL) 4. (RR)(RR) 4. (LL)(RR)
Ou (oYl ) (v L) Ok (@uer) (@7 er) Ore (Covulr) (€7 er)
Ol (@a) @7 a) Ouwa | @muun)@r*w) | Ow Oyl (T )
0% | @)@ ria) | Ow | @yads)(dndy) O Oyl (drdy)
oy (Covule) (T r) Oeu (@pyuer) sy uy) Oge (@ Vuar) (Es7 e
O | Gt )@ i) | Oca | Gwe)drtd) | OR) | (@vaa) @y )
oL | @maun)@nrd) | OR) | (@rTAe) @y T w)
0% | @wTAu)(@dr*TAdy) | OF) | (@Gua.) (v dy)
0% | (@ T4q,) [y TAdy)
4. (LR)(LR) Ui AB=AL=1 |
Otedq (Cher)(dsqf) Ouduq AP [(d)T Cul] [(¢§7)TClf]
o) (qfur)esx(@Rd) | Ogqu AP i ()T CaPH] [(u€)T Ce]
Of}i)qd (g T4 ur)es (qKTAds) | Ogqq B nexn [(gf7) T CqP X [(¢CM)T O]
(’)Ei()lu ( )EJK(q ug) o eABC {(dﬁ)TC’ur} [(us )TC’6t]
Ofore | Gower)esx(@Fatu)

TABLE 2.2: The full set of dimension 6 operators in Warsaw basis [11].

The bold

headings classify the different sets of operators. Here, X, H, D, and ¥ denote the field
strength tensor, Higgs doublet, covariant derivative, and fermion field, respectively. In
the context of U* operators, the notation (LL)(LL) denotes that both the first and
the second bilinear each contain two LH fermions. Similarly, for (LL)(RR), the first
bilinear consists of two LH fermions, while the second contains two RH fermions, and
soon. AB = AL = 1 refers to as baryon and lepton number violation by one unit each.

generate lepton flavor violating Higgs decays, which have been extensively searched

for at the LHC [161-163|.
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e X2H? Operators: These operators underpin a wide range of BSM scenarios and
constitute some of the most relevant interactions in SMEFT. They contribute to
charged TGCs, modify Higgs-gauge interactions, shift the Z mass, and can induce

Z — ~ mixing. This class of operators will be studied in detail in Chap. 4.

e W2X H Operators: This class of operators is referred to as dipole operators,
as they mediate magnetic dipole moments (MDMs) and electric dipole moments
(EDMs) of fermions after EWSB. The MDM contributions arise from the real
parts of the WCs, while the EDM contributions originate from their imaginary
parts, and are therefore strongly constrained by EDM/MDM measurements [164].
In addition, these operators also induce Y1) Z/ynpZh interactions, which will be
studied in Sec. 4.1.

e U2H2D Operators: These operators are referred to as Higgs-current operators
and provide leading modifications to 1) Z/yn) Zh vertices. They are strongly con-
strained by EWPO [165], as they modify the ¢ Z couplings with the same Lorentz
structure as in the SM. In addition, depending on their flavor structure, they can

induce quark and lepton flavor violating processes.

e W? Operators: Four-fermion operators are one of the most important classes of
dimension 6 operators in SMEFT and form the cornerstone of flavor physics observ-
ables. Owing to their contact interaction nature, without propagator suppression,
they are subject to stringent experimental constraints. These operators also typi-
cally arise from tree level UV completions [166|, and are therefore associated with
popular BSM scenarios such as Z’ models, leptoquarks, and other BSM scalar ex-
tensions. In addition, there exist four AB = AL = 1 four-fermion operators at

dimension 6, which are severely constrained by proton decay searches [167].

Operators of Dimension > 6 Operators beyond dimension 6 are typically suppressed
by higher powers of A, and are therefore often subleading. Nevertheless, there ex-
ist scenarios where their contributions become phenomenologically relevant and must
be taken into account. At dimension 7, there are 18 independent operators (listed in
Tab. 2.3) [12, 168, 169|, all of which violate lepton number. Among these, 12 corre-
spond to AL = 2 operators, while the remaining 6 satisfy AB = AL = 1 condition.

The Weinberg operator is already tightly constrained by neutrino mass measurements,
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rendering its experimental probes challenging. In such scenario, dimension 7 operators
provide alternative avenues to generate neutrino masses, with potential implications for
collider phenomenology [102, 170]. However, the non-observation of neutrinoless double

beta decay imposes tight constraints on such possibilities [170]. At dimension 8, there

Dimension 7 SMEFT Operators
Oy eoxenn (GO HREN(HIH) | O%yp | eoxenn (Cleryue,) HE HMiDr N
Olipr | eaxenn(EeDHEYHM D, HN | OV, | eqmern (GleDHE)HM D, HN
Ofnp | coxenn (oo XV HNHN B | Ofpy, | eqrc(er ) an (G0, 6V HN HN W IR
ors | erxenn (@t ) (LK) N ogggml ercemn (0] (QEeeMyHN
Ofurss | emern (@) QEGNEN | 0T | eguc(dpt!) (uge ) HN
O%iéeH e7i (Qpuy) (€50 HX ors | erx(dpyuur) (EJeiDPEE)
ot | eABC(Gyd) (uPedf ) H Oy | PO (G d)(dBedf ) H
O | o€ PC(@QIM)@Ped)) BN | O | eqrce?PC (G,d) (QFQIC) HY
Oiap | <*P¢ @ud;!)(dBeiD df) or o | P (G,QM (dBeiDdf )

TABLE 2.3: List of independent dimension 7 SMEFT operators, adapted from [12].
The top 12 (above the divider) correspond to AL = 2 operators, while the bottom 6
correspond to AB = AL = 1 operators.

are 44,807 independent operators [171, 172]. Their effects become particularly relevant
when quadratic dimension 6 contributions are included, as these enter at O(A=%), the
same order as the interference between the SM and dimension 8 operators. Moreover,
dimension 8 operators can give rise to exclusive NP effects, such as neutral TGCs, which
are absent in the SM, and first appear at this order. Such effects have been studied at
the LHC [173, 174].

Matching EFT to UV Completions

The connection between an EFT and its underlying UV complete theory is established
through a matching procedure, wherein the heavy DOFs are integrated out and the ef-
fects systematically encoded into higher dimensional operators. This allows us to relate
measurable low energy observables to the structure of the underlying theory. Depend-
ing on the structure of the UV completion, the operators may arise either at tree level
or through loop generated processes involving heavy fields. For loop generated scenar-

ios, naive dimensional analysis implies the WC scales as C' ~ (4m)~2 where L is the
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lowest loop order at which the operator is generated. This hierarchy has important phe-
nomenological implications, as tree generated operators typically possess larger WCs and
therefore induce the leading deviations from the SM, in comparison to loop generated
operators which are suppressed by at least an additional factor of (47)~2. It is therefore
useful to classify operators into two categories: (I) Potentially Tree Generated (PTG)
operators [175] can be generated at tree level in at least one class of UV completions.
Within the SMEFT framework, the operators of classes: HS, H*D? W2H3 W2H?D
and U4 are PTG operators. (IT) Loop Generated (LG) operators [175] cannot be gener-
ated at tree level in any weakly coupled, renormalizable UV completion, and therefore
necessarily arise from loop diagrams. Within the SMEFT framework, the operators of
classes: X3, X?H?, and W2XH are LG operators. In the following, we illustrate this
classification through explicit examples of matching to NP models, demonstrating how

representative PTG and LG operators arise from integrating out heavy fields.

Matching at Tree Level For demonstrating tree level matching, we consider a simple
NP scenario containing a heavy vector boson Z;L of mass My, coupled to both RH
electron current and the Higgs current. The relevant terms of the Lagrangian are given
below

1 JEas
Lyy D 5Mg,zgtz’“ + 97 Z) (&7 er) + gu Z),(H DM H) . (2.19)

Here, we implicitly assume that the kinetic mixing between the heavy Z’ and the SM
hypercharge boson, B i.e. € Z;WBW is sufficiently small, safely setting the mixing param-
eter € — 0 to simplify the scenario. Furthermore, the mass M is assumed to be gener-
ated dynamically via the spontaneous symmetry breaking of the extended U(1)z gauge
symmetry by the VEV of a complex scalar field, which preserves the underlying gauge
invariance of the theory. Before integrating out the heavy field, it is crucial to verify the
conservation of the current to which the Z’ couples, J* = ¢&" (e,v"er) + gu (H tiDhg ).
Using the Dirac equation, iv*dye, (i04€,7*) = mye, (—m,€;). The divergence of the

leptonic vector current is explicitly evaluated as
O Jt = 0u(epyer) = (Ouep)¥ter + ey (Oper) = i(my — my)epe, =0, (2.20)
where, we assumed m, ~ m, ~ 0 in the high energy regime. Similarly, we evaluate the

divergence of the Higgs current, Jy = i[H f(orH) — (0*HT)H]. Applying the product
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rule yields 9,J4, = i[H(OH) — (OH")H]. The classical equations of motion for the
Higgs field yields OH = —p?H — 2\ H|?H and its adjoint OHT = —p2Ht — 2\ H|?HT.

Substituting these expressions,
OuJpy = i[H'(OH)—(OHN H] = i[(—p*| H? =2X H|*) = (—*[H[? =2 H[)] = 0 (2.21)

Therefore, the total current is strictly conserved i.e. 8,J* = 0,J¢ + 9,J% = 0. The

classical equation of motion for the massive Z’ field is given by:
02" + M2, Z" = J*  —  0,0,Z"" + M3,0,Z" = 8,J". (2.22)

Since the field strength tensor Z™* is antisymmetric, the term 0,0,Z"* identically
vanishes. Combined with the current conservation condition (9,J* = 0), this alge-
braically enforces the transversality condition: 0,2 = 0. This condition removes the
unphysical scalar mode, ensuring the vector field accurately propagates only 3 physi-
cal DOFs. With transversality enforced, the equation of motion elegantly simplifies to
(D + M2,) Z'M = JH. At energies much below the mass of Z’, E < M/, the heavy field
can be integrated out using its classical equation of motion,

7! ~
® M%,

[gé’TZL(%V"er) +gH(HTiHZH)] : (2.23)

Substituting this back into the mass term of in the Lagrangian generates an effective
interaction,

LEFT D

1 Pr 7! (et 0%
2 |9 2@ e) + gu(HYND H)| (2.24)
Z/

Expanding, the cross-term yields

ge gu

e o .

Lepr O M—z(ep’y“er)(HszH) . (2.25)
Z/

This operator belongs to the W2 H2D class and arises directly from the tree-level exchange

of the heavy vector mediator. Consequently, the corresponding WC is unsuppressed by

loop factors and scales as [C’He /AQ] ~ (ggrgH /M 2,), characteristic of a PTG operator.

pr
The Feynman diagrams corresponding to the tree level matching schematic is shown in

Fig. 2.3.
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€p HT
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FIGURE 2.3: Feynman diagrams showing a tree level matching between a Z’' model
and SMEFT operator Og,.

Matching at Loop Level To demonstrate loop level matching, we now consider an-
other NP scenario involving a heavy complex scalar S of mass Mg, charged under the
hypercharge gauge group with field strength tensor B,,,, and coupled to the Higgs doublet

via a portal interaction. The relevant terms of the Lagrangian are given below
Luv D |D.S|? — M2|S|> — N|S|1*(HTH), (2.26)

where D, = 9, — ig'B,,. We note that the quartic self-interaction, —\g|S|*, is omitted
from our UV Lagrangian. Since S is charged under U(1)y, gauge invariance strictly
forbids terms linear in S. As a result, the classical equation of motion yields S = 0. As
the classical field configuration is zero, there is no tree-level exchange. In the functional
formalism, quantum fluctuations are integrated around this S = 0 vacuum. The \g|S|*
term represents a 4-point vertex of these fluctuations. Around a zero background, a
4-point vertex does not contribute to the one-loop functional determinant. It only gen-
erates 8-shaped diagram topologies that contribute at the two-loop order. Restricting
our matching to strictly truncate at leading-log one-loop accuracy i.e. O(1/1672), this
term decouples and is systematically neglected. The effective theory is obtained by in-
tegrating out S at one-loop, which can be systematically performed using the functional

determinant [176]. We start with the generating functional
7 = / [DST|[DS] et/ Luvd'a (2.27)

By integrating the derivative term by parts, the quadratic part of the heavy scalar action

can be written as

i/ﬁUv diy = i/ST (—D2 — M2 - XHTH> Sd*z (2.28)
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Performing the exact Gaussian integral over the complex scalar fields mathematically

yields the inverse functional determinant of the quadratic operator:
2 2 / -1
Z [Det (—D ~ M2 HTH)] , (2.29)
Equating this to the formal definition of the effective action, we obtain
7 = il Lorrdla i/EEFT d'z = — InDet (—D2 — M2 - XHTH> . (2.30)
Utilizing the trace-log operator identity, we can write the effective action compactly as
Sgpp = i Trln <—D2 — MZ-— XHTH) . (2.31)
To ensure manifest gauge invariance at intermediate steps, we evaluate this functional
trace using CDE. Extracting the plane-wave states et'?? shifts the covariant derivative

as D, — D, + iq,. Factoring out the free heavy propagator (¢® — Mg) and neglecting

the first term allows us to extract the local effective Lagrangian density:

[ d% 2ig-D+ D?>+ NH'H
A‘CEFT — ’L/ Wtr In |:1 - q2 — Mg 5
. _ _ (2.32)
/ dq . 2ig-D+D?>+ NH'H (2iq- D+ D? + NH'H)?
=1 r|— = = ;
(2m)* q* — M3 2 (g% — M2)°

The operator (H'H ) B, B*" arises from the higher-order terms in this expansion, specifi-
cally involving one insertion of the Higgs portal interaction N HT H and multiple insertions
of the covariant derivative. Following symmetric loop integration over the momenta d*gq,
the remaining covariant derivatives are algebraically rearranged using their commutator,
(D, D,] = —ig'B,,. Because D,, is never explicitly separated into partial derivatives
and bare fields, the physical field strength tensor B, emerges naturally, guaranteeing
manifest gauge invariance. Performing the full integration and trace evaluation yields

the effective operator
! 12

27 __(gtH)B,,B" . 2.33

LerT D

This operator belongs to the X2H? class and is generated only at the loop level, as no
tree-level diagram can connect two Higgs fields and two gauge bosons through a renor-
malizable interaction. The WC is therefore suppressed by a loop factor, (Crp/A?) ~
(Ng?/16m2M2), characteristic of LG operators. The Feynman diagrams corresponding

to the loop level matching is shown in Fig. 2.4.
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FIGURE 2.4: Feynman diagrams showing a loop level matching between a complex
scalar model and SMEFT operator Opp.

2.3 Dark Matter Effective Field Theory

As discussed in Sec. 1.2.1, the evidence for dark matter (DM) is compelling, and a
plethora of particle physics models have been proposed to accommodate viable DM
candidates. However, the absence of any confirmed non-gravitational detection implies
that no particular model is currently favored. In this context, DMEFT provides a model-
independent and systematic framework to incorporate DM interactions with the SM.
The DMEFT framework extends the SM by introducing one or more DM candidates
that interacts with SM fields through effective operators constructed from both SM
and DM DOFs. This framework has been extensively developed and studied in the
literature [16, 176-183|.

2.3.1 DMEFT Operator Construction

The DMEFT Lagrangian is given as follows

c 9o

= gl (2.34)

Lomerr = Lsv + Lo + Y
id

where the operator Ogd) can be decomposed as (’)gd) ~ OiSM O?M. Here, OZSM is con-
structed from SM fields, while OZDM is composed of DM fields. This factorization reflects
the requirement that the operators be invariant under the SM gauge symmetries as well
as any symmetry that stabilizes the dark matter candidate, with SM and DM fields
taken to be singlets under each other’s symmetry groups. In addition, the operators
must respect Lorentz invariance. It should be noted that DMEFT operators can also
be constructed without imposing an explicit DM symmetry [184]. In such scenarios, the

stability of the DM can be ensured kinematically, by requiring its mass to be lower than

that of its potential decay products, or dynamically, by suppressing the interaction rates
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sufficiently so that its lifetime exceeds that of the Universe. In this thesis, however, we
restrict ourselves to operators that respect an inherent Zo symmetry, which guarantees

the stability of the DM candidate.

Possible OSM Structures The simplest SM scalar singlet structure is HTH, which
gives rise to the Higgs-portal DM models. Other scalar structures include (HTH)?,
(. Hep, qjﬁuR, qrHdg, B,,B", WJVWI“”, and GﬁVGAW. In addition, vector and
tensor structures can also be constructed. Some examples include fermion current op-
erators such as Ewﬁb qLYuqL, ERYu€R, URYuUR, and @W’ud& as well as the structure
H TiﬁuH , which mediates Z-portal DM interactions. Similarly, simple tensor struc-
tures such as B, lead to DM dipole interactions. Fermionic tensor structures, including
EHow,eR, qfﬁauyuR, and g Ho,,dR, can also be constructed. All these structures are
invariant under the SM gauge symmetries. The vector and tensor structures must be

ODM

contracted with the corresponding components in order to be Lorentz invariant.

Possible OPM Structures The possible structures of OPM depend on the nature of
the DM field, which may be a real scalar (®), complex scalar (®, ®1), Dirac fermion (Y,
X), Majorana fermion (IN), real vector boson (X)), or complex vector boson (X, X;Q)
In this work, we restrict ourselves to real scalar and vector fields for bosonic dark matter,
and to Dirac fermions in the fermionic case. Scalar DM generates simple structures such
as ®2, &1 and 0,® 0"®. For vector DM, depending on whether the field is Abelian or
non-Abelian, the leading structures are X, X*” and X, X*#, respectively. In the non-
Abelian case, additional self-interaction terms such as X, X#X, X" can also arise. For
Dirac DM, all Lorentz structures are in principle allowed, including scalar, vector, and

tensor bilinears, namely X'x, X7uX, and Xo .. X.

Relevant DMEFT Operators Combining the SM and DM building blocks discussed
above, one can systematically construct the DMEFT operators by forming Lorentz in-
variant combinations. The complete set of DMEFT operators up to dimension 7, for
real scalar and vector DM as well as Dirac fermionic DM, is presented in Tab. 2.4, while
assuming that the DM transforms under a Zs symmetry. A few representative examples

of such operators are discussed below.

TH-4060_216121001



Chapter 2: Effective Field Theories 44

e Higgs-portal Operators: These operators connect to the SM via Higgs boson
mediator [185, 186]. These operators are strongly constrained by DD and Higgs

invisible branching ratio measurements [187].

T 2 T
(HIH)® . (H'H)yy , (HLH) X, X . (2.35)

(HTH)(0,920"®) (HTH)X,,, X"

e Leptophilic Operators: These operators correspond to interactions where the
DM couples exclusively to leptonic currents of the SM [188-190]. Such operators
are interesting as they evade strong constraints from hadronic processes and direct
detection experiments. They lead to characteristic signatures at colliders and in

precision measurements involving leptons.

r (L) (Xv*x _
(L Hep)®? Hwte) X7x) . (TLHer)X, X" (2.36)

(ervuer) (X7 x)

e Photophilic Operators: These operators describe interactions where DM couples
predominantly to the SM electroweak field strength tensors [57, 58|. Such couplings
give rise to distinctive signatures in processes involving photons, including mono-y

signals at colliders and ID via gamma rays.

B (Xo" x)
(B, B")®? | ! . (BwB")X, X", (2.37)

(BB )xx

Appendix: Effective Field Theories

2.A The x Modifier Framework

The k framework provides a model-independent parametrization of potential deviations
from the SM predictions in Higgs boson interactions. In this approach, the couplings of
the Higgs boson to the SM fields are rescaled by multiplicative factors k;, defined such
that

ghxx = Fx 9Ny (2.38)
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DMEFT Operators upto Dimension 7
Dimension 4 ((LHer)®?
2 A Apv & H2
(HTH)® (G4, G
Dimension 6 (I/VL]L,,VVI“”)@2
Scalar (®)
(HTH)(0,90"®) (B, BM)®?
(quHup)®> Dimension 7
(@ Hdg)®? (C°H)(H ') ®*
Dimension 5 Dimension 7
(HTH)xx (@zHur)(XY)
B,LLI/(YO-MVX) (qLHdR)( X)
Dimension 6 (CLHer)(XX)
) (@Lyuar) (X" x) (@ Howur)(Xo" X)
Fermion ()
(CLyulr) (X7*X) (@CHouwdr) (X" x)
(@RYuuR) (XY"X) (lLHouwer)(Xo™ X)
(drYudr) (X7"X) (G2 G (xXx)
(ERvuer) (X7"X) ) (0
(H1i D, H) (") (B B"™) ()
Dimension 4 (LHer) X, X"
(HTH)X, X" (G4, GA) X, X+
Dimension 6 (Wlfl,WI“”)XHX“
Vector (X))
(HTH) (X XH7) (B B*") X, X"
(qrHug)X, X" Dimension 7
(GoHdR)X, X" (CCH)(H0) X, X"

TABLE 2.4: Complete set of DMEFT operators up to dimension 7, for real scalar (®)
and vector (X,,) DM as well as Dirac fermionic DM (x), assuming they transform under
a Zo symmetry.

where X denotes a given particle species, and gg)l\gx is the corresponding SM coupling
value. This modification propagates directly to production cross sections and decay

widths. For a given production mode 7 and decay channel j, the signal strength modifier

is defined as

2,2
f_ Oi Bj _ KiKj
o= Y X BJSM =z (2.39)
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where, B is the branching ratio, and K,%{ rescales the total Higgs width, defined as
kY = Z Ii? BJSM . (2.40)
J

Loop-induced vertices, such as h — vy and h — gg, are either expressed in terms of
effective modifiers k., kg4, or resolved in terms of underlying modifiers like x¢, Ky, etc.
The former parameterization is more general, and allows including possible new particle
contributions in loops. The k framework is particularly useful for capturing effects of
heavy NP that modifies Higgs couplings without introducing new light DOFs or altering
the Lorentz structure of interactions. However, it does not account for momentum-
dependent structures, which are more naturally described within an EFT framework.
Global fits to Higgs data by the ATLAS [6] and CMS [7] provide stringent constraints

on the k parameters, summarized in These results indicate no significant deviation from

k | Vertex | 95% C.L. limits ATLAS [6] | 95% C.L. limits CMS |7
kw | RWW 1.05 + 0.06 1.02 +0.08
kz | hZZ 0.99 + 0.06 1.04 + 0.07
KT hitt 0.94 £ 0.11 ol |

kg | hbb 0.89 +0.11 0.997917

for | T 0.93 & 0.07 0.92 +0.08
kg | hgg 0.95 + 0.07 0.92 +0.08
Koy hyy 1.01 + 0.06 1.10 + 0.08

TABLE 2.5: Constraints on x parameters from global fits of Higgs data by the ATLAS
and CMS collaborations.

SM expectations within experimental uncertainties, thereby placing strong constraints

on NP scenarios that modify Higgs interactions.

2.B Other EFTs: HEFT and WEFT

EFTs beyond the SMEFT provide complementary descriptions of low-energy physics
under different assumptions about the underlying dynamics. In particular, both HEFT
and WEFT are constructed to respect the same low-energy gauge symmetries as the
SM after EWSB, i.e. SU(3)c x U(1)gm. However, they differ significantly in how the

electroweak symmetry is realized and in their field content and power counting schemes.
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Higgs Effective Field Theory (HEFT) HEFT provides a framework to describe
EWSB without assuming that the Higgs boson belongs to an exact SU(2); doublet.
Instead, the Higgs field is treated as a singlet under the electroweak symmetry, while
the Goldstone bosons (7) associated with EWSB are described nonlinearly through a

unitary matrix

,TW(@) |

U(z) = exp (z ” (2.41)

similar to ChPT discussed in Sec. 2.1. In contrast to SMEFT, where the Higgs is em-
bedded in a doublet, HEFT allows for more general interactions between the Higgs and
gauge bosons, say, hV'V and hhV'V interactions are decoupled. The field content consists
of the SM gauge fields, fermions, the physical Higgs scalar h, and the Goldstone bosons
encoded in U(z). The power counting in HEFT is organized as a derivative expansion

rather than a strict canonical dimension expansion, similar to ChPT.

Weak Effective Field Theory (WEFT) WEFT is constructed as a low energy EFT
below the electroweak scale, where the heavy DOFs such as the W, Z, Higgs boson, and
top quark have been integrated out. The relevant symmetry is therefore the unbroken
SU(3)¢ x U(1)gM, and electroweak symmetry is no longer manifest. The field content of
WEFT consists only of light fermions (quarks and leptons) and gauge fields corresponding
to QCD (g) and QED (7). As a result, the effective operators are typically constructed
from fermion bilinears and four-fermion interactions, which mediate low-energy processes
such as FCNCs, weak decays, and EWPOs. The power counting in WEFT follows a

canonical dimension expansion, similar to the SMEFT framework.
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Chapter 3

Collider Phenomenology

“When the facts change, I change my mind. What do you do, Sir?”
John Maynard Keynes
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PARTICLE colliders provide powerful experimental setups to probe fundamental in-
teractions in controlled environments. By colliding accelerated initial state particles,
such as protons or electrons, at very high energies, one can probe short distance inter-
actions that are otherwise inaccessible. With the control over the initial state energies,
and in some cases initial state spin configurations, colliders provide unique opportunities
to probe resonances expected at a specific energy range, as well as, NP with particu-
lar chiral structures. In addition to discovery of NP, collider experiments also provide
ground for precision measurement of SM parameters, thereby indirectly constraining
NP models. One such example can be provided by the Large Electron Positron (LEP)
collider measurements of electroweak precision observables (EWPO), which placed strin-
gent constraints on NP by testing the SM at the loop level with very high accuracy. The
complementarity between collider experiments and observation based searches, as well
as, between different types of colliders, further enhances the overall sensitivity to a wide

range of NP scenarios. In Fig. 6.19, we show the LHC tunnel at CERN (left) alongside a

49
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FIGURE 3.1: A section of the 27 km LHC tunnel at CERN (left). A candidate event
in the search for the Higgs boson at the CMS detector, showing two electrons and two
muons (right). Both adapted from CERN image gallery.

candidate event displaying Higgs boson production at the LHC (right). In the following

sections, we discuss several aspects of particle colliders in detail.

3.1 Physics at High Energy Particle Colliders

At high energy particle colliders, accelerated particle beams are brought into collision
at a defined center-of-mass (CM) energy, where this available energy is converted into
a spectrum of final state particles. The probability of a given process is determined
by the corresponding scattering amplitude (M), with measurable quantities expressed
through total (o) or differential (do) cross sections. By varying the collision energy
and luminosity, colliders can probe different kinematic regimes and enhance its search
prospects. At hadron colliders like the Large Hadron Collider (LHC), collsion occurs
between protons and their composite nature implies that interactions occur between
constituent partons, resulting in a complex collision system. This necessitates the use of
parton distribution functions (PDFs) and careful treatment of QCD effects. In contrast,
lepton colliders offer well-defined initial states with minimal substructure, allowing for a
less complex collision dynamics and more precise reconstruction ability. The sensitivity
of collider searches is governed by the interplay of energy reach, luminosity, and detector
performance. In the following sections, we discuss the distinct features of hadron and
lepton collider environments along with the features relevant for phenomenology, and

outline how the particles produced in such collisions are detected.
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3.1.1 Physics at Hadron Colliders

At hadron colliders like the LHC, protons are grouped into bunches. With approximately
~ 3000 bunches circulating in each beam, each bunch containing about 10! protons, and
the bunches cross at intervals of 25 ns, corresponding to a crossing frequency of 40 MHz.
The microscopic beam parameters are connected to the observable event rates through
the concept of luminosity. The instantaneous luminosity £ quantifies the flux of incoming
particles and can be expressed schematically as

an]%f

£ 1

(3.1)

where, Ny is the number of bunches, n, is the number of protons per bunch, f is the
bunch crossing frequency, and A is the effective transverse overlap area of the beams.

The number of events for a given process is directly related to the luminosity through

Nevents = O'/Edt = 0 Lint , (32)

where, ¢ is the production cross section and £, is the integrated luminosity. This
expression provides a direct bridge between machine parameters and the statistical reach
of colliders. For a production process pp — X at hadron colliders, the total cross section

can be factorized into long and short distance contributions as

ox = Z/ldl’l day fo(z1, 1) folao, i) Gabsx <$1a$270(lﬁ%) ; 972’ Q;> . (33)
ab /0 Hr Hp

Here, 64 x denotes the partonic cross section, which provides the short distance dy-
namics of the underlying hard scattering process. The coupling c(,u%%) incorporates the
interaction strength and the renormalization scale pp is introduced to regulate ultraviolet
divergences arising in quantum corrections. The variables x; and x9 are the momentum
fractions of the incoming particles that are carried by the partons a and b, respectively,
while the parton distribution functions f, and f; gives the probability distribution for
finding these partons inside the proton. The factorization scale up separates the long
distance physics encoded in the PDFs from the perturbatively short distance cross sec-
tion, and absorbs collinear divergences into the scale dependence of the PDFs. Due to

the variable partonic energies, hadron colliders can effectively scan a wide range of CM
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energies and search for NP resonances over a large mass range, and are therefore often

referred to as discovery machines.

Parton Distribution Functions Although we collide protons at hadron colliders,
at the short range interactions happen between the constituent quarks and gluons,
referred to as partons. The distribution of partons in a proton is encoded in the
PDFs, denoted as fi(x, ,u%), which describe the probability density of finding a par-
ton of type i carrying the proton’s momentum fraction x at a given factorization scale
ur. The scale dependence arises due to QCD radiation and is governed by the Dok-
shitzer—Gribov—Lipatov—Altarelli-Parisi (DGLAP) evolution equations, which resum log-
arithms of the form ln(,u%) [191]. With the increase in energy, gluon splitting processes
increase, leading to large number of low x parton constituents. Since, the composite
quark-gluon systems that govern the PDFs are non-perturbative in nature, they can-
not be calculated from first principles of perturbative QCD. Rather, they are extracted
from global fits to experimental data from deep inelastic scattering (DIS), Drell-Yan
(DY) processes, and collider measurements. Some examples of PDF sets are CT [192],
MMHT [193], and NNPDF [194]. They provide the PDF inputs along with associated

uncertainties, which play an important role in precise prediction of collider cross sections.

Collider Kinematics and Observables The basic kinematics at the LHC, operat-
ing at a CM energy /s = 13 TeV, is characterized by the collision of two protons with
4-momenta PJ' = (0,0, +6.5,6.5) TeV and P}’ = (0,0, —6.5,6.5) TeV, where the compo-
nents are given as (pz, Py, Pz, £). Consequently, the 4-momenta of the colliding partons
are given by p)' = z1P!' and p§ = xoPj', and the corresponding partonic CM energy is
given by § = x1x2s. Following the collision, the energy of the incoming partons is con-
verted into new particles, which subsequently decay into stable, detectable final states,
e.g., pp — Z — eTe”. The produced particles propagate through the detector, where
their kinematic properties are reconstructed from measurables quantities. Based on the
geometry of collider detectors, it is convenient to describe particle momenta in terms
of cylindrical coordinates with respect to the beam axis, as shown in Fig. 3.2. Three

key kinematic variables are: the transverse momentum pr, the polar angle 6, and the
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FIGURE 3.2: The geometric representation of cylindrical co-ordinates at a detector,
adapted from [2]. Pseudorapidity (n) is a function of the polar angle 6 goes from —m
to +m. The azimuthal angle ¢ goes around the beam.

azimuthal angle ¢. The definitions are as follows:

pr=\/P2+ps, 0= cos ™" Tmi , ¢=tan" <&) . (3.4)
\/P3 + Py + D3 Pz

The angles 6 and ¢ describe the direction of the particle trajectory, where 0 is measured
with respect to the beam axis and ¢ is in the plane transverse to it. Since, the initial
state momentum is directed along the p. direction, under boosts, p, and p, are invariant,

whereas p, and F transform as

p, — pycosh 8+ Esinh 5,
(3.5)

E — p,sinh 8+ Ecosh 5.

The variables pr and ¢ are independent of p, and E, hence, boost invariant, whereas, 6

is frame-dependent. For collider studies, a more preferred quantity is rapidity, which is

defined as
1 E+p,
=1 ) 3.6

Y 2 " (E _pz> ( )

Under boost, rapidity itself isn’t invariant, but differences in rapidities between particles,

which is usually measured, is invariant.

y— y+1In(coshp +sinhf) = Ay — Ay. (3.7)
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In the massless limit, p, = FE cos 6 rapidity reduces to the pseudorapidity, denoted by 7,

defined as
1 E+p, 1 14 cosf 0
T=3 n(E—pZ> 2 n<1—c059> ncot (2) (3:8)

In Fig. 3.2, we visually illustrate the relation between 6 and 7. If the detector surface is

unwrapped onto a flat sheet, the z-y coordinates correspond to the 7-¢ variables. The

distance between two detected particles is given by AR, defined as

AR = \/(An)* + (A¢)°, (3.9)

where, An and A¢ are the 7 and ¢ separation between the particles, respectively. Another

important observable is the invariant mass (of ¢ particles), M;, defined as

()

where, p; is the 4-momentum of the i*® particle. For on-shell decay of particle X to i

(3.10)

particles, 4-momentum conservation requires the invariant mass to peak at X mass.
Zpi =px = M;=/pk=Mx. (3.11)
i

Concerning DM searches, there are two important observables that rely on the energy
imbalance of visible particles, namely missing transverse energy (MET), £, and missing

energy, Ji. These are defined as

2 2
Er= (Zm) +<Zpy> l=vs— >, E, (3.12)
visible visible visible
where the summations run over all detected objects. Since the definition of ¥ relies on
the knowledge of the CM energy of the process, this observable is primarily applica-
ble to lepton colliders, where /s is well-defined. These observables exhibit distinctive
signatures for DM, however, they also receive irreducible contributions from SM pro-
cesses involving neutrinos in the final state. Consequently, efficient signal-background

discrimination strategies are required, which will be discussed in detail in Chap. 6.
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3.1.2 Physics at Lepton Colliders

Lepton colliders provide a clean and well-controlled environment for studying particle
interactions. Leptons are elementary particles and do not possess any substructure, re-
sulting in precisely known initial states with fixed CM energy, an advantage over hadron
colliders. This allows for accurate reconstruction of events and access to kinematics not
possible in hadronic collisions, thereby, enabling high precision study of the SM. The
absence of PDF uncertainties in measurements simplifies theoretical predictions, making
estimations more reliable. However, at higher CM energies, initial state radiation (ISR)
effects are significant [195], though measurements remain more precise than at hadron
colliders. As a result, lepton colliders are particularly well-suited for precision measure-
ments of particle properties such as masses, couplings, and decay widths, and hence often
referred to as precision machines. Another important advantage is the possibility of po-
larization of the initial state beams, which provides additional sensitivity to the certain
chiral structure of interactions and enhances the ability to disentangle NP effects. Fur-
thermore, the clean experimental environment, characterized by low QCD contamination
and reduced pile-up, significantly improves signal identification and reduces systematics.
However, unlike hadron colliders, which can access very high energies, lepton colliders
are typically limited in their achievable CM energy, especially in the case of eTe™ ma-
chines, due to significant synchrotron radiation losses, which scale as ~ (E/ m)4. In this
context, muon colliders provide a promising alternative, as the much larger mass of the
muon substantially suppresses such radiation losses. However, the realization of a muon
collider remains an active area of research and is not yet an established project. Hence,
the complementarity between hadron and lepton colliders provides an ideal setting for
particle physics, combining discovery potential with precision measurements. In Tab. 3.1,
we provide a comparison between hadron and lepton colliders, highlighting their respec-
tive advantages and differences. In the following section, we discuss beam polarization

in detail, which will be a central theme in the subsequent chapters.

Initial State Beam Polarization Beam polarizability of initial states at a collider
refers to the control over the spin orientation of the incoming lepton beams, which can be
aligned either parallel or anti-parallel to their direction of motion, referred to as longitu-
dinal polarization, or oriented perpendicular to it, referred to as transverse polarization.

Beam polarization is a unique advantage of lepton colliders, as leptons are elementary
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Feature Hadron Colliders Lepton Colliders
Beam particles Protons (composite) et /u* (elementary)
Initial state Partonic (¢/g with PDFs) | Well-defined, no substructure

Energy reach Very high (up to 100 TeV) | Limited (especially for ete™)

Environment Messy (QCD, pile-up) Clean (low background)
Precision Moderate Very precise
Reconstruction Relatively difficult Easier and more accurate
Discovery Excellent for new resonances Limited by energy
Radiation Negligible Significant for electrons
Polarization Final state Initial and final state

TABLE 3.1: Feature comparison between hadron colliders and lepton colliders.

particles and their spin states can be prepared and controlled with high precision. In con-
trast, while polarization of hadron beams is in principle possible, the composite nature
of hadrons makes it significantly more challenging to achieve, maintain, and interpret in
a clean manner. In practice, polarization is achieved at the source [196]. For electron
beams, polarized electrons are produced using photoemission from specially prepared
photocathodes illuminated by circularly polarized laser light, which transfers its helicity
to the emitted electrons. These polarized beams are then accelerated while preserving
their spin orientation using spin rotators and damping rings. For positrons, polariza-
tion can be generated through pair production using polarized photons. Muon beam
polarization is more challenging compared to electrons due to the low retainability of
polarization in case of muons. Typically, polarized muons are obtained from the decay

+ uiy), where the weak interaction naturally produces highly polarized

of pions (m
muons. However, preserving this polarization during acceleration and storage is non-
trivial due to spin precession in magnetic fields and depolarization effects. Maintaining
polarization of the beam during acceleration requires careful control of depolarizing ef-
fects such as synchrotron radiation and spin precession in presence of magnetic fields.
The degree of polarizability is quantified by

_ Nr—Ng

P=———,
Ngr+ N

(3.13)
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where, Ng 1, denote the number of RH and LH particles, respectively. From the physics
perspective, beam polarization plays an important role in enhancing sensitivity to specific
interactions. Since weak interactions are chiral in nature, adjusting the polarization
allows selective enhancement or suppression of background processes. This significantly
improves the extraction of NP parameters, helps disentangle different operator structures,
and increases the overall precision. In addition, spin-polarization based asymmetries
provide clean observables that are less sensitive to systematic uncertainties, making them

powerful tools in precision extraction of NP effects in collider studies.

e Longitudinal Polarization: Such polarization is characterized by the alignment
of the spins of the beam particles along or opposite to the direction of propaga-
tion. Longitudinal polarization enables the disentanglement of chiral structures
by weighting the contributions from different chiral components of the interaction.

The cross section in presence of longitudinal polarization is given as

(P, Po-)= > Y (14+XPs)A+AsP.-) 0ap, (3.14)
A=L,R B=L,R

where, Ap(Ar) = +1(—1) are the helicities of the initial states, c4p are the cross
sections corresponding to those helicities. By tuning P,+ and P,-, certain chiral
structures, particularly those arising from SMEFT operators, can be specifically
enhanced. The implications of this will be discussed in detail in Chap. 5. The SM
is predominantly a left-chiral theory, therefore, longitudinal polarization provides
an additional advantage by enabling the possibility of suppression of SM back-
grounds. This, in turn, enhances the sensitivity to NP scenarios that exhibit chiral
structures different from those of the SM. One such example is the SM neutrino
background, which constitutes a major background in DM searches via mono-X

Te~ — vw, happens through

signatures. The neutrino pair production process, e
two channels: an s-channel mediated by the Z boson and a ¢-channel mediated by
the W boson. At high energies, the t-channel W-mediated contribution dominates
and is purely left-chiral in nature. Consequently, an appropriate choice of beam
polarization can significantly suppress this background. This effect is illustrated in
Fig. 3.3. In the left panel, we show the variation of the ratio (opolarized/Tunpolarized)

as a function of the electron and positron beam polarizations. The suppression is

maximized when the electron beam is predominantly right-handed (RH) and the
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FIGURE 3.3: Left: Polarization dependence of (0polarized/Tunpolarized) for ee™ — v
production at the ILC /s =1 TeV. Right: Cross section of ete™ — v¥ as a function of
CM energy for different polarization settings.

positron beam is predominantly left-handed (LH), while the opposite configura-
tion enhances the cross section. Since complete polarization is not experimentally
achievable, the right panel of Fig. 3.3 shows the variation of the total cross section
for ete™ — ¥ as a function of the CM energy for realistic polarization configura-
tions projected for the International Linear Collider (ILC) [197]. As expected, due
to the dominance of the ¢-channel contribution, the cross section increases with in-
creasing CM energy, and the polarization combination (P.+, P.-) = (—0.2,+0.8),

yields maximum suppression.

e Transverse Polarization: Transverse polarization refers to the setup in which the
spins of the beam particles are aligned perpendicular to the direction of the beam.
Due to its transverse alignment, it introduces an additional directional degree of
freedom in the transverse plane. In practice, transverse polarization is obtained by
first producing longitudinally polarized beams, followed by using spin rotators to
orient the spins into the perpendicular plane before collision. However, achieving
and maintaining transverse polarization is experimentally challenging. In circu-
lar colliders, spin precession in magnetic fields, governed by the Thomas-BMT
equation [198, 199|, leads to continuous rotation of the spin direction, resulting
in depolarization over time, rendering stable transverse polarization significantly
more difficult to realize compared to longitudinal polarization. From a physics
perspective, transverse polarization provides access to observables that are other-
wise inaccessible, particularly those involving asymmetries in azimuthal plane. The

presence of transverse polarization induces a dependence of the differential cross
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+

section on the azimuthal angle (¢), which in context of an eTe™ can be written in

a general form as

;l; =50 [1 + PL PL (Acos2¢ + Bsin2¢)], (3.15)
where, og is the unpolarized cross section. A, B encode the underlying dynam-
ics of the interaction, and Pg:, ngr are the degree of transverse polarization of
the electron and positron beams, respectively. The azimuthal dependence arises
only in the presence of transverse polarization and vanishes otherwise. However,
extracting the interaction dynamics requires a more refined treatment, as a full in-
tegration over ¢ eliminates the A and B dependent terms. Therefore, aptly defined
angular integrations or weighted asymmetries must be employed to isolate these
contributions. An asymmetry observable can then be constructed as

™ do g 27 do
dp 2
Ay = Jo 540 = Jx =P FLB. (3.16)

fzﬂ' dodd)

This shows that the asymmetry is directly proportional to the product of transverse
polarizations and isolates the sin 2¢ term. Such observables provide a clean probe
of CP-violating effects as well as interference structures in context of both the SM

and NP scenarios. More implications of this will be discussed in Sec. 4.3.

3.1.3 Particle Detection at Colliders

Particle detection at colliders has undergone remarkable evolution, closely following ad-
vances in both accelerator technology and improvement in our understanding of particle
interactions. Early particle detectors date back to cloud chambers and bubble chambers,
which provided visual evidences of charged particle trajectories, and enabled discoveries
such as the positron [200]. However, their relatively slow data accumulation rates made
them unsuitable for large luminosities. The transition to electronic detectors began with
spark chambers and multi-wire proportional chambers (MWPCs), which enabled faster
and more efficient event data recording. With the advent of colliders like the Super Pro-
ton Synchrotron (SPS) [201] and later the Tevatron [202], detector designs became more
sophisticated. Experiments such as UA1 and UA2 at the SPS introduced the concept of

large detectors, with nearly complete coverage of the detector solid angle, enabling full
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event reconstruction and leading to the discovery of the W and Z bosons. The devel-
opment of silicon-based tracking detectors marked a major milestone during the Large
Electron Positron (LEP) collider [203] and Tevatron runs. Silicon trackers provided im-
proved spatial resolution, allowing for the identification of secondary vertices from heavy
flavor decays, which played essential role for top quark and B-physics studies. Similarly,
calorimeters improved significantly, with the use of dense materials and fine segmentation
enabling better energy measurements and particle identification. Modern detectors, such
as ATLAS and CMS at the LHC, represent the culmination of these developments. They
are designed with nearly 47 coverage, combining multiple subsystems to achieve precise
tracking, calorimetry, and muon detection. Advanced trigger and data processing sys-

tems allow these detectors to handle the large event rates produced at the LHC. Fig. 3.4
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FIGURE 3.4: Higgs reconstruction from invariant mass of di-photon (left) and 4 lepton
(right) events at the LHC 13 TeV 139 fb~*

shows Higgs reconstruction from invariant mass of di-photon (left) [204] and 4 lepton
(right) [205] events at the LHC 13 TeV 139 fb=!. In the following sections, we discuss

the physics at detectors, its architecture and strategy of reconstruction of objects.

Detector Physics and Design Particle detectors rely, primarily, on the interaction
of particles with matter. Charged particles lose energy through ionization and excitation
of detector material, and their trajectories can be tracked. Photons and electrons initiate
electromagnetic showers in materials, while hadrons produce hadronic showers via strong
interactions. Neutrinos escape detection, leading to energy imbalance in overall event,
unraveled via missing energy signatures. By combining information from different sub-
sectors of the detector, one can reconstruct the identity, and 4-momenta of the produced

particles. A modern detector like the CMS is composed of several concentric layers, as
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F1cURE 3.5: Transverse slice of the CMS detector displaying different layers, adapted
from [3].

illustrated in Fig. 3.5, each optimized for specific measurements:

e Silicon Tracker: The innermost component of the detector system consists of
silicon pixels and strip detectors, designed to precisely measure the trajectories of
charged particles. It operates within a strong magnetic field, allowing momentum
reconstruction by measuring the curvature of tracks. It also provides excellent

vertex resolution, crucial for identifying displaced and secondary vertices.

¢ Electromagnetic Calorimeter (ECAL): Swrrounding the silicon tracker, the
ECAL measures the energy of electrons and photons. It is typically made of dense
materials, such as lead tungstate crystals in case of CMS, where these particles
initiate electromagnetic showers. Incident particle energy is reconstructed using

the total deposited energy in the ECAL.

e Hadronic Calorimeter (HCAL): Located outside the ECAL, the HCAL mea-
sures the energy of hadrons such as pions and protons. It consists of alternating
layers of absorber and active material, aimed to capture hadronic showers. To-

gether with the ECAL, it provides a complete measurement of visible energy.

e Superconducting Solenoid: Beyond the HCAL, CMS features a large solenoidal
magnet that generates a strong magnetic field (~ 3.8 T), strongly bending the
trajectories of charged particles. This enables momentum determination and charge

identification with enhanced precision.

e Muon Chamber: The outermost layer of the CMS detector consists of gas-

ionization detectors embedded in the iron return yoke. Since muons are highly
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penetrating, they traverse the inner detector and calorimeters with minimal en-

ergy loss, making them identifiable, primarily, in this outer system.

The combination of these subsystems allows for efficient particle identification. Fu-
ture upgrades of collider detectors aim to cope with higher luminosities and increased
event complexities. For instance, future upgrades of the LHC [206] as well as future
colliders [207, 208]|, will feature upgraded tracking systems with improved granularity,
enhanced calorimetry for better energy resolution, and improved trigger and data acqui-
sition systems. Further, precision timing detectors are also being introduced to mitigate
beam remanent pile-up. These advancements will significantly improve the sensitivity to

both SM as well as NP effects.

Detection of Objects In this section, we focus on the reconstruction of the key visible
objects at colliders, detailing on trigger strategies, energy resolution, and identification

efficiencies. We emphasize how these objects are defined and utilized in analyses.

e Detection of Photons: Photons are reconstructed as localized energy deposits
in the ECAL without any associated charged tracks. Trigger strategies usually
rely on high transverse momentum (pr) photon candidates, often combined with
isolation requirements to suppress backgrounds from neutral hadron decays. In
modern detectors, the energy resolution of photons is typically at the level of ~ 1-
2% at high energies, while identification efficiencies are usually > 80%, varying from
detector-to-detector. Isolation of photon is usually done based on the absence of
significant additional energy in a cone around the photon, significantly reducing

QCD backgrounds.

e Detection of Electrons: Electrons are identified through a combination of charged
particle tracks in the inner detector and corresponding energy deposits in the
electromagnetic calorimeter. An important feature of this reconstruction is the
matching between the track momentum and calorimetric energy deposit. Electron
triggers are based on pr thresholds along with identification and isolation require-
ments. The energy resolution is comparable to that of photons, while the average
identification efficiencies are typically in the range of 70-90%. Bremsstrahlung ef-
fects in the tracker can affect the energy measurement of electrons and are taken

into account in reconstruction algorithms.
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e Detection of Muons: Muons are reconstructed using tracks in both the inner
detector and the outer muon chamber. Muon triggers are very robust, with rela-
tively low background contamination, and are typically based on pr thresholds. As
muons penetrate without depositing much energy in calorimeters, only momentum
resolution is relevant, and depends on the combined performance of the tracker and
muon chambers. It is typically at the percent level for a wide momentum range.
Identification efficiencies for muons are generally high i.e. > 90%, making them

extremely clean probes in collider analyses.

e Detection of Jets: Jets arise from the hadronization of quarks and gluons pro-
duced in the final states. Since partons cannot be observed directly due to QCD
confinement, they manifest as collimated sprays of hadrons. Jets are reconstructed
using clustering algorithms, which group nearby energy deposits and tracks into a
single object characterized by a jet radius parameter R. One such algorithm is the
anti-kp algorithm [209], which is a sequential recombination clustering algorithm

defined through the following distance measures (between objects av and f3):

1 1 \ARZ 1
dos = |min , S doB = |——1 , 3.17
’ [ (p%a p%ﬁ > R p%“,a ( )

where ARiﬁ = (Mo — 1p)> + (da — ¢5)* and R is the jet radius parameter. The
algorithm proceeds iteratively throught the following steps: (I) Compute all d,g
and dop. (II) Find min{d.g,dop}. (III) If min = d,g, recombine o, 8 — k with
Ph = Do + pg. (IV) If min = d,p, declare object a a jet and remove it from the
list. This procedure is repeated until no particles remain. In addition, algorithms
are also constructed for tagging heavy quark jets i.e. ¢ and b jets [210], primarily
based on the multiplicities of constituents of jets. The energy resolution of jets is

generally poorer than that of leptons or photons, typically ~ 10% at high energies,

and is dependent on detector calibration and pile-up conditions.

The summary of object reconstruction and detector performance is shown as a schematic

diagram in Fig. 3.6.
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FIGURE 3.6: Schematic diagram showing object reconstruction and detector perfor-
mance information for photons, electrons, muons, and jets.

3.2 Future Hadron and Lepton Colliders

Collider experiments has played a central role in shaping our understanding of fundamen-
tal physics. Early hadron colliders, such as the Super Proton Synchrotron (SPS) [201] at
CERN, marked a significant milestone by enabling pp collisions at high energies, leading
to the discovery of the W and Z bosons. This was followed by the Tevatron at Fermilab,
which operated at CM energy of upto 1 TeV and facilitated the discovery of the top
quark [24]. In parallel, lepton colliders provided a complementary avenue for precision
measurements. The Large Electron Positron (LEP) [203] collider at CERN enabled pre-
cision studies of the electroweak sector, including measurements of the Z pole properties
and constraints on the Higgs boson mass prior to its discovery. The LHC, operating at
CM energies of up to 13.6 TeV, represents the current frontier of high-energy colliders,
with the discovery of the Higgs boson, being its most notable achievement. Despite its
successes, the absence of direct evidence of NP at the LHC motivates the need for fu-
ture collider experiments with improved capabilities. In this context, several proposals
for next-generation collider experiments are under active consideration. These include
upgrades to existing facilities, such as the HL-LHC, as well as future hadron and lepton
colliders. Each of these aim to explore specific regions of parameter space, reflecting the
complementarity between energy frontier and precision frontier approaches. In addition
to experimental developments, collider studies relies heavily on realistic simulations to

model signal and background processes, as well as detector effects. These tools enable
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precise predictions and are essential for interpreting experimental data in the context of
theoretical models. A detailed description of the simulation framework used in this work
is provided in the App. 3.A. In the following sections, we briefly outline the key features

of these future collider projects.

Future Hadron Colliders Due to the stability of protons, they can be densely
bunched, and their large mass leads to negligible synchrotron radiation losses. As a
result, hadron colliders can achieve very high CM energies and accumulate large lu-
minosities, which constitute the primary objectives of future hadron collider programs.
Such high energies provide access to potential multi-TeV resonances predicted in many

extensions of the SM. We discuss some of the proposed hadron colliders below.

e High Luminosity LHC (HL-LHC): The HL-LHC [206] is a future upgrade
of the LHC, designed to operate at a CM energy of /s = 14 TeV, aiming for
a total integrated luminosity of ~ 3ab~'. It will utilize the existing ~ 27 km
tunnel at CERN, with operations expected to begin around 2030. The primary
goal is precision measurements of the Higgs boson couplings [211], in particular
the Higgs self-coupling [212], which remains poorly constrained at current LHC
runs. In addition, the HL-LHC aims to study several rare SM processes, and
perform indirect searches for NP. Key upgrades include improved inner tracking
systems, enhanced trigger capabilities, and precision timing detectors to mitigate

high pile-up conditions.

e Super Proton-Proton Collider (SppC): The SppC [213] is a proposed hadron
collider in China, designed to reach CM energies of /s ~ 70-100 TeV. Projection
studies for the SppC have considered an integrated luminosity reach of ~ 3-30ab™*.
It is planned to be housed in a ~ 100 km circular tunnel. The project is expected
to succeed to the eTe™ run at the CEPC, whose possible operation expected in
the 2040s. Its physics goals include direct searches for heavy NP states at the

multi-TeV scale as well as precision SM measurements.

e Future Circular Collider (FCC-hh): The FCC-hh [214] is a proposed pp col-
lider at CERN with a planned CM energy of v/s = 100 TeV and a target integrated
luminosity reach of ~ 30ab~!. It is expected to be preceeded by an ete~ collider

(FCC-ee) running in the same tunnel. It would be constructed in a new ~ 100 km
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tunnel around the Geneva region, with a expected start of operation in the 2040s
for the eTe™ stage. The FCC-hh aims to significantly extend the discovery reach
for multi-TeV NP, probe Higgs self-coupling with high precision, and explore rare

SM processes.

Future ete~ Colliders (Linear) Electron-positron colliders provide a clean experi-
mental environment, enabling precision measurements of SM and NP parameters. Linear

et

e~ colliders, in particular, offer superior control over the initial state, with reduced
ISR effects and improved preservation of polarized beams compared to circular machines.
However, their linear configuration limits the achievable CM energy due to practical con-

straints on accelerator length. We discuss some of the proposed linear colliders below.

e International Linear Collider (ILC): The ILC |77, 197, 215-219] is a proposed
linear ete™ collider based on superconducting radio-frequency (SCRF) cavity tech-
nology. It is proposed to operate at a CM energy of /s = 250 GeV, with upgrade
options to 500 GeV, and finally, 1 TeV. The ILC projects a integrated luminosity
reach of ~ 2-8ab™!, over different stages. The accelerator would extend over a
length of ~ 20 km at the 250 GeV stage, increasing to ~ 31 km for 500 GeV.
The timeline for operation depends on approval, with optimistic projections sug-
gesting early-to-mid 2040s. The ILC primarily aims to serve as a Higgs factory,
enabling extremely precise measurements of Higgs couplings, as well as detailed
studies of the top and electroweak sector. A key advantage of the ILC is the use of
polarized beams, achieving beam polarization of ~ £80% for electron beam, and

~ +20-4+30% for positron beam, depending on the CM energy.

e Compact Linear Collider (CLiC): The CLiC |77, 220, 221] is a proposed multi-
TeV linear ete™ collider under development at CERN. In contrast to the ILC, CLIC
employs a novel two-beam acceleration scheme using normal-conducting radio-
frequency structures, achieving very high accelerating gradients. This enables a
more compact design while reaching significantly higher energies. CLiC is planned
to be implemented in stages, with CM energies of 380 GeV, 1.5 TeV, and 3 TeV,
with a target integrated luminosity reach of ~ 1-5ab~!. The corresponding ma-

chine lengths are approximately 11 km, 29 km, and 50 km, respectively, for the
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three different stages, with expected operation around 2040s. The CLiC would al-
low both precision measurements and direct searches for NP at the energy frontier.
The initial stage focuses on top pair threshold physics, while the higher energy
stages extend sensitivity to BSM phenomena. Furthermore, CLIC is designed to
provide electron beam polarization of approximately +80%, whereas positron beam
polarization is not currently envisaged. The high energy reach and staged approach
make CLIC complementary to the ILC, albeit with more challenging beam condi-
tions due to ISR and other beam-induced backgrounds (BIBs).

Future Lepton Colliders (Circular) Circular electron-positron colliders offer ad-
vantages in terms of high luminosity operation and the potential for future upgrades
within the same infrastructure, such as transitions to electron-proton or proton-proton
collision modes. However, they face limitations in achieving and maintaining high beam
polarization and are more significantly affected by radiative effects, particularly syn-
chrotron radiation, limiting the CM energy reach for electrons. In the following, we

briefly discuss some of the proposed circular ete™ collider facilities.

e Future Circular Collider (FCC-ee): The FCC-ee [222] is a proposed high
luminosity circular ete™ collider at CERN, designed as the first stage of the broader
FCC program. It plans to operate at multiple CM energies, viz. the Z pole
(Vs ~ 91 GeV, with integrated luminosity up to ~ 150 ab™'), W threshold
(~ 160 GeV, ~ 10 ab™ 1), Higgs factory stage (~ 240-250 GeV, ~ 5-10 ab™!), and
top-pair threshold (~ 365 GeV, ~ 1.5 ab™!). The primary physics goals include
ultra-precise measurements of the Z pole observables, along with threshold W,
Higgs and top production cross section measurements, with sensitivities reaching

unprecedented levels.

e Circular Electron Positron Collider (CEPC): The CEPC [213] is a proposed
circular e™e™ collider in China, primarily designed as a Higgs factory. It is expected
to operate at /s ~ 240 GeV with an integrated luminosity of ~ 5-6 ab™!, along
with a Z-pole run at /s ~ 90 GeV, with up to ~ 10-20 ab™!. The CEPC will
preceed the SppC in the same ring. The physics program focuses primarily on
precision Higgs measurements, and electroweak observables at the Z pole. A key

feature of CEPC is its role as a cost-optimized Higgs factory with upgrade potential
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to a hadron collider in the same infrastructure, a model which is also followed by

the FCC program.

Future Muon Colliders Future muon colliders [223-225| represent a novel class of
lepton colliders, exploiting the large muon mass to suppress synchrotron radiation and
enable circular or compact configurations than can access very high energies. Proposed
designs span CM energies from ~ 3 TeV up to ~ 10-14 TeV or beyond, with projected
integrated luminosities ranging from ~ 1 to 10 ab~! depending on the stage. In addition,
novel proposals such as the yTRISTAN [226] project envisage both asymmetric u*e™
and symmetric u+u™ collision stages, with CM energy reaches of approximately 346 GeV
and 2 TeV, respectively, in their initial runs. Owing to the exotic nature of the initial
states, these configurations benefit from significantly reduced SM contamination, thereby
offering enhanced sensitivity to specific new physics scenarios. Further details on the
we” stage are discussed in Sec. 5.2. The collider rings of muon colliders are expected
to be significantly smaller than electron machines at comparable energies, with typical
radii of a few kilometers. The physics goals include both Higgs studies, including direct
s-channel Higgs production at lower energies, and exploration of the energy frontier at
multi-TeV scales, with strong sensitivity to heavy NP resonances. A unique feature of
muon colliders is their ability to combine the clean environment of a lepton collider with
energy reach ike hadron colliders. However, they face significant technological challenges,
particularly in muon production, cooling, and handling of BIBs from muon decays. All

proposed future collider scenarios are summarized in Tab. 3.2.

3.3 Statistical Inference in Collider Physics

The interpretation of data of nature is inherently statistical in nature, with collider data
being no exception. Experiments are subject to finite resolution of detectability, limited
statistic, and unfolding effects, making it impossible to directly infer underlying physical
laws from raw measurements alone. As a result, statistical methods play a central role
in both discoveries and precision studies at colliders. In a strict sense, any observed fea-
ture that is not statistically significant cannot be reliably associated with an underlying
physical phenomenon. Historically, several signals of new resonances or deviations from

the SM predictions have emerged at colliders, only to diminish with the accumulation of
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Collider CM Energy, /s Luminosity, £in¢
Future Hadron Colliders
HL-LHC 14 TeV 3ab™!
SppC 70-100 TeV 3-30 ab™!
FCC-hh 100 TeV 30 ab™*

Future ete™ Colliders (Linear)

ILC 250, 500 GeV, 1 TeV 2-8 ab~!
CLiC 380 GeV, 1.5, 3 TeV 1-5 ab™?
Future ete~ Colliders (Circular)
CEPC 240 GeV 5-6 ab™!
FCC-ee | 91, 160, 240, 365 GeV 1.5-150 ab™*
Future Muon Colliders
ptp 3-10 TeV 1-10 ab™!
phre” ~ 346,775 GeV il 115y
ptpt ~ 2,6 TeV 1ab!

TABLE 3.2: Summary of future collider experiments with representative center-of-mass
energies and projected integrated luminosities.

more data. A notable example is the transient excess around 750 GeV in the diphoton
channel reported at the early Run-II of the LHC, which initially generated significant
interest in the community, but was later understood to be a statistical fluctuation [227—
229]. Similarly, a number of long-standing anomalies in flavor physics, such as deviations
in B-meson decay observables [50], have persisted over time but have not yet reached
a statistical significance sufficient enough to be established as a direct implication of
BSM physics. These illustrate that statistical significance is the criterion that elevates
an observation from a mere fluctuation to an evidence of NP. In collider physics, this is
typically quantified in the context of signal (S) and background (B) event counts. In
context NP searches, a signal hypothesis corresponds to the presence of NP contribu-
tions, while the background generally represents known SM processes that can mimic

the same final state. A commonly used measure are the ratios Z; and Zs, referred to as
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Signal Significance [9], as defined as

5 S s

5 Z= =% (3.18)

Z1 provides an estimate of how the signal count overrides above statistical uncertainty
of the background count under the assumption of Poisson statistics. Zs is a more refined

version which account for both signal and background uncertainties. A furthermore

= fafisemm(143) 5] -

In the regime of large B, the definitions are equivalent, i.e. Z ~ Z; ~ Zy ~ Z3. In

refined version is

practice, a significance of Z = 5, referred to a 50 deviation, is required to claim a
discovery, while Z ~ 2-3 may indicate tension with the SM. However, precise constraints
on NP scenarios at collider experiments, as well as in phenomenological studies, require
more sophisticated statistical techniques. In the following sections, we discuss some
statistical techniques employed in studies to estimate limits on NP and extract BSM

parameters from collider data.

Method of Maximum Likelihood The method of maximum likelihood or the log-
likelihood method [9] provides a framework for parameter estimation based on the prob-
ability of observing events given a model. Let {x;} denote a set of independent obser-
vations drawn from a probability density function (pdf) f(z; @), where 0 represents the

set of model parameters. The likelihood function is defined as

Z(0) = Hf(xi; 9). (3.20)

It is often convenient to work with the log-likelihood,
N
In.Z(0) = > Inf(z:;0). (3.21)
i=1

The maximum likelihood estimator (MLE), 8, is obtained by maximizing In .Z(0),

OlnL
00

=0. (3.22)
0=0
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For counting experiments, where the number of observed events n follows a Poisson
distribution with the expected count being ©(0) = S(0) + B, the likelihood takes the
form

2 =" (3.23)

A(0) = &?) . (3.24)
Z(0)
The test statistic is defined as
q(0) = —21In A\ (0), (3.25)

is asymptotically distributed as a x? distribution under Wilks’ theorem [230], providing

a connection to confidence intervals and hypothesis testing.

Method of Least Squares The method of least squares or the x? method [9] is
another widely used technique for parameter estimation when measurements are approx-
imately Gaussian distributed. Consider a set of N measurements {y; } with corresponding
theoretical predictions {u;(@)} and uncertainties (standard deviations) {o;}. The good-

ness of fit is quantified through the x? function,

2(0) = 5O =10 (3.20

=

and, the best-fit parameters 6 are obtained by minimizing x? with respect to the model

parameters,
ox?

0=0

In the presence of correlated uncertainties, the x? function generalizes to
N

X20) =D (yi— pa(0) (V)i (y; — 15(6)) (3.28)

ij=1
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where, V is the covariance matrix. The covariance matrix V' encodes both the variances

and correlations among the measured observables, and is defined as

Vij = Cov(yi,y;) = ((yi — (i) (y5 — (y))) - (3.29)

In particular, the diagonal elements correspond to the variances, V;; = 037 while the
off-diagonal elements describe correlations between different observables. It is often
convenient to express the covariance matrix in terms of the correlation matrix p;;, Vi; =
pij 0i0j, where p;; € [—1,1] and p;; = 1. Under the Gaussian assumption, the least-
squares method is equivalent to the maximum likelihood method. The minimum value
X2, provides a measure of goodness of fit, and for a correct model, it follows a x?
distribution with (V. — M) DOFs, where N is the number of independent measurements,
say bins of a distribution and M is the number of fitted parameters. Confidence intervals

on 6 can be obtained from contours of constant Ax? = x? — x2. .

Optimal Observable Technique The Optimal Observable Technique (OOT) [231,
232] provides a statistically optimal model to estimate parameters from differential ob-
servables, and is particularly useful in scenarios probing small deviations from the SM.
We consider a general scenario in which the SM is extended by NP contributions, such

that the theoretical differential cross section can be expressed as

09) = T =Y afio), (3.30

)

where, ¢ denotes the relevant phase space variables, f;(¢) are linearly independent func-
tions dependent on ¢, and the coefficients ¢; encode the underlying NP parameters, say
WCs. Our objective is to determine the coeflicients ¢; with maximal statistical precision.
Assuming a constant event rate over a period of collider run, the total number of events
N is

N = o7 Lint, where, or = /(’)(gf)) do, (3.31)

The optimal covariance matrix for the parameters ¢; is given by

1
£int

Vij = (M~Y)i;,  where, M = / W do. (3.32)
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This demonstrates that the achievable precision is governed by the integrated luminosity

and the functional dependence of the differential cross section. The covariance matrix

0

.- determines the correlations amon e coefficients ¢;. Considering, “seed” values c;
det th lat th il ts ¢;. C d , “seed” val i

around which the deviations are studied, one can construct the y? function,

X2 =€ (ci—c) (Vg hij(ej— ), (3.33)

i,J
where, Vj denotes the covariance matrix evaluated at ¢; = c?, and e represents an overall
efficiency factor accounting for detector and selection effects. The OOT is optimal in the
sense that it saturates the Cramer-Rao bound [9], providing the smallest possible sta-
tistical uncertainties for unbiased estimators of the parameters ¢;. It is therefore widely

used in precision studies and in constraining EFT coefficients at collider experiments.

Appendix: Collider Phenomenology

3.A Collider Simulation Framework

Collider simulations play a crucial role in the study of NP. Since analytical cross section
based estimates are often insufficient to capture the full complexity of collider environ-
ments, simulation tools are employed to model the entire chain of processes from the
underlying model all the way upto experimental observables. These frameworks enable
the generation of realistic-like event samples, incorporating both field theory inputs as
well as detector effects, and are indispensable for estimating sensitivities of NP scenarios.

A typical collider analysis proceeds through several well-defined stages:

e Model Implementation: The first step involves implementing the model, which
is primarily generating the Feynman rules associated with all the interaction ver-
tices. Useful tools in this respect is FeynRules [233|, which extracts Feynman
rules from user-defined Lagrangian and field contents, and outputs as Universal

FeynRules Output (UF0) [234] model files.

e Matrix Element Generators: Matrix element generators calculate parton-level
cross sections and generate Monte Carlo events based on the imported UFO model.

These simulations provide the kinematic distributions of final state particles before
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radiative and hadronization effects are included. One popular software in this

respect is MG5_aMC [235].

e Parton Shower: The outgoing partons from the hard process undergo QCD
radiation, modeled through parton shower algorithms. This stage simulates the
emission of soft and collinear radiations, effectively resumming large logarithmic
corrections and producing realistic jet structures. This is primarily done using

Pythia8 [236].

e Detector Effects: The particles produced after shower are passed through a de-
tector simulation, which models the response of a real detector. This includes effects
such as finite resolution, object reconstruction, particle identification, and accep-
tance cuts, thereby bridging the gap between theory and experiment. Delphes3 [237]
handles detector simulation, with FastJet3 [238] dedicatedly performing jet con-

structions.

e Statistical Analysis: Finally, simulated signal and background events are an-
alyzed using statistical methods to extract physical information. This includes
constructing observables, applying selection criteria, and placing constraints on
model parameters. The ROOT [239] framework provides an integrated environment

for such analysis.

COLLIDER ANALYSIS PIPELINE
= Do reconstruction
=» Detector simulation

- Model Lagranian | |- Matrix elements = Do hadronization - Event distributions
- Implement vertices | |-» Generate MC events| | -» Model QCD effects -» Statistical Limits
(Input: Lagrangian) (UFO Files) (Parton Events) (Showered State) (Detector Data)
i Delphes3
Feyniutes) gy (M6-2MCD {Pyehiod) L (@erorsimiston) »

{FastJet3}

»
>"O:<E‘ : Gt constucton)
H e @
= = > o

(Output: UFQ Files) ~ (Parton Events)  (Showered Events)  (Detector Data) (Distributions)

F1cURE 3.7: Schematic diagram showing the entire collider analysis pipeline, from
model implementation to statistical analysis.

The schematic diagram of the pipeline is shown in Fig. 3.7. This extended pipeline
ensures that theoretical predictions can be robustly compared with data, allowing for

reliable interpretation of potential deviations from the SM.
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Chapter 4

Application to Higgs Physics

“There is another world, but it is in this one.”
Paul Eluard
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SINCE the discovery of the Higgs boson, particle physicists have devoted significant
effort to the precise scrutiny of its properties. While current measurements show remark-
able agreement with SM predictions, the Higgs sector remains one of the most promising
portals for uncovering BSM physics. In particular, precise measurements of the Higgs
interactions with electroweak gauge bosons, W and Z, as well as the photon, are of
paramount importance. Any deviation from SM expectations could indicate the pres-
ence of higher scale physics, potentially shedding light on fundamental open questions
such as the naturalness of the electroweak scale, the origin of CP violation, and the

structure of the Higgs vacuum.

Among the various Higgs production mechanisms, although gluon-gluon fusion (ggF)
yields the largest cross section at the LHC, sub-leading processes such as vector boson
fusion (VBF) and associated production (Higgs-strahlung) offer enhanced sensitivity to
NP in the electroweak sector, owing to their direct dependence on Higgs-gauge couplings.
An additional advantage of these channels is their relevance at both hadron and lepton
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colliders. At lepton colliders, Higgs-strahlung dominates at lower CM energies, while
VBF becomes increasingly important at higher energies. This complementarity across
different collider environments enables a more comprehensive and robust probe of possible

deviations from the SM.

This chapter comprehensively investigates the application of the SMEFT framework to
anomalous Higgs-gauge boson couplings across future hadron and lepton collider envi-
ronments. Sec. 4.1 begins by exploring these couplings at the HL-LHC, utilizing the Zh
associated production mode to constrain Higgs-gauge coupling modifiers while highlight-
ing the distinct impacts of Higgs-current and dipole contact operators. Transitioning to
the precision-oriented environment of future lepton colliders, Sec. 4.2 evaluates the opti-
mal extraction of the hV'V couplings at an ee~ Higgs factory, demonstrating how the
use of polarized beams can maximize the statistical sensitivity of the EFT parameters.
Finally, Sec. 4.3 delves into the CP-violating structures of the Higgs-gauge interactions,
employing spin correlation asymmetries across multiple Higgs decay channels to effec-
tively isolate and constrain CP-odd SMEFT interactions that otherwise remain elusive

in standard total cross section based approaches.

4.1 Higgs-Gauge Boson Couplings at the HL-LHC

Higgs couplings in SMEFT via Zh production at the HL-LHC.
S. Bhattacharya, S. Biswas, A. Sarkar.
Phys.Rev.D 111 (2025) 11, 11 (e-Print: 2403.03001 [hep-ph])..

While many of the Higgs boson’s properties closely mimic that of a SM-like isodou-
blet [240], precision measurements allow for robust NP studies via the Higgs sector. One
standard way of parametrizing the Higgs couplings beyond the SM is to use the k frame-
work [241], where any deviation from the SM is taken into consideration by variation of
the k parameter, where x = 1 depicts SM. For example, concerning the hZZ coupling,
the corresponding k7 = (thZ/gfg[Z). Most of the Higgs studies at the LHC uses such
parametrisation and so do we. However, one needs to be vigilant about the possible
sources of NP that generates such contributions and need to be consistent with null

observation of NP searches while scanning the possible values that x can acquire!.

1We will address this issue later in a specific context.
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Over the last two runs, LHC experiments, ATLAS [6] and CMS [7] have almost pinned
down the Higgs couplings to less than 10% uncertainty, however, the HL-LHC run will
prove to be significant for establishing a clearer picture of Higgs characteristics. The
Higgs couplings associated with gauge bosons have been studied extensively in the exist-
ing literature from various point of views. They include bounds on the anomalous cou-
plings [242-246], Higgs CP properties [247-251], etc. The procedure involves dedicated
signal observables as well as in the EFT framework [252-266] in variety of production

and decay channels in context of the current and future colliders.

In this analysis, we study the NP effects in hZZ and qqZ couplings as well as the
fully NP induced qqZh coupling in the Zh associated production mode at the HL-LHC
frontier. We adhere to the k framework to depict NP contribution coming to hZZ
coupling, whereas the NP contributions to qqZ and gqqZh are studied within the realm
of SMEFT [150]. We would also like to note here, that while the contributions to xz # 1
may very well appear from the SMEFT operators, however, there are restrictions like Z
mass corrections, which may constrain such contributions. Therefore, parametrising the
hZZ coupling via kz makes us explore possibilities even beyond SMEFT. In short, by
using both x framework and SMEFT, we are basically taking the leading contributions

to the relevant couplings that affect the chosen process.

Out of the different channels of Higgs production, the Vh (V = W, Z) production cross-
section turn out to be more sensitive to the variation of effective operators concerned
in the modification of the aforementioned couplings. In this analysis, we study the
Zh channel. There have been a number of analysis concerning the Wh/Zh produc-
tion modes [253-259]. However, the effect of dipole contact operators in context of the
qqZ/qqZh couplings have been neglected. The effect of dipole operators have been stud-
ied in [267], but concerning the Wh mode only. We show that the presence of both
Higgs-current as well as dipole contact operators appreciably alter the existing bounds

on the concerned couplings at the present and projected LHC sensitivities.

The organization of the section is as follows: we discuss SMEFT operators relevant for
our analysis and their sensitivities in Sec. 4.1.1, constraints on the coupling modifiers as
well as SMEFT coefficients from current data in Sec. 4.1.2, detailed collider analysis in

Sec. 4.1.3 and concluding remarks in Sec. 4.1.4.
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4.1.1 EFT Framework and Relevant Operators

The couplings of primary interest for this chapter are the qqZ/qqZh and hZZ vertices
which appear in both VBF as well as Zh production modes of the Higgs boson. The set
of interaction terms involve those connecting to the gauge fields, field strength tensor
(or the dual of it) along with the Higgs field and quark bilinear with all possible Lorentz

structure, adhering to U(1)gym gauge symmetry after EWSB, as furnished below.

Lsv = oot Zyupyur + 9% Zuury ur + 957 Zudy*dr + ghg Zudry'dr;  (4.1)
m2
Ly=rtz—2 Z,7V'h; (4.2)
v
— h % h w7 hA/w hA/w~
Lxp =9zz ;Z Zw + 9,5 ;Z Zyy + gyz ~ Zw + 9.7 > Zuw
+ gk Z upy " + gf Z gy ur + 9 Zudintdr + gF Z,.dpytdr
h h h  — . -
+ 6L EZ#Efy“uL + 6B ;Z“mqu + 6% ;ZMdLyﬂdL + o8 EZ#dedR (4.3)

1 i*__ = -
+ gu —(upo"up + wro"'ur)Zu + g4 ;(dLO"WdR + dro"Vdr) Z

>=c

ho_ .
+ 6y — (Upo"up +URo" ur) Zu + 64 U—Q(dLUWdR +dro"dr)Zu .

<

Here, kz is the SM hZZ coupling modifier. The advantage of the x framework in
addition to heavy integrable NP scenarios is that it enables us to consider undetected light
degrees of freedom without explicitly introducing an NP scale. In the above equations,
the notations have their usual meanings, particularly note Z,, = 0,2, — 0,Z,, ZW =
eu,,a,gZaﬂ where 7, denotes the physical Z boson, €,,45 is a completely antisymmetric

tensor and o = L[yM "],

In the absence of direct observational evidence of NP signals at current experiments,
one of the best possible ways to gauge the effects of NP is through higher dimensional
effective operators constructed out of the SM fields respecting the SM gauge symmetry.
They are popularly referred to as SMEFT operators. Note here that SMEFT operators
also include the Higgs field as an isodoublet under the SM gauge group; while there are
efforts to keep it beyond (for example, in HEFT [268]), given the Higgs properties closely
mimic that of a SM doublet, we choose the SMEFT framework to explore the limit of
NP2

2Operators with two Higgs doublets [269, 270], or a right handed neutrino [169, 271-273] have also
been found out.
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These operators are suppressed by an appropriate power of a heavy NP mass scale
(A) integrated out, depending on the mass-scale of the operator. Understandably, the
effects of such operators diminish with higher mass dimensions of the operators, hence
we will constrict ourselves to the lowest dimension operators that contribute to the
processes studied in this chapter, which appear in dimension 6%; operators of dimension
8 [171, 172] may also contribute, but we have not considered them in our analysis. We
provide a detailed matching of Eq. (4.3) with the standard SMEFT framework in the

Warsaw basis [11] later in this section.

SMEFT Operators Associated with Zh Production As discussed in Sec. 2.2, the
SMEFT Lagrangian can be written as:

c; 09
ﬁ:ﬁSM—l—Zm, (44)
ivd

where (’)Ed) represents operators of dimension d and Cj represents the WCs. Throughout
this chapter, the effective scale is set to A = 1 TeV, while the resulting bound or sensitiv-
ity is obtained for the corresponding WCs, C;. It is simple to understand that the limit
on C; can be rescaled easily for different choices of A, following (Ci /A2) = (C’{ JN 2).
Although the validity of the effective limit depends on the choice of A, strictly speaking,
the CM energy of the reaction should abide by /s < A. At hadron colliders, it is difficult

to ensure such a condition; we elaborate upon the possibility later.

zZ 4 Z 4

FIGURE 4.1: SM and EFT contributions to the Zh associated production mode at the
LHC. Dotted vertices refer to the presence of EFT operators.

There is no unique basis for the choice of these operators and all the different bases are
equivalent. We choose the Warsaw basis for our representation. The SMEFT operators

relevant to Zh associated production, and applied throughout the subsequent collider

31t is well known that the only SMEFT operator in dimension 5 is the Weinberg operator NN¢; N =
Het, which generates Majorana neutrino mass.
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analyses in this section, are tabulated in Tab. 4.1, and the corresponding Feynman dia-
grams are shown in Fig. 4.1. The vertices with a blob represent effective operator con-
tributions, which modify hZZ, qqZ vertices, and additional contributions are obtained

via vZh and qqZh vertices.

Before moving forward, as mentioned in Sec. 2.2, the operators are classified majorly into
two categories i.e. LG operators or PTG operators for NPs which are weakly coupled
and decoupling [176]. The LG operators are suppressed additionally by a factor of (47)?
coming from the loops, and hence their contributions are expected to be suppressed in
comparison to the PTG operators if the underlying NP scale is the same. However, this
additional suppression factor for the LG operators is not intrinsically incorporated in
most SMEFT studies; to maintain uniformity of nomenclature, we will use the operator

classification as in [11].

CP-even hZZ modifiers Higgs-current operators
O = (HUH)O(H'H) Oy = (HIiDLH) (@,7"q,)
Onp = (H'D,H)(H' DV H) 0P = (HYiDLH)(@,7"+"a)
Opw = (HTHYWI, Wi Orra = (H'i D, H) @y uy)
Oup = (HH)B,, B Oma = (HY D, H)(@,"d,)
Onws = (HTTIH)W/{VB“V Dipole operators
CP-odd hZZ modifiers - (GpUWUr)TIﬁW,fV
O = (HTH)W], Wi Oun = (@0 u,)H By
O, 5= (H'H)B,,B" Oaw = (Go"d,)T' HW,
O g = (HITTHYW], B Oup = (G,0"d;)H B,y

TABLE 4.1: Dimension 6 SMEFT operators: Left: hZZ vertex modifiers, Right:
qqZ/qqZh contact vertices (Higgs-current and dipole types), relevant to Vh associ-
ated production. Here, p and r are quark family indices. For complex operators,

the presence of respective hermitian conjugates is assumed. For relevance: D, =
8# + Zg TIWL{ + ig,YBl“ W/il/ = alth{ - aVW;f =+ gelJKW/;]WyKa Buu = auBll - 8VB;M

HYD,H = iH\D,H — i(D,H)'H, HTZ'HH — iH'r'D,H — i(D,H)r H, V,, =
€ps VP (V=W B).

A few observations related to the operators as mentioned in Tab. 4.1 are as follows: The
operators Opgg and Opp modify the Higgs gauge boson coupling by a multiplicative
factor without introducing any new Lorentz structure, amounting to a renormalization

of the Higgs field. As such the contribution can be absorbed in the coupling modifier.
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The operators Ogw, Ogp and Ogwp contribute in the modification of the hZ Z vertex.
These amount to the CP-conserving anomalous Higgs gauge boson coupling. The oper-
contribute in the modification of the hZZ vertex. These

amount to the CP-violating anomalous Higgs gauge boson coupling. The operators Og;,

ators Oy, Oy and O g5
OS?;? Oy, and Opy contribute to the 4-point interaction qqZh. These operators also
contribute to the qqZ vertex and are referred to as Higgs-current operators since their
form is analogous to current, j* = 1y*¢). The operators Oy, Oup, Oaw and Oyp
contribute to the 4-point interaction gqZh. These operators also contribute to the qqZ
vertex, contribute to the dipole moments of quarks, and hence can be referred to as
dipole operators. A complete matching between the coefficients of Ly p in Eq. (4.1) and

the SMEFT coefficients as in Tab. 4.1 are shown in Tab. 4.2.

Coefficient Warsaw equivalent
92z 2 (2, Caw + s5,CHB + swcwCrwp) v? /A?
Gz (2swc%U(C’HW — Cyg) + (52 — cgj)CHWB) v [A?
9,7 2 (chCHW +82Chs + SwaCH’WB) v2 /A2
9.7 (2swcfu(CHW — Omp) (82, — C’%U)CHWB) v? /A2
gk — (Cliy+Cih) ev?/ (2A2sc)
95 3 ( g; - C’S’;) ev?/ (2A2chw)
gl —Chyev?/ (2A23wcw)
gh —Craev?/ (20%sycw)
oL — (Cliy +C)) ev?/ (2s4c0)
(55 — (Cl(ql; — CS;) ev?/ (A2swcw)
o ~Chyev?/ (A2swcw)
555 —Crqev?/ (A28wcw)
Gu (5wCuB — cwCuw ) ev?/V/2A?
9d (5wCaB + cuwCaw ) ev?/v/2A?
Ou V2 (50Cup — CowCuw) ev? /A2
0d V2 (50CaB + cwCaw) ev? /A2

TABLE 4.2: Matching between coefficients in Eq. (4.3) and the SMEFT coefficients.
Sw and ¢, are the sine and cosine of the Weinberg angle.

Parametrization of Production Cross Sections When SMEFT effects are in-

cluded, the cross section consists of three types of terms viz. the pure SM contribution,
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the SM plus EFT interference (o A=2 from dimension six operators) and the pure EFT
contribution (occ A=*). Inclusion of dimension 8 operators would result in SM plus EFT
interference contribution oc A=* which is comparable to the pure EFT contribution from
dimension 6 terms, however, we do not consider them in this analysis. The production

cross section in presence of SMEFT operators takes the form:

nr nQ
o=o5M 4 Z CZ'O'Z(L) + Z C’iCjJEJQ) , (4.5)
i=1 i<j

where nz, and ng refers to the number of linear and quadratic SMEFT contributions. The
(L) (@)

effective scales A=2 and A~* are absorbed in the cross sections o, and o y

respectively.

In the presence of coupling modifiers k, the cross section in equation (4.5) takes the form

as below,
ny, nQ
o=r2aM 15" (aPr+ 862 G oM + Y (14 Pk + P2 CiCy 0l
i=1 i<j

nr nQ
w=r>+ Z (aZ(L)m + Bi(L)/i2) C; uEL) + Z (1+ ag??)n + ﬁi(jQ)"JQ) CiCj MEJQ) ;
i=1

1<j

(4.6)

where p is the signal strength, i.e. pu = o/ogpy. Differential cross sections can be
parametrized in a similar manner. At the hadron collider, an analytical form of the
cross section is difficult to write due to the uncertainty of the incoming momenta of the
partons. However, we can numerically fit the production cross section as a function of
the parameters and this turns out to be equally useful for gauging the effects of NP. In
the following, we fit the operator coefficients following (4.6) at 14 TeV LHC for the Zh
associated production process considering one operator at a time. The variation of the
total production cross section are shown in Fig. 4.2 (for CP-even hZZ modifiers and
Higgs-current operators) and 4.3 (for CP-odd hZ Z modifiers and dipole operators). The
ratio of the total production cross section for moving from 13 TeV to 14 TeV are also
shown. We adopt the following methodology, the effective Lagrangian is implemented in
FeynRules [233] to generate the UFO model [274] file. The model file is validated with
standard UFOs like SMEFTsim [275| and SMEFTatNLO [276]. This model file is then fed
into the event generator MG5_aMC [235] to obtain the above cross sections at LO. The
cross sections are generated at production level without decaying Z or h to any specific

decay mode without any kinematic cuts. The PDF set and flavor scheme choice are
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NN23L01 [277] PDF set and U(2), x U(2),, x U(2)q, respectively.

A few key points observed are as follows: The Higgs-current operators have significant
linear as well as quadratic contributions indicating large pure EFT contribution. The
enhancement of the EFT terms result from the absence of propagator suppression in the
production process. The dipole operators have no linear contribution. This is because
they bind fermions with different chiralities and hence do not interfere with the SM
process. Due to the absence of linear dependence, they cause variation in the cross

() . . :
Hy shows near symmetric

behaviour along the positive and negative side. The operator Og’; dips around C’g’; =

section only in the positive direction. All the operators except O

—0.2 and then continues to rise as we go further in the negative direction. This is
due to strong linear as well as quadratic dependence and the trade off between them
happens away from CS; = 0 towards the negative axis. When moving from 13 TeV to
14 TeV LHC, the contact operators i.e. operators associated with qqZ/qqZh vertices,

significantly boost the production cross sections. The other operators are less sensitive.

LHC 13 & 14 TeV

13
Crw - cHr:

LHC 14 TeV

13
Crw - cHr:

Cha Chur CHa Chir

Cha Cho

O14/013

-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
¢ c;

FIGURE 4.2: Left: Variation of Zh associated production cross section with variation
in CP-even hZZ modifiers and Higgs-current effective operator coefficients at the 14
TeV LHC. Right: Variation in the ratio of production cross section of the 14 TeV LHC
to the 13 TeV LHC with variation in the effective operator coefficients. See figure inset
for the colour codes.

For our analysis, we consider the two operators (’)1(321 and Oy, as a representative of the

Higgs-current and dipole class respectively. It should be noted that the choice is based
on their sensitivity to the production cross section, however other operators from the re-
spective classes maybe more sensitive to particular observables or be less bounded from
experiments. Our consideration is based on proof of concept and any other operator can
be chosen in lieu of these. Along with the coupling modifier kz (which approximately
estimates the EFT effect to the hZZ vertex), this forms our EFT parameter space:

{kz, Cuw, C’g;}. The parametrized coefficients for signal strength associated with Zh
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FIGURE 4.3: Left: Variation of Zh associated production cross section with change in
CP-odd hZZ modifiers and dipole effective operator coeflicients at the 14 TeV LHC.
Right: Variation in the ratio of production cross section of the 14 TeV LHC to the 13
TeV LHC with change in effective operator coefficients. See figure inset for the colour
codes.

production with these operators following Eq. (4.6), derived via a multidimensional nu-
merical fit, are tabulated in Tab. 4.3. This parametrization gives an overview of the
EFT effects on the inclusive cross section. Coefficients of linear terms in 1, Kz, Cyw
and CS; are not present in our parametrization as it is evident from Eq. (4.6) that the
interference between SM and SMEFT vertices appear as coefficient of x C’S’;. Further,
the coefficients of kz; Cyw, /@22 Cuw, Cuw C’g’;, kz Cuw Cl(r?; and /@QZ Cuw C’SC)I vanish
because of no interference between the SM and OSBI operators with diagrams with O,

operator as the dipole operator mixes quarks of different chiralities (¢;0uqr / Grouw L)

in contrary to the SM or Higgs-current operators which mixes quarks of same chirality

(@rYu9r / R YuaR)-

We shall also note that the variation of the cross-section presented here with EFT oper-
ator coefficients, have been done without considering the constraints on these operators.
We shall do it in the next section. We get the dominant physics contribution to the
process under consideration and the resultant parametrization, which remains intact
with the modified range of the operator coefficients that will be used for scanning the

parameter space.

It should be further noted that due to the presence of momentum dependence in EFT
vertices or absence of propagators, effect of EF'T operators are evident mostly at the tails

of differential distribution. Hence, presence of EFT, if any, can be best interpreted from
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Coefficients | 1 | Cuw | C) | (Cuw)? (Cﬁ’;)z Cuw CS)
1 - - — | 3.0277 | 4.2429 =
Kz - — | 17060 | 02106 | 0.3880 =
(kz)® | 1.0000 | — |01439 | 02000 | —0.0472 -

TABLE 4.3: The parametrized coefficients (p;, pi;) for operators (’)S;, Ou.w and Kz
contributing to Zh production at 14 TeV LHC, following Eq. (4.6).

changes to the differential distributions. Fig. 4.4 shows the ratio of the invariant mass
distribution, Mz, = 1/ (pz + ph)2 for Zh production in the presence of EFT operators
to the corresponding SM prediction at the 14 TeV LHC.

L5 SMonly (= 0.00) 161 : 's.rL'_'_'. sMenly (cfil =0.00)
1 SM + EFT (cyay =0.01) !

SM + EFT (¢l = 0.01
1 SM + EFT {cyw = 0.05) = M+ EFT ey !

|=1 sM + EFT (cf}) = 0.05)

)
)

=R} oo 4 ]
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i
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l—'—-
1 . - --- 1| e SO
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FIGURE 4.4: Left: Ratio of the invariant mass distribution, Myz; for Zh production
in presence of O, operator to the corresponding SM prediction at the LHC 14 TeV.
Right: Same for OS; operator. The grey vertical line refers to the EFT scale, A = 1
TeV.

Comparison with Other Higgs Production Modes The operators O, and (’)SBI

are not unique to the Vh (V = W, Z) associated production mode. It appears in the
vector boson fusion (VBF) and single top production in association with Higgs (thj) as
well. The thj process has a comparatively smaller cross section and it is not ideal for
the study of these operators, but the VBF mode has a larger cross section compared to
V' h associated production mode, as considered here. These operators are also associated
with the diboson production (VV = WW, W Z, ZZ) processes. However, the ratio of
the signal production cross-section including EFT and that of the SM contribution is
more sensitive to the changes in the WCs in Vh mode compared to that of VBF and
V'V channels. This has been illustrated in Fig. 4.5 for the operators Og; (left) and
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Ouw (right) 4. Also, for both V'V and V BF modes, pure contact interaction diagrams
are absent, so EFT contributions always come in presence of one or more propagators.

Hence, for the study of qqZ/qqZh vertices, Zh production is considered in our analysis.

LHC 14 TeV

— WBF —— W 22 i LHC 14 TeV
304 — WH Wz — VBF  — WW
— ZH —_—7Z | — WH 74
201 — 7H —_— 77

—0.4 0.2 0.0 0.2 0.4
(3)

- = = = -
-0.4 -0.2 0.0 0.2 0.4
Chig Cuw

FIGURE 4.5: Left: Variation in the ratio of production cross section to the SM cross
section in VBF, Vh and V'V processes at the 14 TeV LHC with variation in effective

coefficient CS;. Right: Same for Cyyy .

4.1.2 Constraints on hZZ Couplings

As established, the current uncorrelated bounds from ATLAS (139 fb~!) and CMS (138
fb~1) are based on Run II data and involve a global fit over the main five production and
decay channels. Since we intend to study Zh associated production with A subsequently
decaying to a bottom pair, the bottom Higgs coupling modifier, kg, is also important for
this analysis. Higgs decay to a bottom pair has been studied intensely at the LHC across
several channels, and the bounds are given in terms of signal strength (), i.e. the ratio
of the observed signal to the SM predicted value. In Tab. 4.4 we list out the uncorrelated
bounds on the coupling modifiers as well as the signal strengths of the Higgs decay to

bottom pair in the Zh production channel.

Considering the bounds on the signal strength, we can limit the coupling modifiers using

the measured signal strengths as shown in Eq. (4.7).

MZh _ (O'Zh X (B-R-)hbb) _ K,QZIQQB
b (gZh x (B.R.)mw)smr 0.1775 + 0.5809x% + 0.2416K2

(4.7)

4One should however note here that the sensitivity of a specific channel not only depends on the
signal cross-section, but also relies on the background contribution and the efficiency in extracting the
signal.
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Measurable Bound Source
[0.97, 1.11] CMS (pp — h) [7]
" 10.94, 1.05] ATLAS (pp — h) [6]
[0.85, 1.11] CMS (pp — h) [7]
" 10.79, 1.01] ATLAS (pp — h) [6]
I [0.59, 1.17) | CMS (pp — Zh,h — bb) [5]
Vo [0.85, 1.33] | ATLAS (pp — Zh,h — bb) [4]

TABLE 4.4: Constraints on xkz, kg and pZ?, (at 95% C.L.) from ATLAS and CMS
experiments.

In evaluating Eq. (4.7), both the Higgs couplings with the bottom quark as well as with Z
bosons have been modified keeping coupling with other fermions unchanged. k; appears
from the production cross-section, while kp appears from the decay branching fraction,
pertaining to the fact that Higgs production and decay modes are those predicted in
the SM, the NP effects only enters via rescaling of the Higgs coupling strength. The
denominator comes from the modification of the Higgs decay width, which is easily
adjusted within the observed total Higgs decay width at LHC for moderate values of k
parameters. We can see that for kz = kp = 1, the signal strength turns one. We further
invoke the custodial symmetry requirement ky = kz. This assumption reduces the
number of free parameters in the model and is consistent with the LHC bounds reported
in [6, 7]. However, this assumption can be relaxed, and the impact of doing so in our
analysis is discussed in App. 4.E. The bounded region is shown in Fig. 4.6. Additionally,
superimposing the current correlated bound on the ki — Kk space from the combined
Higgs measurement gives the status of the most accurate constraint from the current

data. The uncertainties are less than 10% from the SM prediction.

Constraints on the Effective Coupling Coefficients In context of the study of
Higgs couplings in effective framework, several collaborations [278-282] has attempted
to provide global bounds based on Higgs, Top and Diboson data from Tevatron, LHC
and LEP. Similar fits have been done including B-Physics data with LHC top and bot-
tom quark studies [283, 284|. Similarly, global fits have also been performed based on
Electroweak Precision data as well as Acgy measurement [165]. Customarily, both AT-

LAS and CMS have done a number of studies on constraining the EF'T operators across
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1.6 ————
CM5  [plpp—ZH, H=bb)]
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I ATLAS [pp—H, 95% C.L.]
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My
14
0.8 1
0.6 - —r T T T -
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FI1GURE 4.6: Constraints on coupling modifiers kz and kp based on combined limit
on pp — Zh, h — bb production signal strength (bands) [4, 5] as well as the combined
experimental best fit from all Higgs production and decay processes (ellipses) [6, 7] at
ATLAS and CMS experiments.

various channels using latest data. While ATLAS uses SMEFT, CMS uses Higgs Ef-
fective Lagrangian parametrization, we will consider bounds from ATLAS [4, 285-287]
only. Also, there have been numerous studies concerning SMEFT, projecting constraints
for future collider experiments [288-290]. We tabulate the constraints on the coefficients
Cuw and C’g’; from current data in Tab. 4.16 and 4.6. The contraints on other dipole
and Higgs-current operators are listed in App. 4.A.

Coefficient Bound C.L. | Flavor Scheme [Source]
[-0.375, 0.375] | 95% | U(3)q x U(3)y x U(3)q [291]
[-0.290, 0.290] | 95% | U(2)q x U(2), x U(2)4 [292]

Cloy [-0.084, 0.029] | 95% U(l)g x U(1): [278]
[-0.012, 0.048] | 90% | U(3)q x U(3)y x U(3)q [284]

[-0.079, 0.109] | 95% U(l)g x U(1); [282]

[-0.120, 0.510] | 95% U(l)g x U(1)¢ [279]

TABLE 4.5: Constraints on dipole operator coefficient C,y from existing studies, see
the references for details. ¢, v and d are the SM LH quark doublet, RH up and down-
type quark singlets, respectivey. @ and t refers to the third generation LH quark doublet
and RH Top quark singlet, respectively.

A few comments and clarifications on the existing bounds: The bounds in Tab. 4.4 and
4.6 are individual bounds for the operator coefficients, where all other operator coefficient
values are set to zero. The bounds for some of the studies in Tab. 4.4 and 4.6 are provided

for (C;/A?) or (Cjv?/A?). The values provided on the tables are normalized to A = 1
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Coefficient Bound C.L. | Flavor Scheme [Source]|

[-0.432, 0.062] | 95% | U(2)g x U(2)y x U(3)g [278]
[-0.375, 0.344] | 95% U(1)g x U(1); [278]
[-0.702, 0.104] | 68% | U(3)y x U(3)u x U(3)4 [165]
[-0.080, 0.100] | 95% | U(3), X U(3)y x U(3)q [286]
[-0.018, 0.026] | 68% | U(3)y x U(3)u x U(3)q [4]
[-0.150, 0.520] | 95% | U(3)y x U(3)u x U(3)4 [285]
[-0.023, 0.053] | 90% | U(3), x U(3)y x U(3)q [284]
[-0.017, 0.012] | 95% | U(2)y x U(2)u x U(3)q [279]
[-0.032, 0.048] | 95% U)o x U(1); [279]
[-0.008, 0.016] | 95% | U(2), x U(2)u x U(3)q [281]

3
iy

TABLE 4.6: Constraints on Higgs-current operator coefficient CS’; from existing stud-
ies, see the references for details.

TeV. The flavor schemes associated with different analyses are tabulated as well in the
tables. The bounds significantly change as per flavor assumptions. In this analysis, we
will assume a U(2), x U(2), x U(2)4, stating that the third generation is completely
decoupled from the first two generations. This assumption is guided by the fact that
the collisions at LHC contributing to Zh production are evidently light quarks (b quark
collisions are suppressed by PDFs). The bounds are from different analyses at difference
confidence levels (C.L.). For our analysis in suceeding sections, we consider the EFT
benchmarks: Cy,w = 0.01,0.05 and C(?’; = 40.01, £0.05. Since, only the flavor scheme
of [292] match with our flavor scheme, we only adhere to their bounds for C,y . For
C’l(ri)], none of the flavor scheme matches with our choice and we need not adhere to
any of them. Still numerically, for Cyp-, the benchmark 0.01 is consistent with all the
bounds in Tab. 4.4, while the benchmark 0.05 is consistent with [279, 282, 291, 292] only.
Similarly, for C’S;, the benchmark 0.01 is consistent with all the bounds in Tab. 4.6,
while —0.01 is not consistent with [281]. The benchmarks 0.05 and —0.05 are more
wishful, and is incompatible with [4, 279, 281| and [4, 279, 281, 284], respectively, caveat
to the flavor assumptions. The CP-violating gauge-Higgs operators listed in Tab. 4.1
are constrained by the fermion dipole moment observables, such as electron and neutron

dipole moments, as they contribute at one loop to dipole operators. The current limits

on the electron and neutron dipole moments are 1.1 x 10729 and 3.0 x 10726 (in units of e
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cm), respectively [293]. These operators are also constrained by the measurements of the
triple gauge-interactions of the form WW+~ and WW Z at LEP and the CP asymmetry
measured in the B — X,y decay. The CP asymmetry measured in B — X,y decay
is Apx,y = 0.015(20). Bound on the imaginary part of dipole operator Cyy from

neutron EDM [164] (assuming U(2), x U(2), x U(2)q flavor scheme) is shown below:

Jm(Cuw) < 0.000672 (4.8)

The bound on other dipole operators are listed in App. 4.A. The bounds are extremely
stringent, hence difficult to probe at collider experiments. For our case, we restrict our-
selves to the real dipole coefficients, hence evading these bounds. The bounds on light
quark dipole operators from electron EDM appear at two loop involving a Yukawa inter-

action in the loop and hence are insignificant in comparison to other constraints [294].

4.1.3 Collider Analysis: LHC and HL-LHC

In this section, we will discuss the event generation and analysis in the context of the
current and future HL-LHC data. We have simulated pp — Zh — (IT17)(bb) process
at the LHC 13 TeV and 14 TeV CM energies. The PDF set used is NN23L01 and the
renormalization and factorization scales are set at the default dynamical scale choice of

MG5_aMC. The signal and background informations will be detailed in Sec. 4.1.3.

As noted in Sec. 4.1.1, before proceeding with the collider analysis in the presence of
EFT operators, it is important to check the validity of the effective approximation for
the collider setup. The validity condition is v/§ < A, where v/§ is the partonic CM
energy. Because ensuring this criterion is difficult in hadron colliders like the LHC,
where collisions between partons happen at variable centre of mass energies, one way
to deal with this is to construct the invariant mass of the final state particles, My,
to guess the energy scale at which the partonic collisions take place. This is depicted
in Fig. 4.7 for the production process at a particular EFT benchmark point, and we
observe that almost all the events obey the effective validation criteria when A = 1 TeV.
Now, the generated signal and background events are fed in Pythia8 [295| for parton
showering. The showered events are fed in Fastjet3 [238| for jet clustering using the

anti k; algorithm [209] with jet radius 0.5 and jet pp > 20 GeV. Finally, the events are
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processed through Delphes3, using the card delphes_card_cms, to take into account
finite detector resolution effects, as well as particle identification, reconstruction and jet

tagging. The processed events are analyzed using MadAnalysis5 [296].

LHC 14 TeV
1 pp—2Zh (SM)
r== pp—Zh (EFT)
—= fi=1Te¥

10° 4

1071 4

|
|
!
!
!
|
!
|
1072 o i
|

I_.I-

Normalized events

1073 5

1074 4

4] 300 600 900 1200 1500

Mz (GeV)

FI1GURE 4.7: Invariant mass of Zh for the parton level processes in absence as well as
presence of EFT operators at A = 1 TeV.. Here we consider the EFT benchmark point

corresponding to {rz, Cuw, CS’;} = {1.00,0.05, 0.05}.

Cut-based Analysis We consider the signal to be pp — Z(I*17)h(bb) i.e. a dilepton
di-bjet signal. This signal is comparatively clean due to the presence of charged leptons
with invariant mass of the dilepton system peaking around Z mass. The possible SM
backgrounds for this signal process are pp — tt, pp — ZZ, g9 — Zh and pp — Zbb.
NLO corrections to both signal and background processes are taken into account by
multiplying the production cross sections for each process by its NLO K factor, where
K = onpo/oLo- The LO and NLO cross sections are calculated using MG5_aMC@NLO at
LHC 13 TeV and the K factors for different processes are: Zh: 1.288 (for pp — Zh),
2.000 (for gg — Zh), Zbb: 1.230, tt: 1.338 and ZZ: 1.461 [297-299).

We perform the analysis for two different setups viz. LHC 13 TeV 139 fb~! (equivalent
to Run I1) and LHC 14 TeV 3000 fb=! (future HL-LHC projection). We introduce some
basic cuts common for all the analysis. These can be detailed as: P% > 20.0 GeV, P% >
10.0 GeV, -5.0 <n; < 5.0,-2.5 <m < 2.5, ARj; > 0.4, AR;; > 0.4, ARy, > 0.4, where,
subscripts j and [ refer to jets and leptons respectively, and the kinematic variables have
their usual definitions as in collider literature [2]. Apart from these, to ensure exclusive
IT17bb signal we select events with N = 2 and N; = 2. The relevant distributions of

kinematic variables and observables are plotted in Fig. 4.8 for 13 TeV and 14 TeV LHC.
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Choosing N; < 5 for Zh considerably reduces the pure hadronic backgrounds at LHC.

We further choose a wide My, cut around the Higgs mass to make sure that we retain

most of the signal while eliminating the backgrounds. The presence of dileptons enables

us to use some additional cuts. Owing to the better detectability of leptons, a narrow

cut on M around the Z mass significantly reduces the tt background. Finally due to

the absence of invisible particles in the final state (apart from neutrinos possibly coming

from b-decay) rejecting events with large missing transverse energy, MET (MET > 30

GeV) removes backgrounds with neutrinos in final state like leptonic ¢ mode. The entire

cut flow for SM Zh process (in absence of EFT contributions) is tabulated in Tab. 4.7.
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FIGURE 4.8: Top Left: Invariant mass of dilepton at the LHC 13 TeV corresponding

to the SM signal and backgrounds.

Top Right: Same for LHC 14 TeV. Middle Left:

Invariant mass of di-bjet at the LHC 13 TeV. Bottom Right: Same for LHC 14 TeV.
Bottom Left: Missing transverse energy at the LHC 13 TeV. Bottom Right: Same for
LHC 14 TeV.
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Cuts

LHC 13 TeV 139 fb~1

LHC 14 TeV 3000 fb—1

S

B S/B

Z

S

B

S/B

V4

Basic Cuts

N; <5

My, € (110.0, 140.0) GeV
My € (80.0, 100.0) GeV
MET < 30 GeV

569 | 1016890 | 0.0006

309
126
107
91

369549 | 0.0008
56059 | 0.0022
11674 | 0.0092

5472 0.0166

0.56
0.51
0.53
0.99
1.23

7054
2858
2456
2026

13327 | 25581580

9079825
1382411
285269
129095

0.0005
0.0008
0.0021
0.0086
0.0156

2.63
2.34
2.43
4.59
5.62

TABLE 4.7: Cut flow and signal significance (z) for the SM Z(I*17)h(bb) associated
production signal with the SM background processes at LHC with /s =13 TeV and
luminosity of 139 fb~! and at LHC with /s = 14 TeV and integrated luminosity of 3000
fb~!. Apart, we use the following notations, S: Signal events, B: Background events,
S/B: Signal to background ratio.

BPs <Rz, Cuw, CS;)

S

B S/B

V4

€g

€b

SM (1.00, 0.00, 0.00)
BP1 (1.00, 0.05, 0.00)
BP2 (1.00, 0.00, 0.05)
BP3 (1.00, 0.00, -0.05)

2026
2142
2238
1869

129095

0.0156
0.0166
0.0173
0.0145

5.62
5.94
6.21

5.19

2.09 x 1072
2.19 x 102
2.10 x 1072
2.09 x 1072

8.72 x 1074

TABLE 4.8: Signal significance of the Z(I*17)h(bb) production process (at LHC with
/3 =14 TeV and luminosity 3000 fb~1) after the final selection cuts listed in Tab. 4.7 for
different benchmark points (BPs) in presence of effective operators, along with signal
(es) and background (ep) efficiencies.

For signal significance, we use the Asimov definition [300]:

= (s mm(ie5)-s),

(4.9)

where S is the number of signal events and B is the number of background events. The

Asimov significance is derived from the likelihood ratio, which takes into account the full

statistical model, including the Poisson nature of signal and background events. Hence

it is more statistically rigorous, not only for small event counts or comparable signal-

background scenarios, but also in the general case. On Taylor expansion in the limit

S <« B, the Asimov significance approximates to S/ v/B, which is the more common

definition. The number of signal and background events can further be parametrized

in terms of the coupling modifiers and the effective operator coefficients as shown in
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Eq. 4.10.

S = ﬁ X USSM+EFT(HV7Ci) X BRS(HB,CZ) X €g,
(4.10)

B=Lx0o8;xBRP x¢;

where, £ is the integrated luminosity, €; and €, are the signal and background cut
efficiencies respectively. The EFT effects on Z branching to leptons is parametrized in
App. 4.D. From Tab. 4.7, it is clear that the signal significance improves significantly as

we move to the high luminosity frontier.

The second part of the analysis features the inclusion of EFT operators. In the presence
of EFT operators, there is a significant change in the signal significance. This has been
illustrated in Tab. 4.8 in the presence of SMEFT operators at some benchmark values.
The relevant kinematic variables and observables for the different benchmark points
are shown in Fig. 4.21 of App. 4.C. The deviation from the SM signal is minuscule.
The benchmarks are chosen at some standard values to gauge the effect on the overall

parameter space.

BDT-based Analysis With the advent of modern machine learning tools, multivari-
ate analysis has become a norm in collider analysis [301, 302]. Among the machine
learning techniques, boosted decision tree (BDT) based algorithms are extremely popu-
lar due to their stability as well as accuracy even for smaller datasets. With an aim to
improve the signal background separation with more accuracy, we perform an analysis
using the XGBoost classifier [303]. The core setup of the analysis is kept similar to the
cut-based counterpart. Since we observed higher significance at 14 TeV, 3000 fb—! LHC,
we will perform the BDT based analysis exclusively for the HL-LHC run. The training
sets for signal (pp — Z(I*17)h(bb)) and backgrounds (pp — tt, pp — ZZ, g9 — Zh and
pp — Zbb) are prepared and weighted according to its number strength at 3000 fb—!.
This weighted data is subjected to the same basic cuts as used in the cut-based analysis.
The feature selection is done in a similar line with the V'h, h — bb analysis at ATLAS [4].

The features are detailed below:

e Transverse momentum of the leading lepton: plT
e Transverse momentum of the leading b-jet: pr

e Number of jets (inclusive of b-jets): N;
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e Missing transverse energy: MET

e Transverse momentum of the dilepton system: p%

e Transverse momentum of the di-b-jet system: pgf’

e Invariant mass of the dilepton system: M,

e Invariant mass of the di-b-jet system: My,

e Separation in (7, ¢) space between the leptons: ARY

e Separation in (1), ¢) space between the b-jets: AR

e Difference in  between the dilepton and di-b-jet system: An':tt

e Difference in ¢ between the dilepton and di-b-jet system: Agb®

The detailed correlation heatmap between the features for signal and backgrounds is
shown in App. 4.B. To prevent features with large magnitudes (like pp, MET, etc.) from
dominating over small valued features (like An, AR, etc.), all the features are scaled
about their mean value (Z) by their standard deviation (SD) i.e. (x —Z)/SD. This
ensures all features are more or less at equal footing at the beginning of the training
process. The signal and background events are divided in a 1:1 ratio for training and
testing each process. For training, the overall signal weight is equated with the overall
background weight, ensuring an equal number of signal and background events entering
the training process. The BDT model is constructed using XGBClassifier and the
hyperparameter tuning is done using GridSearchCV [304|. The details of the optimal
hyperparameters are listed in Tab. 4.17 in App. 4.B. The model is 3-fold cross-validated
using StratifiedKFold [304]. Since the distributions for the SM plus EFT benchmarks
vary very little from the SM distributions, we train only the SM signal and backgrounds
and test on the SM as well as on SM plus EFT benchmarks.

The highlights of the BDT analysis are shown in Fig.4.9. As a metric for evaluation of
our model, we use the Receiver Operating Curve (ROC) Area Under the Curve (AUC).
The AUC value for the training set is 0.9777. For the test sets, the AUC obtained are
0.9740, 0.9743 and 0.9744 respectively for SM, BP1 and BP2. This indicates that there
was very little overfitting and the BPs fared very well on the model trained with SM
inputs. To enhance the signal significance, we have set the threshold classifier score at
0.95. This means we will only keep events with a BDT classifier score greater than or

equal to 0.95. By doing this, we maintain a roughly similar background efficiency as in
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FIGURE 4.9: Top Left: The ROC curve for the training and testing (SM as well as BPs)
data. Top Right: The distribution of the BDT classifier score for the SM signal and
backgrounds. Bottom Left: The mean absolute SHAP values for the features used for
training the BDT model. Bottom Right: My, distribution of signal and background
processes post threshold selection of 0.95.

the cut-based analysis, making it easier to compare signal efficiencies between the two
methods. The feature importance of a machine learning model can be realized using
SHapley Additive exPlanations (SHAP) [305] values for the features. SHAP values show
how each feature affects each final prediction, the significance of each feature compared
to others, and the model’s reliance on the interaction between features. The SHAP values
for the model are plotted in Fig. 4.9 using the shap module. It is distinctly observed that
My, turns out to be the best discriminating feature. MET, M and p% turn out to be the
other important features which were also taken into account in the cut-based analysis.
Corresponding to the threshold value of 0.95, the significance and cut efficiencies of the
signal and background processes for the BDT analysis are detailed in Tab. 4.9. It is
observed that for similar background numbers, there is a significant boost in the signal
numbers for both SM and other EFT benchmark points, compared to the cut-based

analysis.
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BPs (kz, Cuw, Cig)) | S B S/B | z € €b
SM (1.00, 0.00, 0.00) | 4048 0.0313 | 11.20 | 4.17 x 102
BP1 (1.00, 0.05, 0.00) | 4217 0.0326 | 11.66 | 4.33 x 102
129397 8.74 x 1074
BP2 (1.00, 0.00, 0.05) | 4762 0.0368 | 13.16 | 4.47 x 102
BP3 (1.00, 0.00, -0.05) | 3484 0.0269 | 9.64 | 3.89 x 102

TABLE 4.9: Signal significance of the Z(IT17)h(bb) production process (at LHC 14
TeV 3000 fb~1) from BDT based analysis (with threshold: 0.95) at different benchmark
points (BPs) in presence of effective operators, along with signal (e5) and background
(ep) efficiencies.

Two Parameter x2 Analysis The y? test [241] serves as a statistical measure to
evaluate the degree of conformity between empirical observations and theoretical expec-
tations within the framework of a contingency table. In statistical literature, there exist
a number of definitions for the y? function. These definitions are more or less equivalent
and can be used interchangeably. For our case, we shall use Pearson’s definition where

the x? is defined as follows:

bins 3 j 2 bins . 9
& (i, C) = O A0 (i, Cy)

t= ; S A [
t zj: ( AN (s, Ci) > - z]: <ANj(Hi,Ci) ' (4.11)

Here, 0 is a differential distribution. For our analysis, & = (do/dMjy), which is the
invariant mass of all the visible final state particles following relevant cut/BDT analysis.
We define A0 (k;, C;) = 0% (k;,C;) — ﬁgM, where 0 (k;, C;) corresponds to events in
the j** bin of the My, distribution, in presence of effective operators and coupling

modifiers and ﬁéM corresponds to signal events in the same bin under the SM process.

AN (k;, C;) = \/ﬁj(m, C;) + ﬁéM is the statistical uncertainty in the number of events
for that bin.

Considering the better performance of the BDT analysis over the cut based analysis, we
use the signal and background efficiencies based on the BDT analysis. The x? analy-
sis is performed corresponding to the binned M, distribution. The dataset post the
threshold cut is divided into 8 bins from 200-1000 GeV in intervals of 100 GeV. The
events with higher values of M, are removed in order to adhere to the EFT limit. The
BDT analysis is repeated for several benchmarks on the parameter space and the distri-
butions corresponding to some of the benchmarks are shown in App. 4.C. For a Poisson

distributed binned data, the number of DOFs is given by D = (N — M), where N is the
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number of bins and M is the number of fitted parameters. In this case, D = 8 — 2 = 6.
Usually the constraints on the parameter space of physical parameters are reported in
terms of C.L. The C.L. can be interpreted from the x? values. The 68% and 95% C.L.
for D = 6 corresponds to x? =~ 7.01 and x? ~ 12.59 respectively. The x? for different

parameter benchmarks in k7 — kp plane are shown in Fig. 4.10.

Fig. 4.10 shows that the 68% C.L. bounds are moderately sensitive to the parameter
C’SC)I corresponding to the Higgs-current interaction. This is because o/ogy changes
significantly under the variation of CJ(L?; in the Vh channel (see Fig. 4.5 left). However,
it requires higher values of Cyy to show similar effect in the x? plots. This is mostly
due to the fact that the dipole operators contribute at (1/A*) order. Further, it should
also be noted that the EFT effects can negate each other as evident from the benchmark
{Cuw, C’g’;} = {0.05, —0.01} (see Fig. 4.10 bottom right) where the positive contribution

on the cross section from Cyyy is cancelled by the negative contribution from C’S; showing

negligible deviation from the SM contribution even for non-zero EFT contributions.
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FIGURE 4.10: Top Left: x? plots showing 68% C.L. and 95% bounds in the Kz — kg
space at LHC 14 TeV 3000 fb—'. Top Right, Bottom Left and Bottom Right: Shift in
68% C.L. bounds for different values of effective coefficients.

The 68% and 95% C.L. bounds on the EFT couplings are shown in Fig. 4.11, which shows
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similar sensitivities of the EFT operators and modifiers as in Fig. 4.10. The effects of EF'T
contributions to Z decay branching and the assumption of custodial symmetry on these
bounds are discussed in App. 4.D and App. 4.E, respectively. Vh production has been
studied in literature like [253, 259| focusing on the boosted regime. However, both these
analyses do not consider the light quark dipole operators which we include in our analysis.
Considering the boosted regime is interesting as EFT effects are strongly evident there
and hence the bounds on C’S’BI are slightly more stringent in both studies compared to
our case. However, as we emphasized in our paper, the boosted regime may invalidate
the EFT assumption, necessitating careful consideration. Studies like [255, 260] focus

on double differential observables with combination of multiple channels which results in

further improvement in bound.

Similar to the My, distribution, other sensitive observables like Hy (scalar sum of pp of
visible particles) can also be used to perform this analysis. Another popular method is
to train a ML based algorithm that separates the SM and SM-+EFT contribution based
on a set of discriminating observables. However, such model requires better segregation
between the observables of the two classes which is evidently difficult even at HL-LHC
once we abide by the EFT limit.

Other Future pp Colliders As observed in Fig. 4.2 and 4.3, the Zh production cross
section enhances for both the Higgs-current and dipole interactions, with increase in CM
energy. This motivates the possibility of better extraction of these NP contributions at
higher CM energy possible at future collider runs like the HE-LHC (expected to run at
Vs = 27 TeV), FCC-hh (expected to run at /s = 100 TeV), etc. o/osm is plotted in
Fig. 4.12 (left) for different CM energies (1/s) at some of the benchmarks {C,, CS;}:
BP1 {0.05,0.00}, BP2 {0.00,0.05} and BP3 {0.05,0.05}. All the benchmarks show
enhancement in EFT effects, however we observe stronger enhancement for the Higgs-
current interaction (BP2) in comparison to the dipole interaction (BP1). The combined
presence of both the operators (BP3) shows the highest enhancement in cross-section.
While these results show promise to better estimate the dipole operator in particular,
the prospect of accelerating protons to such high energies remains a distant possibil-
ity. Fig. 4.12 (right) shows the validity of EFT limit, having the invariant mass peak

well below A = 1 TeV even in context of future pp colliders with higher CM energies.
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This happens due to the dominance of SM process, while larger WC would flatten the

distribution having more events with higher invariant mass.

4.1.4 Summary and Conclusion

We have presented an analysis of Zh associated production at the LHC in the presence

of dimension 6 SMEFT operators and coupling modifiers. We chose a simple parametri-

sation to match the coupling modifiers that stem from dimension 6 SMEFT operators
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FIGURE 4.12: Left: Variation in the ratio of Zh production cross section to the SM
cross section at different CM energies for benchmarks {Cyw, C’Sg}: BP1 {0.05,0.00},
BP2 {0.00,0.05} and BP3 {0.05,0.05}. Right: Invariant mass of Zh for the parton level
processes in presence of EFT operators at BP3 for different future pp collider runs.

in the Warsaw basis. We analysed the signal and background contributions at various
benchmark points, which allows maximum cross-section within the allowed values of the
EFT parameters and coupling modifiers adhering to the constraints appearing from ex-
isting collider and flavour constraints. We performed both cut-based and BDT analyses
using kinematic variables relevant to the process. The NP scale is safely chosen at A =1
TeV, which abides by the effective limit having the invariant mass distribution peak

appearing well below A.

A comparison of Tab. 4.8 and 4.9 shows that the BDT analysis performs better than the
cut-based analysis presented in the previous section, as expected. One obtains almost
a factor of 2 enhancement in the estimation of the significances for the various BPs
considered in our analysis. This is due to the fact that the BDT comes with better
efficiency for the signal events even though the background efficiency remains almost the
same. We have obtained more than 90 (50) significance using BDT (cut-based) analysis
for all our chosen benchmark points. We further note that corresponding to our flavor
scheme choice, U(2)q x U(2),, X U(2)q4, the corresponding background contributions have
limited sensitivity to the EFT operators introduced here, hence we do not include them

in our analysis.

A x? analysis is performed in the two-dimensional parameter space of the EFT operator
coefficients as well as in the coupling modifiers. The bounds on the Cyy — CS; plane are
more constrained than those on the k7 — kg plane, owing to the fact that the differential
distribution My, is extremely sensitive to EFT effects especially at the tail. Based on

the plots in Fig. 4.10, it is evident that the EFT contributions significantly alter the
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bounds on the kz — kp plane. Similarly, coupling modifiers can also impact the bounds

in the EFT coefficient planes as evident from Fig. 4.11. It is observed that even with

3)

the tight constraints on the operators, the presence of the Higgs-current operator O Ha

results in visible changes on the bounds in the k7 — kg plane. The individual impact of
the dipole operator O, is relatively small and does not show any significant deviation
from the SM predictions. This is mainly because they do not interfere with the SM
process and the contributions are obtained only at (1/A*) order. However, as discussed
in Sec. 4.1.3, a significant increase in sensitivity is expected with an increase in the CM
energy, possible at future high-energy collider runs. Even then, the contributions from

(’)1(331 will still dominate.

In this analysis, we have omitted CP-odd contributions to the dipole operators, primarily
because they are strongly bounded from EDM measurements. Therefore, it is difficult
to detect their effects via signal cross-section. Dedicated CP-violating observables are
required to decipher a disentanglement from that of a CP-even case. While addressing
this challenge via inclusive cross-sections at hadron colliders is inherently limiting, we
will directly tackle the isolation of these elusive CP-odd structures using spin-correlation

asymmetries at lepton colliders in Sec. 4.3.

4.2 Optimal Extraction of Higgs-Gauge Couplings

Optimal estimation of Higgs-gauge boson couplings at the future ete™ colliders.
S. Bhattacharya, A. Subba, A. Sarkar.
Phys.Rev.D 112 (2025) 11, 11 (e-Print: 2508.08893 [hep-ph]).

A multitude of experimental investigations at the LHC [205, 242, 306-318] have imposed
stringent constraints on the spin-parity quantum numbers of the Higgs boson, as well as
its interactions with gluons and electroweak gauge bosons. Current measurements are in
agreement with the SM prediction of a scalar boson with quantum numbers J©¢ = 0+,
Nonetheless, the presence of small deviations from the SM in the form of anomalous
couplings remains experimentally permissible. In BSM theories, interactions with the
Higgs boson may occur through several anomalous couplings, which lead to new tensor

structures in the interaction terms that can be both CP-even or CP-odd.
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As noted in the previous section, the hadronic environment of the LHC imposes limita-
tions on measurement precision due to QCD backgrounds, pile-up, and uncertainties asso-
ciated with PDFs. This has motivated the proposal of high-luminosity and high-precision
lepton colliders, such as the ILC [216, 218, 319-321], FCC-ee [322], CEPC |323-325| and
CLiC [326-329], which offer a complementary environment for Higgs boson studies. Pro-
jected experimental uncertainties on Higgs couplings at future eTe™ colliders are expected
to reach the per-mille level [77, 216, 330-332], significantly surpassing the capabilities of
the LHC.

A particularly clean setting for precision Higgs physics is provided by an eTe™ collider op-
erating at a center-of-mass energy of /s = 250 GeV, which is the focus of current work.
In this energy regime, the dominant Higgs production channel is the Higgs-strahlung
process, eTe~ — Zh, which proceeds via s-channel exchange of a Z boson. The Higgs-
strahlung production mechanism allows for model-independent measurements of Higgs
boson properties by reconstructing the Higgs mass from the recoil mass spectrum of the
Z boson, independent of the Higgs decay mode. Moreover, the ability to polarize the
initial e~ and e™ beams in the linear collider provides an additional handle to disen-
tangle helicity structures of electroweak interactions and enhance sensitivity to specific

interaction channels.

In this section, we study the potential of the ILC to probe these anomalous Higgs-
gauge couplings in the Zh production process. Building on the framework established in
Sec. 4.1.1, we utilize SMEFT to parameterize deviations from the SM predictions. Our
aim is to obtain the optimal limit on the operator coefficients contributing to the hZZ

vertex and Zh production at the ILC.

This section is organized as follows: In Sec. 4.2.1, we briefly review the specific subset
of SMEFT operators and bounds relevant to this lepton collider analysis. In Sec. 4.2.2,
we discuss the event selection using the dilepton recoil mass observable. We focus on
the [T17bb final state owing to the large Higgs branching fraction to the bb channel. In
Sec. 4.2.3, we discuss in brief the OOT methodology. In Sec. 4.2.4, we discuss the one
parameter limits on WCs obtained for unpolarized and polarized beams scenario. We

conclude in Sec. 4.2.5.
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4.2.1 Operators Relevant to hV'V Coupling

Building upon the SMEFT framework and the Warsaw basis operators established in
Sec. 4.1.1, we focus on the three CP-even (Opw, Opp, Ogwp) and their dual CP-

odd (O @ operators that induce anomalous contributions to the Zh

v Oub Onivp)
production process. Upon EWSB, these operators induce anomalous contributions to

the hZZ coupling of the form

h

h ~
0lhzz = Khzz <5ZWZ“”) + 8.2, <UZ’“'ZW> ) (4.12)

where

) 2
Rhz7 = % [COS2 HW CHW -+ cos 9W sinGW CHWB + sin2 QW CHB] h

202 . .
gz = 2 [0082 Ow C i + cosOw sinOw C o s + sin? Oy C’H§] . (4.13)

Apart from anomalous hZZ coupling, the operators allow for tree level s-channel Zh
production mediated by a massless photon, which otherwise is a loop process in the SM.

The anomalous hZ~ coupling is obtained as,

h h ~
O0Thzy = Knzy (UZWA‘“’) + K17, <;ZWA‘“’> ! (4.14)

where

KhZy = 2 [2 cos Oy sin by (Cgw — Cyp) + (Sin2 Ow — cos? Ow) CHWB] ,

Cyg) + (sin? Oy — cos® Oy) C

K> = [2 cos By sin Gy (C wive) - (415)

hZy — A2 HW —
We do not consider operators affecting ffV or ffVH couplings as they are tightly
constrained from LEP data. Various studies [243, 254, 264266, 333-360| have been
done to probe the structure of anomalous Higgs-gauge couplings using the kinematic and
angular distribution at LHC and eTe™ colliders. Quantum tomography [361-365] has
also been used to constrain anomalous hV'V,V € {Z, W} coupling. On the experimental

side, the current limits at 68% C.L. on the WCs of the above operators are provided by
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CMS [366] (assuming A =1 TeV):

Cuw = [-0.79,+0.51],  C = [-0.76,+0.41],

Crws = [-1.62,41.50], Cpp = [—1.57,+0.83], (4.16)

Cup = [-0.23,40.16],  C,p5=[-0.23,40.12].

As stated before, in this work we explore the extent to which optimal observable analysis
of production cross-sections can constrain modifications to the Higgs-gauge couplings,
and highlight the complementarity of this program with current LHC studies. Our
analysis underscores the central role that an ete~ Higgs factory can play in elucidating

the nature of electroweak symmetry breaking and probing the structure of BSM physics.
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FIGURE 4.13: Representative Feynman diagrams denoting the production of two lep-
tons and two b quarks at the leading order in the SM.

4.2.2 Collider Analysis: ILC 250 GeV

The signal process considered here is the Higgs-strahlung process followed by the leptonic
decay of the Z boson and the Higgs boson decay to a pair of b-quarks at the ILC, i.e.,
ete™ — Z(IT17)h(bb) for the SM as well as the dimension 6 effective operators listed
in Tab. 4.1 that contribute to it. The dominant background to the [TI~bb final state
arises from ete”™ — Z(I*17)Z(bb). A subdominant background from Z-boson fusion
Higgs production, ete™ — eTe~h(bb), contributes negligibly at /s = 250 GeV and is
therefore neglected. The ZZ~ process could also dilute the analysis; however, the pr
cut on final photons reduces such contribution significantly. We also consider the effect

of ISR on the overall selection kinematics of the processes. The schematic Feynman
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diagrams representing signal and some of the background processes are illustrated in

Fig. 4.13.

Operationally, the dimension 6 operators listed in Tab. 4.1 are implemented in FeynRules
[233] to obtain a UFO model file. The corresponding UFO model [234] is exported
to MG5_aMC [235] for Monte Carlo event generation. The matrix level events are then
passed through Pythia8 [236] for showering of partons and hadronization of final state
particles. Finally, the detector simulations are implemented using Delphes3 [237] with
the ILC parameters [219]. For b-tagging of final jets, we employ the loose working point,
corresponding to an average tagging efficiency of 80%. Event selection requires exactly
two oppositely charged leptons and two b-tagged jets, with the additional condition that

the final state contains no hard (pr > 10 GeV) photons.

x 103
o . — 3 zH

— P DY ZH4ISR
— [ ———

| : ‘—'i L1 ZZ

&2 3k P ™1 ZZ4ISR
o e ST Z24(100 x £)
() gt

S N

— Vo

il 1]

I 2F r_J! :I

N T

wn 1] H

+— 1

= 1k :l

<b] H

> b

62 s

'1"I'i .......
O __rl—' et

60
MRecoil [GCV]
FIGURE 4.14: Recoil mass distribution normalized to £i,; = 1000 fb~! for signal

and two background processes viz. ZZ and ZZ~. The kinematic effect of ISR are
highlighted for Zh and ZZ processes.

In order to select the phase space which maximizes the significance, a number of kine-
matic variables are constructed using the four momenta of final four objects. We train
LightGBM BDT models separately for the unpolarized and polarized beam configurations:
(P+, P.-) = (+30%, —80%) and (—30%, +80%), respectively. The input features for the
BDTs consist of several kinematic observables, whose details are provided in App. 4.F.
Among these variables, the recoil mass of the dilepton system, mpgecoil, emerges as the
most effective discriminator between signal and background. The distribution normalized
to Lint = 1000 b1 representing mprecoil for signal and two major background processes

(ZZ and ZZ~) with and without ISR are shown in Fig. 4.14. The pr cut on the final
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photons removes the ZZ~ background significantly, and the corresponding distributions
are rescaled by a factor of 100 in integrated luminosity for visualization. The number
of events for the case of the signal (Zh) reduces due to ISR as the interaction energy
lowers below 250 GeV, leading to a lower cross-section. However, no significant change
in shape and count is observed for the ZZ process. Nevertheless, the recoil mass stands
out to nullify the effect of ISR on segregating the signal phase space from that of the

background. We apply the following selection cut on the recoil mass:

[MRecoit — M| <2 GeV, (4.17)

Events and signal significance before and after the mpecoii cut are furnished in Tab. 4.10
for both polarized and unpolarized beams. After applying the recoil mass cut, we find

that the background becomes nearly negligible compared to the signal.

Before mpecoil cut | After mpgecoil cut
( P, P2¥) Process
Events | Z=S/B | Events | Z =S/B
Signal (S) 1879 1610
Unpolarized 0.11 36.9
Background (B) | 16652 44
Signal (S) 2580 2189
(+30%, —80%) 0.12 31.2
Background (B) | 21252 70
Signal (S) 2045 1746
(—30%, +80%) 0.13 61.0
Background (B) | 15722 29

TABLE 4.10: Cutflow table for signal and backgrounds, at the ILC /s = 250 GeV and
an integrated luminosity of 1000 fb—1.

4.2.3 Optimal Statistical Significance

The OOT [232, 367-370] is a powerful method to estimate model parameters or couplings
from experimental data with maximum statistical sensitivity. By constructing observ-
ables that are analytically derived from the dependence of the differential cross-section
on the parameters of interest, this approach ensures the most efficient use of the available
kinematic information by minimizing the covariance matrix. It is particularly useful in
precision measurements, where small deviations from the SM predictions are expected to

be estimated. The differential cross section for any given collider process can be written

TH-4060_216121001



Chapter 4: Application to Higgs Physics 108

in the form

do
do

. do
€B 7
S,theory dqb

0

O(¢) =

= gifi(9), (4.18)

observed d(b B,theory i

where ¢ is a phase-space variable, g; are the functions containing the NP couplings, and f;
are the functions of the phase-space variable, ¢. The subscripts S and B refer to signal and
background, respectively. es and ep are the signal and background detection efficiencies,
following all the cuts and final state signal identification. The optimal covariance matrix

upon minimization (0V;;/0g; = 0) is obtained as,

V=gl = o [ (4.19)
mt 1nt

Correspondingly, the optimal 2 is given by

= (g —9) Vi;' (g — &)

i, 9=9°

: (4.20)

where ¢° corresponds to the seed values of the coefficients g. The input seed values
can come from different sources like available measurements, predictions from a different
experiment, etc. In the case of sensitivity prediction of an unobserved NP scenario, the

seed value is usually determined by setting the seed values of the NP couplings to zero.

For ete™ — Zh production at the ILC, we map the accessible phase space using the
variable cos @, which is the emerging angle of the Z boson. The differential observable

can be written in terms of polarization degrees as

Oloos) = dj::sg S,theory
=es {9 (1= Pr)(1 = P-) + g5 (1 + Por) )} fo (4.21)
+ €s {gf(l—Pa)(l—Pef)Jrgf(HP (1+P.-)} h
+ e {95 (1=Pa)(1—P-)+95 1+ Pr)(1+ Po)} fa .

The background contribution is small after the signal selection cuts are applied, as seen
from Sec. 4.2.2, and this has been neglected to estimate optimal sensitivity. The linearly

independent phase-space functions f; are defined as follows:

fo=20, f1=pPcost, fo = Bcos?d, (4.22)
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where,

A ) 2 M 2
8= (57, i) (4.23)

327s2

Here, ) is the Killén function defined as A(z,y, 2) = 22 +y? + 22 — 22y — 2yz — 2z2. With
Vs =250 GeV, mz = 91 GeV and m;, = 125 GeV, we obtain: 8 ~ 31 pb. With all the
SM constants replaced by their respective values, the dimensionless g; as in Eq. (4.21)
turn out to be functions of the WCs only. We list the expressions for g; in App. 4.G.
Given that there is no hint of BSM, we choose the seed values of all the WCs to be zero

to find an optimal range in which they can be extracted.

4.2.4 Sensitivity of EFT Operators

In this section, we present projected sensitivities to the dimension 6 operators (listed in
Tab. 4.1) derived using the OOT. Constraints on the corresponding WCs are obtained fol-
lowing the optimized signal selection strategy described earlier. We perform the analysis
for various beam polarization configurations, highlighting the improvement in sensitivity
enabled by polarized eTe™ collisions. For benchmarking, we also compare our projec-
tions with existing limits from the LHC and provide estimates relevant to future collider
runs. Tab. 4.11 summarizes the optimal 68% CL limits (corresponding to x2 = 1) on
the WCs at the ILC with /s = 250 GeV, in comparison with current CMS constraints
at 13 TeV with £ = 138 fb~!. Two ILC scenarios are considered: (I) unpolarized
beams with £iy; = 138 fb~!, and (II) a polarized setup combining (+30%, —80%) and
(—30%, +80%) beam configurations, each contributing 69 fb~!, summing to the same

total integrated luminosity.

The sensitivity to the CP-even operator Cyy improves by approximately a factor of 6
in the unpolarized ILC scenario compared to the current LHC constraints, with beam
polarization providing an additional enhancement to about a factor of 7. For Cgw g, the
improvement is even more pronounced, reaching nearly a factor of 7 in the unpolarized
case and exceeding a factor of 10 when polarized beams are employed. In the case of
Cip, the unpolarized ILC limit is slightly weaker than the LHC bound; however, the
introduction of beam polarization yields an improvement of roughly 1.5 times. These
results highlight the critical role of beam polarization in maximizing the precision reach

of future lepton colliders.
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ILC (250 GeV 138 fb—1)
WCs | LHC (13 TeV 138 fb~1)
Unpolarized | Polarized (+30%, F80%)

Crrw [~0.79, +0.51] [~0.11, +0.11] [~0.09, +0.08]
Crws [~1.62, +1.50] [-0.24, +0.22] [~0.16, +0.15]

Cup [~0.23, +0.16] [~0.69, +0.41] [~0.14, +0.14]

Civ [~0.76, +0.41] [~1.36, +1.36] [~1.16, +1.16]
Civn [~1.57, +0.83] [~2.50, +2.50] [~1.98,+1.98]

Cus [~0.23, +0.12) [-2.16, +2.16] [~1.84, +1.84]

TABLE 4.11: 68% CL bounds on CP-even (top half) and CP-odd (bottom half) op-
erator coefficients at the LHC vs. from Zh production at the ILC 250 GeV. For the
polarized case, we choose £i,; = 69 fb~! for polarization setups (+30%, —80%) and
(—30%, +80%) each.

For the CP-odd operators, the current LHC limits generally demonstrate stronger sen-
sitivity compared to the ILC projections obtained via the optimal observable technique.
This reduced sensitivity at the ILC arises because the optimal observable method probes
CP-odd effects predominantly at the quadratic level in the differential cross section,
which inherently suppresses the constraints. As reflected in Tab. 4.11, the allowed pa-
rameter ranges for these operators remain significantly wider at the ILC, even with beam
polarization. To enhance sensitivity to CP-odd operators, alternative strategies, such as
leveraging spin-polarization asymmetries or dedicated CP-odd observables, could provide
more powerful and direct probes, thus offering complementary avenues to tighten these
bounds at future lepton colliders. A detailed study exploiting these specific observables

to robustly constrain CP-odd operators is presented in Section 4.3.

We further study the projected sensitivities of the relevant SMEFT operator coefficients
at the ILC with an integrated luminosity of 1000 fb~! per polarization configuration,
and a combined dataset yielding 2000 fb~! luminosity. The one-parameter sensitivity
projections are shown in Fig. 4.15 for graphical representation. The gray dashed lines in-
dicate the 68% C.L. i.e., x*> = 1 and 95% CL (x? = 3.84) thresholds. The corresponding
numerical limits are listed in Tab. 4.12. For the CP-even operators, the results demon-
strate notable variations in sensitivity across the different configurations. The Cgw
operator benefits significantly from beam polarization; the (+30%, —80%) setup yields
the most stringent bounds at both 68% and 95% C.L., improving roughly by a factor of

two compared to the unpolarized case. The (—30%,+80%) configuration shows weaker
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F1GURE 4.15: One parameter optimal sensitivity plots from Zh production at the
ILC 250 GeV for unpolarized and polarized setups. For the unpolarized case, L£iny =
2000 fb=1, and for the polarized case each polarization setup i.e. (+30%,—80%) and
(—30%, +80%) corresponds to £i,; = 1000 fb~!, hence giving a combined luminosity,
Line = 2000 fb~ L.

Projected sensitivities
WCs | C.L. Unpolarized (+30%, —80%) (—30%, +80%) Polarized
Lint = 1000 b~ | €0 = 2000 fb~! | € = 1000 b~ | €;,y = 1000 fb~1 | L; = 2000 fb~!
68% [~0.04, +0.04] [~0.03, +0.03] [-0.02, +0.02] [-0.17,40.16] [~0.02, 40.02]
G 95% [-0.08, +0.08] [~0.06, +0.06] [—0.04, +0.04] [-0.34, 40.31] [~0.04, +0.04]
68% [~0.09, +0.08] [~0.06, +0.06] [~0.33, +0.31] [~0.04, +0.04] [~0.04, +0.04]
Crnws 95% [~0.17,+0.16] [-0.12,+0.12] [~0.66, +0.60] [~0.08, +0.08] [~0.08, +0.08]
68% [-0.20,+0.17] [~0.14,+0.12] [~0.10,+0.10] [—0.04, +0.04] [=0.04, +0.04]
Cup 95% [-0.44, +0.31] [-0.28,+0.23] [~0.19, +0.20] [~0.08, +0.08] [~0.07,+0.07]
68% [~0.83, +0.83] [~0.70, +0.70] [~0.60, +0.60] [-2.18,+2.18] [~0.59, +0.59]
Cri 95% [-1.16, +1.16] [~0.98, +0.98] [~0.83, +0.83] [~3.05, +3.05] [~0.83, +0.83]
68% [-1.52, +1.52] [-1.28,+1.28] [—4.28, +4.28] [~1.02, +1.02] [~1.02,+1.02]
Crivs 95% | [—2.14,+2.14] [—1.80, +1.80] [—5.99, +5.99] [~1.42, +1.42] [~1.42, +1.42]
68% [-1.32,+1.32] [—1.11, 4+1.11] [—2.04, +2.04] [~0.95, +0.95] [~0.94, 4+0.94]
Cup 95% [~1.85,+1.85] [~1.55, +1.55] [—2.86, +2.86] [~1.33,+1.33] [~1.32,+1.32]

TABLE 4.12: Projected sensitivities of CP-even (top half) and CP-odd (bottom half)
SMEFT operator coefficients from Zh production at the ILC 250 GeV. For the polarized
setup, we combine polarization setups: (+30%, —80%) and (—30%, +80%), each with
luminosities, £ine = 1000 fb~!, hence the combined setup of £, = 2000 fb~1.

sensitivity for this operator, illustrating the asymmetric impact of polarization states. In
the case of C'yw g, the situation is reversed with the (—30%, +80%) polarization provid-

ing the strongest limits, surpassing both the unpolarized and the (+30%, —80%) runs by
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a considerable margin. This complementarity between polarized states underscores the
importance of running both configurations for a comprehensive probe. The combined
analysis again improves the bounds further, achieving nearly a factor of two improvement
over single configurations. For Cpp, the (—30%,+80%) polarization scenario delivers
the best sensitivity, with bounds tighter by roughly a factor of four compared to the

unpolarized run.

Turning to the CP-odd operators, the sensitivities exhibit a more varied pattern. For

CHW’

the (+30%,—80%) polarization setup outperforms the others, improving con-
straints by approximately 30% relative to unpolarized collisions. The flipped polariza-

tion configuration is less sensitive. For C 7 5 and C; 5, the (—30%, +80%) run provides

HB’
stronger bounds than either unpolarized or flipped configuration individually. However,
combining all data still leads to a modest but meaningful improvement, demonstrating
the statistical benefit of aggregating diverse polarization states. Overall, these projec-
tions emphasize the critical role of beam polarization in enhancing sensitivity to dimen-
sion 6 operators at the ILC, with different operators responding distinctly to polarization

choices. The combined dataset invariably delivers the most stringent bounds, leveraging

the complementarity and statistical gains across all configurations.

We further compare our results with [358], which analyzed ete™ — Zh at /s = 250 GeV
under identical beam polarizations and an integrated luminosity of 2000 fb~!. That study
parameterized the anomalous hZZ vertex in terms of three real couplings, az, bz, and
ZZ, extracted from angular and cross-section observables. In the SMEFT framework,
our dimension 6 operators contribute only to bz and EZ. Inverting the couplings, we
obtain by € [-0.0079, +0.0079] and by € [-1.517, +1.517]. The bound on the CP-
even parameter by agrees well with [358], while the much weaker limit on the CP-odd
parameter by, about two orders of magnitude larger, reflects the limited CP sensitivity
of total cross-section observables and underscores the need for the dedicated CP-odd and
spin-correlation analyses discussed in the next section. In addition, the two parameter
sensitivity contours are illustrated in Fig. 4.16, providing a complementary view of the
correlations and degeneracies between operator coefficients that are not captured in the

one parameter analysis. Additional sensitivity contours are presented in App. 4.1.
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FIGURE 4.16: Two parameter 95% CL optimal sensitivity plots from Zh production
at the ILC 250 GeV for unpolarized and different polarization setups. For each setup,
Line = 1000 b1

4.2.5 Summary and Conclusion

The associated production of a single Higgs boson with a Z boson, commonly referred to
as the Higgs-strahlung process, offers a clean and model-independent channel to probe
Higgs-gauge couplings with high precision. In this study, we focused on the final state
consisting of two oppositely charged, same-flavor leptons and two b-tagged jets in ete™
collisions at a CM energy of /s = 250 GeV, incorporating scenarios with polarized initial
beams. The deviations from the SM expectations are parameterized by the SMEFT
framework, allowing us to constrain the coefficients of higher-dimensional operators that
modify the hZZ and hZ~ interactions. Event selection is performed via the recoil mass
technique, targeting the Higgs boson through the invariant mass spectrum of the Z-

tagged dilepton system.

The statistical extraction of the sensitivity to the WCs is carried out using the OOT,
which maximizes information from kinematic distributions by exploiting interference
patterns between SM and SMEFT amplitudes. Our analysis demonstrates that beam
polarization plays a crucial role in enhancing sensitivity to various operators. When
comparing our results with current bounds from the CMS experiment at /s = 13 TeV
and £i¢ = 138 fb~!, we find that the ILC setup, with polarized beams, yields significantly
tighter constraints, improving the bounds on CP-even operators by factors ranging from
1.5 to 10. This improvement stems from the linear interference term between the SM
and the CP-even SMEFT contributions, which scales as 1/A? and benefits strongly from

the clean environment and polarization of the ete™ collider.

On the other hand, the sensitivity to CP-odd operators is comparatively weaker than

that of CMS. This is attributed to the fact that CP-odd operators contribute dominantly
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at quadratic order in 1/A?, resulting in suppressed effects at the amplitude level. Con-
sequently, our observable, being inclusive in nature, lacks sensitivity to CP-odd interfer-
ence effects. This highlights the need for a more targeted analysis involving CP-sensitive
observables such as angular asymmetries, triple-product correlations, or differential dis-

tributions optimized for CP violation, a task we undertake directly in Sec. 4.3.

Finally, we present projections at higher integrated luminosity of £i; = 2000 fb~!
for two different ILC running scenarios: an unpolarized beam and a combination of
two complementary polarized beam configurations (+30%, —80%) and (—30%, +80%),
with integrated luminosity of £,y = 2000 fb~! each. We observe that different po-
larization choices enhance sensitivity to different subsets of operators due to their dis-
tinct helicity structures. The combination of the two polarization configurations, with
Line = 2000 fb*I, yields the strongest bounds across the operator basis, effectively ex-
ploiting the polarization-enhanced interference terms. These results reinforce the power
of polarized eTe™ collisions at the ILC in probing new physics in the Higgs sector with

high precision.

4.3 Spin Asymmetries for Higgs-Gauge Couplings

Probing CP-violating Higgs-gauge couplings with Higgsstrahlung at e~e™ colliders.
A. Subba, S. Bhattacharya, A. Sarkar.
Phys.Rev.D 113 (2026) 5, 055018 (e-Print: 2511.18541 [hep-ph]).

In Sec. 4.2, we explored anomalous hZZ and hZ~ couplings at the eTe™ collider setup
using the OOT, which determines the maximal sensitivity achievable from cross section-
based observables. While that approach demonstrated significant improvement in con-
straining the CP-even operators beyond current LHC bounds, the sensitivity to CP-odd
operators remained limited. This is primarily because such operators do not interfere
with the SM amplitudes in total cross section-based measurements, making their effects
harder to detect through traditional observables. Polarization and spin-correlation ob-
servables provide a more incisive probe of CP-odd operators, as they are sensitive to

interference effects that remain inaccessible in inclusive cross-section measurements.

In this section, we extend our investigation of the e™e™ — Zh production process at

the ILC (y/s = 250 GeV) by simultaneously analyzing the Z boson polarization and
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the spin correlations among multiple vector bosons originating from the Higgs decays.
This enables a comprehensive assessment of the sensitivity to both CP-even and CP-odd
anomalous hV'V interactions. Specifically, we consider three dominant Higgs decay chan-
nels: h — bb, h — WW?* and h — ZZ*. While the bb mode provides the highest event
statistics, the WW™* and ZZ* channels offer complementary advantages by introducing
anomalous contributions at both the production and decay vertices. The resulting spin-
correlated observables constitute a rich set of kinematic handles, whose combined effects

substantially enhance the overall sensitivity to both CP-even and CP-odd operators.

Building upon the SMEFT framework and the Warsaw basis operators established in
Sec. 4.1.1, the anomalous contributions introduced modify the production and decay
of the Higgs boson, particularly in processes involving neutral and charged electroweak
gauge bosons. The modifications to the hZZ and hZ~y vertices follow the exact parametriza-
tions detailed previously in Sec. 4.2.1. Furthermore, the inclusion of the h — WW* decay
channel requires the consideration of anomalous hWW couplings. The EFT operators

contribute to the hW W vertex via the following modifications:

h . [
o Laww = Enww (; W wH ) + Ky (U wrw ) 7 (4.24)
where
202 202
knww = -5 Caw . By = 33 O - (4.25)

As noted, the CP-even terms interfere with SM amplitudes, allowing their effects to
appear at O(1/A?) in observables like cross sections and decay rates. In contrast, the
CP-odd contributions remain suppressed to O(1/A%) in such observables, making their
detectability far more challenging. The next section describes the construction of spin-
related observables used in this study and the specific asymmetries employed to isolate

the O(1/A?) interference effects of the various CP-violating SMEFT operators.

The remainder of this section is organized as follows: The reconstruction methodology
of spin-related observables is detailed in Sec. 4.3.1. The results of the sensitivity analysis
across the three principal Higgs decay channels are presented in Sec. 4.3.2. A global
interpretation combining information from all decay modes is provided in Sec. 4.3.3.

Finally, the main conclusions of this spin asymmetry study are summarized in Sec. 4.3.4.
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4.3.1 CP-even and CP-odd Observables

In the presence of both a CP-even operator (Og) and a CP-odd operator (Op) at di-
mension 6, the structure of any observable can be understood from the squared matrix

element,

IM|? = Mgy + Mg + ./\/lo‘2
= |Mgpm|* + 2 Re (MEyMEp + MEyMo + MigMo) + IMg|? + Mol (4.26)

This expansion is completely general, and the contribution of each term depends on the
CP properties of the observable under consideration. For CP-even observables, such as
the total or differential cross section, the interference terms that are odd under a CP

transformation vanish after phase-space integration. In particular, the terms
2 Re (M&yuMo + MEpMo) (4.27)

do not contribute, as they are CP-odd by construction. Consequently, the leading NP
contribution to CP-even quantities arises from the interference between the SM amplitude
and the CP-even operator, scaling as O(A~2), followed by pure dimension 6 squared

contributions of order O(A~%).

In contrast, CP-odd observables are specifically designed to be odd under CP transfor-
mations. For such quantities, the interference between the SM and the CP-odd operator,
Re(M%Mo), provides the leading non-vanishing term, contributing at O(A~2). Ad-
ditional effects from the interference between two dimension 6 operators, Re(MpMo),
appear at O(A~*). Hence, the construction of observables sensitive to CP-odd effects
is essential, as they retain the interference terms that vanish in inclusive or CP-even
measurements, thereby providing enhanced sensitivity to CP-violating NP already at

the interference level.

The polarization and spin correlation parameters of the massive spin-1 boson provide a
large set of observables which have an O(A~2) dependence with CP-violating higher di-
mensional operators. In general, for a system of NV particles with spin s € {s1, 82, , s, },
there will be a total of 4s1(s; + 1) x 4s2(s2 + 1) - - - 4sy, (s, + 1) spin observables. Con-

sidering e~ et — Zh production, our three chosen decay channels of the Higgs boson
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(h — bb/WW™*/ZZ*) give a total of 8/729/729 different spin observables in each re-
spective decay channel. For the h — bb decay, we do not consider the reconstruction of
b-jet polarization in the current work. The Z boson polarizations were used in previous
literature [341, 352, 371, 372| to probe CP violation in the Higgs sector. We study the

sensitivity of each decay channel along with the combination of multiple channels.

These spin parameters are reconstructed from the joint angular distribution of the final
state charged fermions. We discuss in brief the methodology of obtaining these spin
observables in terms of the asymmetries in angular functions of final fermions (for detailed
discussion, we refer the reader to [373, 374|). For a massive spin-1 boson, the production

dynamics are represented in terms of a density matrix as
p(A, ) oc MA)M*(X'), (4.28)

where M is the helicity amplitude and A € [—1,0, 1] are three possible helicity states of
the massive spin-1 boson. The density matrix can be parameterized in terms of three
vector 7 = {pz,py, p-} and five tensorial T;; polarizations, given in cartesian form as

1

AN =
p(?) 3

I3«3 + g? o ? T \/ET@']'{SZ', S]}] , (4.29)

where {S;, S;} represents the anti-commutation between the basis of the spin-1 particle
S; € {Sz,8y,5:}. Given the spin-1 boson decay to a pair of fermions (V — f?l), the

differential cross section would be given by [373]

sy &r

1 do 3 2 Tzz 3 2
{(3 — (1 —39) \/6) + ap; cosfy + \/g(l —30)T, cos* O (4.30)

+ (ozpz + 2\/3(1 —30)T%. cosﬁf> sinfy cos gy + (1 — 36) (W) sin 07 cos(2¢y)

+ (apy + 2\/2(1 — 36)Ty, cos 9f> sinfysingy + \/g(l — 30)Tyy sin® 05 sin(2¢f)] ,

where 0 = oy x I'(V — f?/) with oy the production cross section. Here, y and ¢y
are the polar and azimuth orientation of the fermion f, evaluated in the rest frame of
the mother boson (V) with its would-be momentum along the z-axis. The initial beam
direction and the mother boson momentum in the lab frame define the x — z plane, i.e.,

¢ = 0 plane, in the rest frame of the boson as well. The expressions for spin analyzing
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parameters « and § are given in App. 4.J. For a spin-1 boson decaying to two fermions
through the vertex structure fy* (frLPr + frPr) f'V, Pr/r = (1 F75)/2 and in the
high energy limit 6 — 0,y = —1 and ayz = —0.219 [374].

The parameters of the density matrix can be obtained by performing a partial integration
of the differential rate with respect to the polar and azimuth angle of the final state

fermions. For example, the asymmetry related to p, is given by [374|

SRl CATARS A sios /M/W) *(zim)

_ o(sinfcos¢ >0) — o(sinf cos ¢ < 0) a (4.31)
O (sm&cos¢>0)+a(smecos¢<O) 1%Pp '

The other remaining five polarization parameters can be similarly obtained through
partially integrating out the differential rate. Numerically, the elements of the density

matrix are computed in the form of asymmetries given by

o(c; >0)—o(c; <0) )
Alpi] = o(c; >0)+o0(c; <0) < pir P €2,y 2),
o(cic; > 0) —o(cic; <0)
AlT) = o(e cj >0)+ cf(czcj <0) (432)

where ¢, = sinflcos¢, ¢, = sinflsing, and c, = cosf). These angular functions or
correlators relate the differential rate to the polarization parameters. Similar to the one-
particle case, the two- and three-particle spin correlation parameters can be obtained

numerically in the form of asymmetries in the joint angular functions of the final fermions.

Further, these asymmetries behave differently under CP transformation. For exam-
ple, the polarization asymmetries Ay, Ay, and A,, are odd under CP, while other
one-particle polarization asymmetries are even under CP transformation. Similarly, the
correlation observables are also divided into two classes of asymmetries depending upon
their reaction to CP transformation (see ref. [375] for detailed classification). The avail-
ability of CP-odd asymmetries becomes very important to probe the CP-odd NP which
otherwise would only appear in a quadratically suppressed form in CP-even observables.
In the next section, we discuss the sensitivity of these observables to the WCs, partic-
ularly focusing on the CP-odd operators. We will begin with the dominant bb decay
channel where we focus on one-particle polarization asymmetries and move on to the

three-particle system.
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4.3.2 Sensitivities of Spin Asymmetries

In this section, we present a detailed study of the sensitivity of various Higgs decay chan-
nels to the dimension 6 operators listed in Tab. 4.1, considering quadratic dependence on
the corresponding WCs. The cross section for any observable process is parameterized

as

3 6
a(C;i) = o9 +ZUzCi+ZUijC¢Cj +Z(7kk0137 (4.33)
i=1 k=1

i>j
where oy denotes the SM cross section, o; encodes the interference between the SM and
the three CP-even dimension 6 operators, o;; represents the interference between two
CP-even operators, and o captures the quadratic contributions from both CP-even
and CP-odd operators. For asymmetry observables, we parameterize the cross-section
weighted asymmetries (Ao /o) according to their transformation properties under CP.
The CP-even asymmetries are fitted using Eq. (4.33) for their numerator Ao = Ao,

while the CP-odd asymmetries are parameterized as

3
AO’(Cl) = Z 0;C; + Z UijCiCj, (4.34)
i=1 i>j

where the linear term o; arises solely from the three CP-odd operators, and o;; corre-

sponds to interference terms between CP-even and CP-odd contributions.

Higgs decay to bb pair We begin with the dominant decay mode of the Higgs bo-
son, h — bb (B.R. ~ 58%), studied in the associated production channel Zh — 11~ bb.
The event generation, detector simulation pipeline, background composition (ZZ, ZZv),
and handling of initial-state radiation (ISR) follow the exact methodology established in
Sec. 4.2.2. As previously demonstrated in Fig. 4.14, the recoil-mass observable (mgecoil)
retains strong discriminating power between the signal and background even in the pres-
ence of ISR. Events are selected by imposing mpgecoil = 120 GeV to effectively suppress
the dominant ZZ background. The advantage of this recoil mass reconstruction is that

it remains independent of the Higgs decay channel.

The anomalous interactions here arise from modifications to the hZZ and hZ~y vertices
(detailed previously in Sec. 4.2.1). Since the b-quark polarization is not reconstructed,
only the Z boson spin parameters contribute to the angular structure. The angular

observables are extracted from leptons in the rest frame of the decaying Z boson. To
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FIGURE 4.17: Sensitivity of asymmetries to the WCs of the dimension 6 operators
affecting hZZ and hZ~ coupling in Zh production process. The distribution are ob-
tained for eTe™ — Zh — I71Tbb process at /s = 250 GeV, A = 1 TeV with initial
polarized beams, (P,+,P.-) = (£0.3,F0.8) and an integrated luminosity of £i,; = 1
ab~! for each polarization setting. No systematic errors are considered.

enhance statistical sensitivity, events are categorized in bins of cosfz, where 67 is the

production angle of the Z boson in the lab frame as

T<cosez§—1+%, n=1,...,8. (4.35)

The sensitivity of a given observable & to a WC, C' is defined as

16(C) — 6(0)]

S[ﬁa C] i 50 )

where 60 = \/ J ﬁgyst. + 8072, denotes the estimated uncertainty in the measurement of

syst.
observable 7.

Fig. 4.17 shows the resulting sensitivity distributions at £ = 1 ab~! for each set of beam
polarization (P.+,P,—) = (£0.3,F0.8). For CP-even operators i.e., Ogw, Onp, and
Opwp, we observe that the most sensitive observables are the CP-even asymmetries
o, followed by 7,. These asymmetries receive leading-order contributions at O(1/A2)
due to interference between the SM and the CP-even SMEFT amplitudes. In contrast,

the CP-odd asymmetries, namely 7, 7, and /,., exhibit negligible sensitivity to
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these operators. This behavior is expected, as contributions from CP-even operators to
CP-odd observables only arise at second order in the SMEFT expansion, i.e., O(1/A%),
and are therefore strongly suppressed. On the other hand, when we consider CP-odd
operators, we observe a complementary pattern. The asymmetry 7, emerges as the
most sensitive observable across all three CP-odd operators studied. This is consistent
with theoretical expectations, as 47, is explicitly CP-odd and can receive leading-order
contributions at O(1/A2). This highlights the unique role of CP-odd asymmetries in
isolating contributions from CP-violating SMEFT operators, which would otherwise be

challenging to probe using CP-even observables alone.

Higgs decay to WW™* (h — lrjj) We now turn our attention to the decay mode
of the Higgs boson into a pair of W bosons, specifically the semi-leptonic final state of
the process h — W*W — lvjj. This channel constitutes the second most dominant
Higgs decay mode (B.R. ~ 21%) at the LHC after h — bb, and provides complemen-
tary sensitivity to anomalous couplings due to the spin-1 nature of the W bosons and
their correlations. The simulation pipeline is similar to that of the bb channel, with the

following parton level kinematic cuts:

Ph>20GeV, pph>10GeV, |q| <25, ARy >04, |n;] <50,  (4.36)

where ARy, = /(An)? + (Ap)?, (a,b € {l,j}) denotes the angular separation between
any pair of leptons or jets in the final state, and 7 represents the pseudorapidity. The
event selection focuses on final states with exactly three isolated leptons, two jets, and
missing transverse energy, corresponding to Zh — IT1= + h(W®W — lvjj). A Z boson
candidate is reconstructed by requiring a pair of same-flavor, oppositely charged leptons

with an invariant mass close to the nominal Z boson mass, specifically
’mlﬂf - mz‘ <5 GeV, with mz =91.19 GeV.

In addition, to ensure that the selected events are consistent with the associated Zh pro-
duction topology, we require the recoil mass against the identified dilepton system from
the Z boson to satisfy mpecoii = 120 GeV thereby suppressing background contributions
from processes not associated with on-shell Higgs boson production. The dimension 6 op-

erators listed in Tab. 4.1 modify both the production and decay dynamics of this channel.
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On the production side, deviations arise through anomalous contributions to the hZZ
and hZvy couplings, which affect the angular correlations and kinematic distributions of
the Zh system. On the decay side, the Higgs coupling to W bosons, hW W, is altered
by additional effective operators, explicitly shown in Eq. (4.25), which introduce new
Lorentz structures and modify the spin correlation between the decay products. These
modifications can manifest as distortions in the angular observables of the final-state

particles.

The h — WW™* decay channel would allow for two and three body spin correlations
along with three spin-1 polarizations parameters. However, to reconstruct the vector
polarization associated with the hadronic W decay and their correlations, one needs
to know the identity of the final two jets. In the current work, we follow the tagging
procedure developed in previous works [375, 376] using boosted decision trees (BDT) to

tag the identity of the final two jets in an up/down type class.

The final two jets are reconstructed using the anti-kz [209] clustering algorithm. For
truth labeling of the two jets, we use the angular distance AR, between the two hardest
jets and two parton level light quarks. In the case where both the jets are closer to one
type of quark, we truth-tagged the hardest jet of that particular quark flavor. Further,
we construct several continuous and discrete observables from the jets to be used as input
features for our BDT model. The list of features is provided in Tab. 4.13. Continuous
variables, such as particle momenta, are normalized by the jet energy. We also compute
the number of mother particles that have traveled a distance d > 0.3 mm from the
primary vertex. Such particles give rise to final displaced tracks (tracks originating from
a secondary vertex). And in the case of a jet initiated by a ¢ quark, we can have a
significant number of short-lived kaons (Kg) leading to such displaced tracks. The pr

weighted jet-charge variables are also used as additional features.

The classification model is based on an XGBoost [303| binary classifier with the binary
logistic objective and evaluated using the log-loss metric. A grid search over learning rate,
number of boosting rounds, and tree depth identified the optimal configuration: learning
rate of 0.05, 500 boosting rounds, and a maximum depth of 10. Column and row sub-
sampling (0.7) and regularization terms (L1 = 1.0, L2 = 1.0) were used to control over-
fitting. The model was trained using 3-fold cross-validation to ensure generalizability.

Model performance was evaluated via iterative sub-sampling of test data, achieving =
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Feature Description
Ny, Ni, N+, Ny+ Number of v, I+, 7%, and k*
Doy P> D> Pk Four-momentum of 7, {*, 7%, and k*
p%, plT, p}i, p?i Scalar sum pr of respective particles
k Jet charge (k € {0,1})
Ny Count of mother with lifetime d > 0.3 mm.

TABLE 4.13: List of observables used as input features for BDT in order to classify
two leading jets as either up/down type jets. The features are derived for eTe™ —
Zh — 31F2j process at /s = 250 GeV at the detector (Delphes) level.
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FIGURE 4.18: In the top row, we show the sensitivity for asymmetries as a function
of one WC at a time obtained with h — WW™ channel and in the bottom row, the
sensitivity for h — ZZ* are shown. Only top eight sensitive asymmetries for each CP-
odd WC are shown. The distribution are obtained at /s = 250 GeV, A = 1 TeV with
beam polarization (P,+, P,-) = (£0.3,F0.8) and an integrated luminosity Line = 1
ab~!. No systematic errors are taken in this analysis.

78% classification accuracy with a variance of ~ 0.01%. The trained model is further

used to reconstruct the spin asymmetries of three spin-1 bosons.

The sensitivities of the h — WW™* channel to the three CP-odd dimension 6 opera-

tors are shown in the top row of Fig. 4.18. The plots display the response of the most

C

significant eight angular asymmetries to variations in C B>

HW> and CHWB For
11
zz)(yz)’

of the lepton from the Z boson with the cosf@sin¢ mode of the leading jet from the

the C37 coupling, the mixed asymmetry Al( which correlates the sin(36) mode
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W boson, exhibits the highest sensitivity. A comparable enhancement is observed for
Al(zil)(x), indicating strong correlations between angular structures in the leptonic and
hadronic decay sectors. For the Cppz and C 57 coefficients, the dominant sensitivity

l

zys Which en-

arises from the parity-odd lepton asymmetry .Aé. This is followed by A
codes azimuthal-polar correlations characteristic of CP-violating effects in the leptonic
decay plane. Overall, the leading sensitivities are governed by single- and mixed-angular
observables that transform odd under parity and CP, making them optimal probes of
CP-odd interactions in the WW™* topology. It should be noted that, although quadratic
contributions from SMEFT operators are included in the analysis, Figures 4.17 and 4.18

show that the resulting constraints are sufficiently stringent that these quadratic effects

remain numerically insignificant.

Higgs decay to four leptons (h — e~eTpu~puT) We finally analyze the fully lep-
tonic channel h — ZZ*) — ete~putpu~, corresponding to the Zh — It~ + h(ZZ* —
ete ™) topology. Despite its smaller branching ratio (=~ 3%), this process offers
clean kinematics and negligible background, enabling full reconstruction of the interme-
diate Z polarizations. Moreover, due to the spin-1 nature of the Z bosons, this channel
is highly sensitive to the tensor structure of the hZZ vertex, making it a powerful probe
of anomalous Higgs couplings arising from higher-dimensional operators. At the parton
level, basic kinematic acceptance cuts are applied to all leptons to ensure detector-level
observability and to regulate soft and collinear divergences. These cuts are implemented

in MG5 and are given by
pr>10GeV, ARy, >04,  |p| <25, (4.37)

where ARy, = \/(An)? + (A¢)? is the angular separation between any pair of leptons,
and 7; denotes the pseudorapidity. To ensure that the selected events originate from an
on-shell Z boson and to suppress non-resonant background, the recoil mass against the

dilepton system is required to lie within the Higgs mass window: 123 GeV < mpecoil <

127 GeV, where the recoil mass is computed as mgecoil = \/ (Pinitial — Pr+7- )2, With pinitial
being the total incoming momentum and p;+;- the momentum of the tagged Z boson.
The Higgs boson candidate is reconstructed from the remaining four-lepton final state
consisting of two electrons and two muons. To ensure compatibility with the Higgs

resonance, the invariant mass of the four-lepton system is required to satisfy 120 GeV <
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my; < 130 GeV. This selection efficiently suppresses continuum ZZ backgrounds and

enhances the signal purity of Higgs decays.

The sensitivity of the h — ZZ* channel to the CP-odd operators is shown in the bottom
row of Fig. 4.18, where we highlight eight dominant asymmetries. The distributions are
rescaled by a factor of ten for better visualization, as the deviations in this channel are

C and C

statistically suppressed. For all three WCs C B v g the most sensitive

HW>
observable is the parity-odd lepton asymmetry AZZ , arising from the azimuthal modula-

tion of the lepton associated with the on-shell Z boson. The next leading sensitivities

1l2
zz)(yz)

relations among the leptons emitted from the Higgs decay chain h — ZZ*. Across all

are observed in mixed-angular asymmetries such as Af,czy and Al( , which encode cor-
operators, the sensitivity pattern remains largely consistent, indicating that the domi-
nant effects originate from parity-odd angular structures in the leptonic decay planes.
The fully leptonic h — ZZ* topology thus provides a clean environment where angular
asymmetries serve as sensitive probes of CP-violating interactions in the Higgs—gauge

sector.

4.3.3 Combined Sensitivity of Operators

The projected 95% C.L. limits on the dimension 6 operators modifying the Higgs—vector
boson interactions are summarized in Tab. 4.14. The results are derived from the analysis
of three Higgs decay channels: h — bb, h — WW™*, and h — ZZ*, based on spin
asymmetries and total cross-section information in Zh production at /s = 250 GeV

with an integrated luminosity of 1000 fb~! per polarization configuration.

Among the operators considered, the h — WW* decay channel provides the most strin-
gent constraints for those directly modifying the hWW vertex. Specifically, C'yw at-
tains its strongest bound in the A — WW™* mode with limits of [—0.001, +0.001], which
is about an order of magnitude tighter than the h — bb result and nearly two orders
better than the h — ZZ* channel. The CP-odd operator C,3 follows a similar trend,
with the h — WW™* channel giving [—0.041, +0.041], compared to [—0.190, 40.190] from
h — bb and [—3.721,+3.721] from h — ZZ*. This improvement reflects the strong
spin-correlation sensitivity of the semi-leptonic h — WW™ observables to both CP-
even and CP-odd tensor structures in the AV'V interaction. For all other operators,

the h — bb channel yields the dominant sensitivity due to its large branching ratio and
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WCs I=1Tbb I—lITww* I—1+tzz* Combined
Cpw | [-0.012,+0.012] | [-0.001,40.001] | [—0.081,4-0.050] | [—0.001, +0.001]
Cuw | [=0.190,+0.190] | [-0.041,+0.041] | [-3.721,+3.721] | [-0.040, +0.040]
Cup | [-0.020,40.020] | [-0.101,+0.098] | [—0.775,+0.502] | [—0.020, +0.020]
Cyg | [-0.325,+0.325] | [-1.032,+1.032] | [-6.670,+6.667] | [-0.322,+0.312]

Cuwp | [-0.015,+0.015] | [-0.111,+40.108] | [-0.508,+4-0.271] | [—0.014, +0.014]
Cywvp | [-0.360,40.360] | [~1.148,+1.148] | [-6.889, +6.889] | [-0.346,+0.346]

TABLE 4.14: 95% C.L. one parameter limits of WCs obtained using cross section
and asymmetries for three different decay channels of the Higgs boson and also their
combinations for ete™ — Zh production. The limits are obtained at /s = 250 GeV,
A =1 TeV, £, = 1000 fb~! for each set of beam polarization with zero systematics.

well-reconstructed final state. The limits on Cyp and Chwp are [—0.020, 4+0.020] and
[—0.015, 40.015], respectively, which are approximately five times stronger than the cor-
responding bounds from h — WW™ and over an order of magnitude better than those
from h — ZZ*. In the CP-odd sector, C; 5z and €3 remain comparatively weakly
constrained in individual channels due to their suppressed interference. The ZZ* mode
gives limits of O(6), while the bb channel improves these to around 0.3. The combined fit
tightens the bounds further to [—0.322,+0.312] and [—0.346, +0.346], respectively, rep-
resenting nearly a tenfold improvement over the ZZ*-only sensitivity. Overall, Tab. 4.14
demonstrates a clear complementarity among the decay channels: the h — WW™ chan-
nel dominates for Cyw and €35 due to polarization-enhanced sensitivity, the h — bb
channel leads for all remaining operators owing to statistical precision, and the h — ZZ*
channel, while limited by event rates, provides valuable kinematic clarity supporting the

combined SMEFT constraints.

At this stage, we compare the constraints on the CP-even WCs obtained in this work
with the bounds previously derived using the OOT in the h — bb channel in Sec. 4.2.
Using only the differential cross section, the OOT analysis at an integrated luminosity

of 2 ab™?! yields sensitivities of

Crw /A? € [—0.04,40.04] TeV—2,
Cup/A? € [-0.07,40.07] TeV 2, (4.38)

Cawp/A? € [-0.08,+0.08] TeV 2.
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The incorporation of Z boson polarization asymmetries in the same framework substan-

tially improves the discriminatory power, leading to the tightened bounds

Craw/A? € [-0.01,+0.01] TeV 2,
Cup/A? € [-0.02,+0.02] TeV—2, (4.39)

Cawp/A? € [—0.02,+0.02] TeV 2.

Hence, the inclusion of polarization asymmetries of the Z boson alone not only enhances
the sensitivity to CP-odd operators, but also introduces an additional independent y?
contribution in the CP-even sector, resulting in an overall improvement of approximately

a factor of four in the corresponding limits.
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FIGURE 4.19: Impact of integrated luminosity (left panel) and systematic uncertainties
(right panel) on two-dimensional 95% CL contours in the WC plane, using combined
Higgs decay channels (b — bb, h — WW™*, h — ZZ*) from Zh production at /s =
250 GeV eTe™ collider.

Next, we perform two-dimensional projections in the (Chw,C ;) plane to study the
impact of integrated luminosity and systematic uncertainties on the attainable limits of
the WCs. The left panel of Fig. 4.19 illustrates the evolution of the allowed parameter
space with increasing £in¢, assuming systematic uncertainties of 2% on the total cross
section and 1% on asymmetries. Contours are displayed for four benchmark luminosi-
ties: 500, 1000, 1500, and 2000 fb~!, evaluated separately for each beam polarization
configuration. A clear tightening of the contours is observed with increasing luminosity,
reflecting the enhanced statistical power to resolve small deviations from the SM expec-
tations. This behavior is particularly pronounced for operators whose interference terms

scale linearly with event yields, demonstrating the importance of high-statistics datasets

TH-4060_216121001



Chapter 4: Application to Higgs Physics 128

in constraining dimension 6 effects. The right panel of Fig. 4.19 examines the role of
experimental systematic uncertainties at a fixed integrated luminosity of 1000 fb—!. Four
representative uncertainty configurations are considered for the total cross section and
asymmetry measurements: (0,0), (2%,1%), (5%,2%), and (10%,5%). As expected,
increasing systematic uncertainties lead to a noticeable degradation in sensitivity, man-
ifested as enlarged allowed regions in the (Chw, CHW) plane. A significant tightening
of the contours is observed when moving from the conservative (10%, 5%) to the moder-
ate (5%, 2%) scenario, indicating a strong sensitivity improvement once systematics are
reduced below a few percent. Beyond this point, however, the contour areas show min-
imal further shrinkage, signaling a saturation in the achievable precision limited by the
remaining systematic floor. This suggests that to probe the anomalous hV'V couplings
in Higgs-strahlung processes, especially when incorporating spin-sensitive observables
across multiple Higgs decay channels, both high-statistics datasets and tightly controlled
systematics are indispensable. Future high-luminosity e™e™ colliders thus offer an ideal
environment, where reduced experimental systematics and large integrated luminosities

can jointly maximize the reach of SMEFT analyses.

4.3.4 Summary and Conclusion

The precise determination of the Higgs-gauge couplings (AVV, with V. = Z W,~) re-
mains a central goal of future high-energy e™e™ colliders, offering powerful tests of elec-
troweak symmetry breaking and sensitivity to new physics. This study investigates
anomalous hVV interactions through the process ete™ — Zh at /s = 250 GeV, em-
ploying spin-based asymmetries that access interference effects absent in total rate mea-
surements. These observables enable direct discrimination between CP-even and CP-odd
operator contributions and significantly extend the sensitivity beyond that of previous

rate-based analyses.

By analyzing the three major Higgs decay channels: h — bb, WW®) and ZZ™) we
observe a clear complementarity among them. The h — WW™ channel provides the
strongest constraints on both the CP-even and CP-odd operators Opw and Oy that
modify the hWW vertex directly, driven by its rich spin correlation structure. The h —
bb mode, with its large event yield and clean reconstruction, dominates the sensitivity to

operators affecting the hZZ and hyZ interactions, while the h — ZZ* channel, though
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statistically limited, offers a clean probe of parity-odd angular structures and serves as a
consistency test. A combined analysis across all decay modes yields the most stringent
overall bounds, substantially improving upon both current LHC limits and previous ILC

projections, particularly in the CP-odd sector.

A comparison with the recent analysis of [377], where constraints on the CP-violating
WCs were derived using the azimuthal angle observable A®;; in the h — bb" channel at

Lint = 3 ab™ 1, is particularly instructive. Their study reports

Cyi/A? € [-0.28,+0.28] TeV~2,
Cy /A € [-0.35,+0.35] TeV 2, (4.40)

Cliwp/A* € [—0.38,+0.38] TeV 2.

In contrast, our analysis of the same h — bb decay mode yields significantly stronger

bounds,

C i /A? € [-0.15,+0.15] TeV 2,
Cy /A € [-0.26,+0.26] TeV 2, (4.41)

Clivg/A® € [—0.29,+0.29] TeV 2.

Thus, for the €4 operator in the i — bb channel alone, our constraint is tighter by
nearly a factor of three. Moreover, incorporating the h — WW™* decay mode substan-
tially enhances the sensitivity: the C' 5/ A? coefficient is constrained to € [—0.03, +0.03],
representing an improvement of O(1) compared to the bb channel. For the remaining
operators, C; 5/ A% and Cyive /A%, our limits improve upon [377] by approximate fac-
tors of 1.34 and 1.31, respectively. These bounds become even more stringent once the

additional set of decay channels are included.

The impact of luminosity and systematic uncertainties has also been quantified. Increas-
ing integrated luminosity leads to a progressive tightening of the allowed regions in the
WCs planes, reflecting enhanced statistical precision. Conversely, systematic effects on
total cross sections and asymmetry measurements become dominant once uncertainties
exceed a few percent. Beyond this threshold, sensitivity improvements saturate, under-
scoring the need for both large datasets and sub-percent-level systematic control to fully

exploit the precision potential of future colliders. Overall, this work demonstrates that
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spin asymmetry observables substantially enhance the reach of SMEFT studies in Higgs-
strahlung. They provide a clean and direct handle on CP-even and CP-odd effects, lever-
aging interference-driven sensitivities inaccessible to total rate analyses. When combined
with multiple Higgs decay channels and polarized beams, these observables form a pow-
erful framework for probing higher-dimensional operators with unprecedented precision.
Future high-luminosity ete™ colliders thus present an ideal environment for advancing

the precision frontier of Higgs physics and testing the SM at the sub-percent level.

Appendix: Application to Higgs Physics

4.A Constraints on qqZ/qqZh Operators

The constraints on dipole (other than Cyy7) and Higgs-current (other than C’g’;) operator

coefficients from existing studies are listed in Tab. 4.15 and 4.16, respectively.

Coefficient Bound C.L. | Flavor Scheme [Source]
[-0.602, 0.602] | 95% | U(3)y X U(3)u X U(3)4 [291]
[-0.780, 0.780] | 95% | U(2)q x U(2)u X U(2)q [292]

- [-0.199, 0.093] | 95% U(1)g x U(1); [278]
[-0.036, 0.324] | 90% | U(3)y X U(3)u X U(3)q [284]

[-0.430, 0.284] | 95% U(1)g x U(1); [282]

[-4.500, 1.200] | 95% U(1)g x U(L); [279]
o [-0.484, 0.484] | 95% | U(3)y X U(3)u X U(3)q [291]
[-0.360, 0.360] | 95% | U(2)q X U(2)y x U(2)q [292]
o [-0.769, 0.769] | 95% | U(3), x U(3)u x U(3)q [291]
[-0.960, 0.960] | 95% | U(2)q x U(2)u X U(2)q [292]

TABLE 4.15: Constraints on dipole operator coefficients from existing studies; see the
references for details.
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Coefficient Bound C.L. | Flavor Scheme [Source]

-2.659, 0.381] | 95% | U(2)q x U(2) x U(3)q [278]
[-1.147, 1.585] | 95% U(1)g x U(1), [278]
[-0.260, 0.115] | 68% | U(3)q x U(3)y x U(3)q [165]

o [-1.600, 0.430] | 95% | U(3)q x U(3) x U(3)q [285]
:0.048, 0.021] | 90% | U(3)y x U(3)u x U(3)4 [284]
[-0.100, 0.140] | 95% | U(2)q x U(2)y x U(3)q [279]
1-0.031, 0.049] | 95% U(1)g x U(1); [279]
:0.023, 0.047] | 95% | U(2)y x U(2)y x U(3)4 [281]
:0.458, 0.375] | 95% | U(2)q x U(2) x U(3)q [278]
[-1.038, 0.449] | 68% | U(3)y x U(3)u x U(3)4 [165]
[-0.060, 0.036] | 90% | U(3)q x U(3), x U(3)q [284]

il :0.190, 0.100] | 68% | U(3)q x U(3)u x U(3)q [4]
:0.075, 0.073] | 95% | U(2)q x U(2)u x U(3)4 [279]
[-1.200, 2.900] | 95% U(l)g x U(1) [279]
:0.056, 0.081] | 95% | U(2)y x U(2)y x U(3)4 [281]
[-0.187, 0.229] | 95% | U(2)q x U(2), x U(3)q [278]
[:0.520, 0.267] | 68% | U(3)y x U(3)y x U(3)4 [165]

Cra [-2.600, 8.300] | 95% | U(3)q x U(3)u x U(3)4 [285]
[:0.130, 0.071] | 95% | U(2)q x U(2) x U(3)4 [279]
[:0.150, 0.040] | 95% | U(2), x U(2), x U(3)q [281]

TABLE 4.16: Constraints on Higgs-current operator coefficients from existing studies;

see the references for details.

Bounds on the imaginary part of dipole operators from neutron EDM [164] (assuming a

U(2)q x U(2), x U(2)q flavor scheme) are shown below:
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Jm(Cyp) < 0.000368

Jm(Cyw) < 0.000002

Jm(Cyp) < 0.000001

(4.42)
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4.B Details of BDT Analysis

Feature selection is an integral and significant part of any machine learning analysis. The
presence of too many redundant features causes a model to learn unnecessary charac-
teristics; as such, we expect the features to have little dependence on one another. The
correlation matrix captures the interdependence among the features very accurately. For
our BDT model, the feature correlation heatmap is shown in Fig. 4.20. Darker patches
refer to high correlation. Apart from features like plT and p% or pr and pgf’ , where corre-
lation is naturally expected, most of the features show little to no correlation, enhancing
the model’s learnability against general data. Apart from feature selection, another im-
portant aspect of model tuning is hyperparameter optimization. Proper tuning prevents
the model from overfitting, resulting in better performance on new data. The optimized

hyperparameters for the model are detailed in Tab. 4.17.

Hyperparameters for the XGBClassifier model Optimal value
Number of boosting rounds (n_estimators) 50
Maximum depth of a tree (max_depth) 5
Learning rate for the model (learning_rate) 0.15
Fraction of samples used each tree (subsample) 0.8
Fraction of features used for each tree (colsample_bytree) 1.0
Minimum sum of instance weight in a child (min_child_weight) 50
Minimum loss reduction for further partition (gamma) 0.75
L1 regularization term on weights (reg_alpha) 8
L2 regularization term on weights (reg_lambda) 60
Maximum step size for each iteration (max_delta_step) 2

TABLE 4.17: The optimal hyperparameter values for the model mined using
GridSearchCV. The objective hyperparameter is fixed at "binary:logistic".

4.C Additional Differential Distributions

Kinematic distributions for different EFT benchmark points are shown in Fig. 4.21.

The My, distribution post BDT score threshold choice of 0.95 are shown in Fig. 4.22.
3

The benchmarks {c,w, i)} are: Left: BC1 {0.00, —0.20}, BC2 {0.00, —0.10}, and BC3
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FIGURE 4.20: Top Left: Correlation matrix for the features used in training the XG-
Boost model for Zh process. Top Right: Zbb process. Bottom Left: tt process. Bottom
Right: ZZ process.
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FIGURE 4.21: Top Left: Invariant mass of dilepton, Top Right: invariant mass of di-
bjet, and Bottom: missing transverse energy corresponding to Z (1117 )h(bb) at /s =14
TeV at different EFT benchmark points shown in Table 4.8.

{0.00, —0.01}; Center: BC4 {0.00,0.01}, BC5 {0.00,0.10}, and BC6 {0.00,0.20}; Right:
BD1 {0.01,0.00}, BD2 {0.10,0.00}, and BD3 {0.20,0.00}.
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FIGURE 4.22: M, distributions for different EFT benchmarks post threshold choice
of 0.95.

4.D 7 Branching Ratio Corrections

The correction to the Z decay width in the presence of O,y and (’)g’?] can be parametrized

as:

SM 2 3))? 3)
Ty =T {1 +0.0047 (Cyyrr) + 0.0099 (O}I;) +0.0976 (C}iq)] (4.43)
The correction to Z — 7]~ branching is parametrized as:

(B.R.)zy = Lo - (B.R')%\f
g, 2
[1 +0.0047 (Cyuw)? 4 0.0099 (C§3> +0.0976 (ngﬂ

T (4.44)

Fig. 4.23 shows how the 68% C.L. limits change depending on whether EFT corrections
to the Z branching are included or not. The effect is not very strong, but it is taken into

account in our analysis.
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FIGURE 4.23: Shift in 68% C.L. limits depending on whether EFT corrections to the
7 branching are included or not.

4.E Effect of Custodial Symmetry

In Sec. 4.1.2, we imposed the custodial symmetry condition Ky = k7. However, this
assumption can be relaxed. In this section, we explore how the 68% C.L. limits change

under two scenarios: (I) with custodial symmetry, where ky = kz (as discussed in
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Sec. 4.1.2), and (IT) without custodial symmetry, where ki # Kz and Ky = 1, assuming
an SM-like coupling of the Higgs to the W boson while treating xz as a free parameter.
For the second scenario, the Higgs production signal strength via the Zh channel is given

by:
Zh (O'Zh X (B-R')hbb) - HZZIﬂlzB

— — _ 4.45
Fhbo = (G20 S (BR Yw)snr  0.3929 + 0.5809x% + 0.0262r% (4.45)

Fig. 4.24 illustrates how the 68% C.L. limits are affected by the assumption of custo-
dial symmetry. The assumption significantly impacts our bounds, particularly when xz

deviates from 1.

FIGURE 4.24: Shift in 68% C.L. limits depending on whether custodial symmetry is
assumed.

4.F ML-based Discrimination

Comparison of SHAP values across LightGBM Models
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FI1GURE 4.25: SHAP values for BDT models trained for signal-background segregation.
We train three BDT models using the LightGBM framework: one for the unpolarized

case and two for the polarized beam configurations (P,+,P.-) = (+30%, —80%) and
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(—30%, +80%). For each model, the dataset is split into equal halves for training and
testing. The kinematic variables (features) used for training are as follows: Invariant
mass of the dilepton system (Mj;) and the bb system (M), recoil mass of the dilepton
system (MmRecoil), angular separation between the leptons (Any, ARy;), angular separation
between the b-jets (Anwy, ARypy), kinematic variables of the dilepton system: transverse
momentum (p4), pseudorapidity (n;), and azimuthal angle (¢;), kinematic variables of
the bb system: pgé, nyy, and ¢pp, and angular separation between the dilepton and bb

systems: Amny py, ARy pp. The recoil mass of the dilepton system is defined as:

MRecoil = \/8 —2/sEy + M}, (4.46)

where Ej; is the total energy of the two leptons. The definitions of the other variables
follow standard usage in collider physics literature. The polar angle of the final state,

reconstructed from the dilepton system, is defined as:

il

COoS eRecoil = |?pzll| (447)

where p! is the longitudinal momentum of the dilepton system and \?”\ is its total three-
momentum magnitude. All input features are normalized using the StandardScaler
module. The BDT models are trained with equal class weights for signal and background
events, while testing is performed using weights proportional to the true event yields.
The SHAP values for the trained models are shown in Fig. 4.25. Among all features, the
recoil mass Mpecoil €merges as the most powerful discriminator. Therefore, we choose
to replace the BDT model with a simple optimized selection cut on mpgecoi1, achieving

similar classification performance with greater interpretability.

4.G Couplings in Optimal Observable

As stated before, the differential cross-section for ete™ — Zh serves as the observable to
estimate the NP couplings (WCs) optimally in the ILC. In the limit where background

contamination is assumed negligible, the observable can be expressed as:

_ e 2o =" 6ifi(9), (4.48)

do
— €s
d¢ S,theory i

O(¢) = i

observed
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Upon a semi-numeric evaluation with /s = 250 GeV, myz = 91 GeV, and m;, = 125
GeV, the couplings attached to the phase space variables as in Eq. (4.21) are furnished
in Eq. (4.49)-(4.54).

g6 =20x1072+1.8x 1073 Cyw + 7.7 x 107° Cpw i
+4.4x107* (Cpuw)? —4.7x 1074 (Cyp)? + 7.7 x 1077 (Cxrwp)?
—23x107* CygwCyp — 9.4 x 1075 CypCrws
+84x107° (Cpp )2 +54x 1075 (Clyp)? + 1.5 x 1077 (Cyppp)?
—42x107°Cpuyp,Crp + 7.0 X 107" Cpp Crrpr s
—18x107°CLsChpp-

(4.49)

gF =32x107YCyw —32x 107 Cxyp — 54 x 1072 Chywp
—5.4x 107 (Cpw)? — 2.7 x 107 (Cxp)* — 1.3 x 107 CpwCus
—4.7x 107 CywCrwp + 2.4 x 1072° (Cpp)? + 2.4 x 10720 (O )3
+25x 1072 (Cpprp)® — 47 x 1070 Cs Cpp
—14x 107 Cpyp,Crprp + 1.4 X107 Cy g Crr o

(4.50)

95 =—-37x107*-54x 107" Crw + 54 x 1072°Cp + 1.4 x 107 * Crwp
+84x107° (Cpyw)? =54 x 107 (Cyp)? — 1.5 x 1077 (Cyrwp)?
—43x 107° CgwCrhp — 7.0 x 107 CywCrwp — 1.8 x 107 CypCrws
+84 %1077 (Cpy)® +54x 1070 (Cpyp)® + 1.5 x 1077 (Cpypr)°
—4.3x107°Cpyp,Crp = 10x 10 °CopCrp
+1.8x107°ClgCrprp s
(4.51)
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g =14%x10"%+1.0x 107 Cyw + 9.1 x 107* Cyyp + 8.6 x 107 * Cyrwp
+1.9%x 1075 (Curw)? + 1.5 x 107* (Cyp)* + 1.3 x 1074 (Curwp)?
+3.6x 1077 (Cpyp)® +2.8 x 1077 (Cpyg)? +2.5 x 107° (Cpyppy p)?
+33x10°CywCrp +3.2x107° CywCrws + 2.8 x 107 CupCrwp
+6.3x107°CyChug+6.0x107°CpuypCuyp
+52x107°CygChpirp -
(4.52)

g =—-11x 107 Chw + 1.1 x 1072 Cxrp + 1.1 x 107 Cywp
—5.4x 1072 (Cyw)? +6.1 x 1072 (Cyp)? + 2.0 x 1072 (Cxwp)?
+24 %1072 (Cpyp )2 + 1.0 x 10720 (Cpy )2 + 2.5 x 10721 (C i )
+1.4x 107" CpwCup + 34 x 1072 Cgw Crwp — 6.8 x 10 *! CypCrws
—47x 107 CupCpp —14x107°°Cpp Crpr
+2.7x 107 CgCurp »
(4.53)

g = —28x107*—27x 107 Cyw +2.7x107° Cyp — 1.4 x 1072 Cywp
+3.6x 1077 (Cuw)? +2.8 x 107° (Cyp)? +2.5 x 107° (Cxwp)?
+3.6 x 107" (Cppy)® +2.8 x 107° (Cpg)* + 2.5 x 107° (Cpyr 5)°
+6.3x1079CywCup +6.0x 107 CywCrwp +5.2x 107> CypCrwns
+6.3x10°°CLpCrg+60x107°CppCrpp

+5.2x107°ChgChpip - (4.54)

Note that they are quadratic in C; with cross-terms of different WCs coming from dif-

ferent operators. The optimal y? analysis is done based on the above parametrization.

4.H Comparison with FCC-ee Limits

The electron-positron collision stage of the Future Circular Collider (FCC-ee) [322] is
expected to run at a CM energy of /s = 240 GeV with a projected integrated luminosity
of L = 10500 fb~!. However, the setup is expected to collide unpolarized beams

only. In this section, we draw a comparison between the 95% C.L. limits on the SMEFT
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operators for ILC 250 GeV with Liy; = 2000 fb~! for the unpolarized and polarized setup
discussed in Tab. 4.12, with the limits from the FCC-ee run, tabulated in Tab. 4.18. The

higher luminosity of the FCC-ee results in more sensitive bounds compared to the ILC

runs.
ILC (250 GeV 2000 fb—1)
WCs | FCC-ee (240 GeV 10500 fb~1)
Unpolarized Polarized
Cuw [—0.02, +0.02] [~0.06,+0.06] | [—0.04,+0.04]
Cuws [—0.03, +0.03] [~0.12,40.12] | [-0.08,+0.08]
Cup [—0.06, +0.06] [-0.28,+0.23] | [-0.07,+0.07]
Corv [—0.47, +0.47] [~0.98, +0.98] | [-0.83,+0.83]
Crivp [—0.86, +0.86] [—1.80,+1.80] | [—1.42,+1.42]
Cus [—0.74,+0.74] [—1.55,+1.55] | [-1.32,+1.32]

TABLE 4.18: 95% CL bounds on CP-even (top half) and CP-odd (bottom half) operator
coefficients from Zh production at the FCC-ee 240 GeV vs. ILC 250 GeV. For the
polarized case, we choose £i,; = 1000 fb~! for polarization setups (+30%, —80%) and
(—30%, +80%) each.

4.1 Correlated Sensitivities in the OOT

The two parameter x? sensitivity contours are shown in Fig. 4.26 for both the unpolarized
and the polarized beam configurations discussed in Tab. 4.12. For the two-parameter
case, the 95% C.L. limit corresponds to x?> = 5.99. The comparison between the un-
polarized and combined setups clearly demonstrates the enhanced sensitivity achieved
through beam polarization, emphasizing its crucial role in constraining SMEFT operators

at future ete™ colliders.

4.J Spin Analyzing Power for V — f f5

Considering the decay of a spin-1 boson (W/Z) to two fermions via a vertex of the

form fiy*(CLPL + CrPg)f2V, with real Cp g, the expressions for the spin analyzing
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FIGURE 4.26: Two parameter optimal sensitivity plots from Zh production at the ILC
250 GeV for unpolarized and combined setup. For the unpolarized setup, £i,; = 2000
fb=1, and for the polarized setup, each polarization configuration viz. (+30%, —80%)
and (—=30%, +80%) with £i,; = 1000 fb~!, combines to an integrated luminosity of
Line = 2000 b1,

parameters a and 9 are given by [373]:

0o 2ACR— VI + (af —a3)* — 2(af + 23)
12C, Crx129 + (0123 aF C%)p = (x% — m%)z aF (:13% + x%)] 4
5= 4CCrx119 + (0}23 i C%)[($% + CE%) = (.’L‘% — I%)Q]
12C1,Crx129 + (012% aF C%)p = (:C% = m%)z aF (x% -+ :C%)] 4

(4.55)

where x; = m;/m, m; is the mass of the final fermion, and m is the mass of the mother
boson. At the high energy limit, the final fermions decayed from the W/Z are taken to
be massless, 21 — 0,22 — 0, then one obtains a — (C% — C%2)/(C% + C?) and § — 0.

Further, within the SM, in the decay of W, we have Cr = 0, hence ao = —1.
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Application to Flavor Physics

7

“Bverything is vague to a degree you do not realize till you have tried to make it precise.’
Bertrand Russell

Contents
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THE flavor sector of the SM has long stood as one of the most compelling frontiers
for the discovery of NP, owing to the pronounced hierarchy in fermion masses and the
non-trivial mixing between flavor and mass eigenstates. While neutrino oscillations have
firmly established flavor violation in the neutral lepton sector, cLF'V is strictly forbidden
in the SM with massless neutrinos and remains extremely suppressed even after incor-
porating finite neutrino masses. In the quark sector, FCNCs arise only at the loop level
and are highly suppressed, with top quark FCNC processes being of particular interest
due to the large top quark mass. Consequently, any experimental observation of cLFV

or top quark FCNCs would provide an unambiguous signal of physics beyond the SM.

In this context, the SMEFT four-fermion operators offer a powerful and model-independent
avenue to study flavor violating effects. Their purely fermionic structure allows for direct
contact interactions, enabling a transparent connection to heavy NP through tree-level
UV completions. Future lepton colliders provide an ideal environment to probe such

effects, leveraging clean experimental signatures and enhanced sensitivity.

141
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This chapter explores the application of SMEFT to rare flavor violating processes at
future lepton colliders. It is organized into two main studies. Sec. 5.1 focuses on cLFV
within the lepton sector, examining the production of ur and er final states at the
proposed CLiC. By employing the OOT, we derive the ultimate statistical sensitivity to
flavor violating four-fermion couplings, and demonstrate how beam polarization can sup-
press SM backgrounds and disentangle operator chiral structures. Sec. 5.2 extends the
analysis to processes involving both lepton and quark sectors, investigating simultaneous
cLFV and top-quark FCNC interactions. In particular, we study the flavor violating pro-
cess ute” — tq’ (with ¢’ = u, ¢) at the proposed asymmetric yTRISTAN collider. Using
a cut-based analysis complemented by binned likelihood techniques, we obtain projected
bounds on scalar, vector, and tensor structures, and translate these into constraints on
rare top quark decay branching ratios. Together, these studies highlight the crucial role
of next-generation lepton colliders in addressing the flavor puzzle and placing stringent

constraints on the parameter space of BSM scenarios.

5.1 Charged Lepton Flavor Violation in SMEFT

Ezploring optimal sensitivity of lepton flavor violating effective couplings at the eTe colliders.
S. Jahedi, A. Sarkar.
Phys.Rev.D 110 (2024) 9, 9 (e-Print: 2408.00190 |[hep-ph).

A comprehensive array of experiments has been conducted across different scales to
explore cLFV. However, none of these experiments have yielded substantial evidence
supporting it. Consequently, upper limits have been established for cLFV branching
ratios (B’s) in decay processes, as well as cLFV couplings in the decays of charged
leptons. The SINDRUM experiment puts an upper bound on B(u — ev) at 10712 [110].
In case of 7-p and 7-e conversions, the Belle experiment puts bound on B(r — uv)
< 4.2x107% and B(T — e7) < 5.6 x 1078 [109]. On the other hand, the MEG experiment
provides an upper bound on B(i — ey) at 4.2 x 10713 [83]. In the scenario of three body
decays, the Belle experiment sets an upper bound on B(7 — 3e) < 2.7 x 1078 and
B(t — 3u) < 4.4 x 1078 [111]. All the limits are determined at 90% C.L. Neutral
bosons decays into cLFV modes is also investigated at different collider experiments.
The CMS experiment at the LHC has established that the branchings of the Higgs

boson in the ey, er, and 7 channels are constrained to be less than 3.5 x 10™* [378],
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6.1 x 1073, and 2.5 x 1073 [379], respectively, at 95% C.L. The cLFV decays of Z boson
have undergone measurement in the ey, er, and p7 channels at the LEP by the OPAL
and DELPHI collaborations [380, 381]. Nevertheless, the latest investigations of these
decays at the LHC by the ATLAS collaboration have surpassed the preceding limits
set by LEP [119, 382, 383]. LEP has further examined cLFV 2 — 2 processes and
imposed restrictions on the cross sections associated with these processes. The OPAL
analysis conducted at LEP presents confidence level boundaries on the cross sections for

ete™ — T, Te, and pe processes at various CM energies, as detailed in Tab. 5.1.

Cross section (fb)
CM energy /s (GeV)
TR | Te pe
189 115 | 95 o8
192 < /s < 196 116 | 144 162
200 < /s <209 64 | 78 22

TABLE 5.1: Upper bound on different flavor violating cross sections from the OPAL
experiment [13].

In this analysis, we investigate the production of muon-tau (u7) and electron-tau (er)
pairs at the CLiC [384], a proposed electron-positron collider. The absence of the QCD
effects in the initial electron-positron beams proves invaluable for estimating potential
NP against a significantly cleaner background. Additionally, the availability of partially
polarized beams offers a distinct advantage in suppressing the SM background, thereby
facilitating the dominance of the NP signal over the SM background. We consider the
SMEFT framework [11, 14, 168, 169, 172, 273| to probe the cLFV through four-fermion
effective operators, which we discuss in the next section. cLFV under the SMEFT
framework has been studied at hadron colliders [385-389] and lepton colliders [390-393].
Due to heightened background contamination in the leptonic decay modes of 7 lepton, our
study centers on the hadronic decay modes of the 7 lepton that manifest as light jets at
high energy colliders. Despite the predominance of the hadronic modes in 7 lepton decays,
distinguishing 7 jets from other hadronic activities proves challenging due to formidable
background interference at both hadron and hadron-electron colliders. Hence, exploring
such signals in the cleaner environments of lepton colliders offers a more favorable avenue
for investigation. We perform the OOT [367-370] to estimate the optimal sensitivity

of dimension 6 effective couplings through the signal process ete™ — It (I = e, p).
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The OOT has been utilized in constraining top quark couplings [394-399] and Higgs
couplings [246, 334] at the ete™ colliders. Its application extends to the examination
of top quark interactions at vy colliders [400, 401|, the measurement of top Yukawa
couplings at the LHC [402], muon colliders [403], and e~y colliders [404]. Recent studies
of the OOT includes the investigation of Z couplings of heavy charged fermions at the
ete™ colliders [232, 405, 406, explored neutral triple gauge couplings [407, 408|, and

investigated NP effects in flavor physics scenarios [409-412].

This study is organized as follows: In Sec. 5.1.1, we point out the relevant dimension 6
effective operators pertinent to our study and evaluate the upper bound on NP couplings
from flavor violating 7 lepton decays. We describe the collider simulation in Sec. 5.1.2.
A brief overview of the OOT and optimal sensitivity are discussed in Sec. 5.1.3. Finally,

in Sec. 5.1.4, we present summary and conclusion of our study.

5.1.1 cLFV via Dimension 6 SMEFT

The lack of signals in direct searches for new particle production at the LHC implies
a gap in energy between the electroweak scale and the potential scale where the NP
responsible for inducing cLFV may manifest. This leads us to work under the SMEFT
framework, which involves introducing a series of higher dimensional operators along

with the SM Lagrangian. The general definition of SMEFT Lagrangian is given by

c; 0\

Lerr = Lsm + Z =

i,d

(5.1)

where A is the scale of NP, C;’s are the WCs through which the effects of NP are
understood. Ogd)’s are the d-dimensional operators constructed from SM fields and
respect SM gauge symmetry. flavor violating dilepton production at the lepton colliders
is primarily governed by three classes of SMEFT operators, presented in Tab. 5.2. In
operators expressions, £ and e are the SU(2)r lepton doublets and iso-spin singlets, H is
the Higgs doublet, and W/fy, B, are the field strength tensors of the SU(2)z, and U(1)y

gauge group.

Experimental constraints derived from the muon decay process u — 3e at the SIN-
DRUM experiment [110], u — e conversion [115], and p — e transition [83] have firmly

restricted flavor violation between the first and second generations of leptons. However,
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Higgs-current operators Dipole operators Four-fermion operators

= — = — _
(O 0ij : (HTiD,H)(Eir™0;) | (Oew)ij = (Lo ey T HWL, | (Ou)ijia = (Giv"65) (™)
-
(ng)” : (HTiDﬁH)(éi’yMTlfj) (OeB)ij : (in'“VGj)HBw, (Oee)ijkl : (éi’y“ej)(ékfy“el)

<>
(One)ij : (HYD, H) (€ ej) (Ore)ijrr = (Liy"ly)(exyter)

TABLE 5.2: Three classes of dimension 6 operators contributing to the flavor violating
dilepton production at the lepton colliders [11, 14].

the constraints pertaining to flavor violation between electrons/muons and tau leptons
appear less stringent. Given these observations, we examine the eelr couplings through

I production at future eTe™ colliders.

ete™ — It (I = p,e) Production Among the various classes of operators listed in
Tab. 5.2 to produce 7l, the four-fermion operators result in contact interactions, as il-
lustrated in left diagram of Fig. 5.2. Meanwhile, the dipole and Higgs-current operators
contribute to the Zi7 and vI7 vertices, respectively, as shown in right diagram Fig. 5.2.
Considering that the couplings are of same order, at a fixed CM energy, the contribu-
tion of four-fermion operators to 7l production dominates over the dipole/Higgs-current
operators evidently due to the absence of s-channel suppression in case of this class of
operators, and the dominance is amplified as we tend towards higher CM energies, as
shown in Fig. 5.1. The contribution of Higgs-current operators to the 7!/ production drops
rapidly with increase in CM energy. Concerning the dipole operators, the cross section
remains nearly constant throughout the range of /s, but for a similar value of WC, the
cross section pertaining to four-fermion operators dominate over the dipole operators by
O(100) at /s = 3 TeV. It should be noted that owing to their sensitivity, four-fermion
operators are more strongly constrained from cLFV measurements in comparison to the
other two classes. However, it is clear from Fig. 5.2 that only four-Fermi-type operators
can address tree level decoupled NP concerned with eTe™ — I7 production process at
the lepton colliders. For our analysis, we restrict ourselves to four-fermion operators
only. Since, we study the processes at the ete™ collider, to further simplify the notation,
we drop the ee indices associated with these operators and different index combinations
contributing to same vertex are naturally assumed to be equal, detailed in Eq. (5.2) for

ut production. Same applies for er production as well.
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FIGURE 5.1: Left: Variation of cross section for the process ete™ — u*7F with the
change in WCs (C/A?%) at /s = 3 TeV. Right: Variation of the cross section for the
same process with change in CM energy, v/s (C/A? set to 1.0 x 1079 GeV~2).
(Céﬂ/ee/ee) (CEE/Ee/ee)'m_ee (CM/Ze/ee) eepr
(CM Le ee) (CM Le ee) )
/te/ eT e /te/ neer (5‘2)
(CEZ/Ze/ee) (CM/Ze/ee)ETee = (CZE/Ee/ee)eeeT ’
(CM/Ze/ee) (CEZ/Ee/ee)euee (CM/Ee/ee)eee“

Considering the u7 production at the ete™ colliders, the four-fermion operators, follow-

ing simplification and Fierz transformation, can be expressed as

18 —
(CﬁL)wp(evaPLe)(m Pr7),

I -«
(CPR )T#E(e'YaPRe)(lW Pgr),

1 1
(Cxe'R)‘ruP(é'YaPLe)(ﬂ’YaPRT)a (CX]/%L)T;LF(é’VaPRe)(ﬂ'VaPLT)a (5.3)
(C§" )WAQ (ePre)(nPr), (CgL)mAQ (ePre)(pPLT),
where the WCs are defined as follows:
(C\I;L)Tu = (Cﬁﬂ)eeur + (CM);n'ee I (Cﬂﬁ)erue B (CZE)MEET = 4(C€€)Tuv
(C\}}R)Tu = (Cee)ee,u‘r + (Cee);n'ee + (Cee)er,ue + (Cee)ueer = 4(C€G)Ty7
(5.4)

(C\eR)T,u = (Cfe)eem- = (CZe)Tua (CI}/%L)T,u = (Cfe)m-ee = (Cée)nu
(CgR)w = _Q(Cfe)pee’r = _2(C£e)’rua (CgL)T,u = _Q(Cée)eﬂue = _2(C€e)T,LL
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The helicity amplitudes, M(A.—, Ae+; A,—, A+) for the process eTe™ — p*7~ induced

by the four-fermion operators are given by!

M, =X +N, =X\) = - % [(CII}L)WCSA,—l(S)\/,,I i (Cx]/m)m@\,l(s,\/,l] (1+ cosf)
+ % [(C{}R)m&\,—ﬁ)\/’l + (C"I/%L)wd,\ﬂd)\/ﬁl] (1 —cosb),

MHN, =X +X,+X) =0,

MHN, +X+0, =N =0,

’ / S
M XX, +X) = [(CE®)rubr 165 -1 + (CEF)7p6x16x 1] »

(5.5)

where, 6 is the scattering angle in CM frame. \,\" = —1(4+1) denotes the left(right)-

+ +
l g [ TE

(2 R

' A - IF

FIGURE 5.2: Feynman diagrams that induce [T+ production at the lepton colliders;
left: effective four-fermion contribution, right: dipole and Higgs-current contributions.

handed helicity of initial beam particle. The differential cross section with partial initial

beam polarization (—1 < P+ < +1) is written as
(1

do(Pe-, Per) _(1-P-)(1=
(1+P,-)(1—P.4) (do A+ P-)1+P+) (do (5.6)
(@) ().

do

+ 1 b 1 9

=g:[i(9),

!These amplitudes are calculated in the massless limit of initial and final particles.
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where P, (.+) is the electron(positron) beam polarization and ¢ is the phase-space co-

ordinate.

01 == Po) (1 ) [0+ Po)(CHR2, + (1= ) {(CE 2+ (CER2,)
+(1+P.-) <A14> (1= P )(CF)2, + (1+ P ) {(CFF)2, + (CE)2, 1],
0= P ><1+Pe+>() (92— (F)2,)

(5.7)
(14 P - <A14> 2 _(CBR2,),
gs =(1— P, ><1+Pe+>( )[(o B2 L (CEVE,)
(4 o)1= P () [CED2,+ (CE2)
and
fl(g):ﬁ, f2(9):#6089, f3(9):%cos20. (5.8)

This above decomposition (Egs. (5.7)-(5.8)) is required to determine the optimal covari-

ance matrix as we discuss in Sec. 5.1.3. The total cross section is evaluated as

> (301 + 92). (5.9)

O'(Pe*’Pe*‘) = 967

We show that variation of 7 cross section with three different flavor violating dimension
6 effective couplings for various choices of beam polarization in Fig. 5.3. For the (Og)-,
operator, both currents are left-handed. Thus, using a left-polarized electron beam is
advantageous for enhancing the cross section compared to an unpolarized beam (left plot
of Fig. 5.3). Conversely, for the (Occ),, operator, both currents are right-handed, making
a right-handed electron beam more beneficial for increasing the total cross section (right
plot of Fig. 5.3). In the case of the (Op)s, operator, one current is left-handed and
the other is right-handed. Therefore, regardless of the beam polarization, this operator

contributes in the same manner (middle plot of Fig. 5.3).

Constraints from cLFV Processes As discussed in previous sections, the cLFV

processes are constrained from a wide array of low-energy experiments. In this section,
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FIGURE 5.3: Variation of u7 cross section with various flavor violating effective cou-
plings for different choices of beam polarization. Left: (Cyr),, /A%, middle: (Cre)rp/A2,
right: (Cee)rp/A%

we translate these experimental bounds to the cLF'V operators. The four-fermion oper-
ators contributing to I’ — Iy processes (via leptonic loop) vanish when all the diagrams
corresponding to this process are taken into account. Hence, bounds on the four-fermion
operators are insensitive to | — [y branching. The four-fermion operators are mostly
constrained from flavor violating three body decays of 1 and 7 i.e. ' = 3l. These
decay modes have been studied explicitly in all possible channels and the most recent
bounds are quoted in Tab. 5.3. The Bs are parametrized in terms of EFT coefficients in
Eq. (5.10). Since the phase space of three body decays are universal, the parametriza-
tion is done for the ratio of cLFV I’ — 3l decay to lepton flavor conserving I — [v/'T
decay. This removes common constant parameters and the parametrization is simplified.
The branchings B(t~ — p~v;7,) and B(u~ — e 1v,7.) are taken to be 0.174 and 1,
respectively (based on combined fits by PDG [413]).

Al {4 ‘(CKK)IMP +4 |(Cee)ue|2 + I(Cﬁe)ue’2} >

{41(Catdrel +41(Cec)rel + (Credrel*} (5.10)

~ 2 {1 Cadeul? + 41 Cec)el +1(Cee)ral?}

The bounds on operators contributing to ete™ — pe production, as presented in Tab. 5.3,
are very stringent, therefore, it is very unlikely? that these operators will be probed in
this particular channel even at CM energy as high as 3 TeV. Future high energy muon

collider [414] could be a possibility to probe cLFV through this process with satisfactory

2Considering the allowed upper bound on, say, (Cer).e = 8.26 x 10712, the cross section of eTe™ — pe
is < 5 x 107° fb (without any cuts), i.e. even £, = 10 ab™' won’t yield even a single event (< 0.5
events).
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Observable Upper Bounds | Bounds on EFT coefficients (GeV—2)
|

B(p~ — e ete™) | < 1.0 x 10712 [110] |

Cﬂé)pe| /A2 < 8.26 x 10712
Cee)pel /A% < 8.26 x 10712
|(Ce) e A? < 1.65 x 10711

(
(

|(Ce)re| /A% < 3.26 x 107
Bt~ — e ete™) | <2.7x1078 [111] |(Cee)re| JA? < 3.26 x 1079
|(Cre)rel /A? < 6.51 x 1077
|(Cre)rpl JA? < 2.66 x 1077
(Cee)
(Cte)

B(r~ — p~ete™) | <1.8x 1078 [111] |(Cee)rpl /A% < 2.66 x 1079
|(Cre)rpl /A% < 5.32 x 1079

TABLE 5.3: Flavor bounds from lepton number violating observables and processes. B
refers to branching ratio (T';/T").

statistics. We would like to point out that the renomalization group equation (RGE)
evolution on four-fermion effective couplings are small, given the upper bound from cLFV

decays (see App. 5.B).

5.1.2 Collider Analysis: CLiC 3 TeV

In this section, we study the sensitivity of the flavor violating four-fermion effective op-
erators at the CLiC with 3 TeV CM energy via [T production. Since these operators are
not flavor universal, we probe (Og)re, (Oce)re and (Op ) operators with eF 7+ produc-
tion and (Op)ryu, (Oce)rp and (Oye)ry operators with pu¥r% production. As discussed
previously, our study centers on the hadronic decay modes of the 7 lepton. Hence, the
signal process in our case is e"e~ — I75, (+ missing energy, F, from the neutrino in 7
decay). The dominant SM backgrounds come from ete™ — WHTW ™ ete™ — 77~ and

ete” - v Z.

The signal model is implemented in FeynRules [233]. The signal and background events
are generated in MG5_aMC [235]. The generated MC events are fed into Pythia8 [415]
for parton showering (ISR, FSR, and hadronization effects). The showered events are
further fed into Delphes3 [237|, where the detector resolution and efficiency factors are
taken into account. The electron and muon efficiencies in different kinematic regions are

tabulated in Tab. 5.4. The jet reconstruction task is done using FastJet3 [238|. The
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hadronic 7 (7 jet) tagging efficiency is taken as 0.6 and the misstagging efficiency of light

jets as 7 is 0.01 (as per Delphes3 default card).

Electrons € Muons €

pr < 10.0 GeV 0.00 pr < 10.0 GeV 0.00

pr > 10.0 GeV, |n| € [0.0,1.5] | 0.95 | pr > 10.0 GeV, |n| € [0.0,1.5] | 0.95
pr > 10.0 GeV, |n| € (1.5,2.5] | 0.85 | pr > 10.0 GeV, |n| € (1.5,2.4] | 0.95
In| > 2.5 0.00 In| > 2.4 0.00

TABLE 5.4: Efficiency (¢) of electron and muon detection for different kinematic re-
gions.

Cut-based Analysis The total cross sections at /s = 3 TeV for different polarization
settings are tabulated in Tab. 5.5 for 7 and background processes at production level.
The signal cross sections are noted for three benchmarks of EFT coefficients, adhering
to the allowed bounds on these operators as stated in Tab. 5.3. As discussed previously,
for signal process, the operators (Og)-; and (Oec)-; have fixed chirality, they are very
sensitive to the polarization settings, P,- = +80%. The operator (Oye)riee has mixed
chirality and is unaffected by the different polarization tuning. The dominant back-
grounds WW and vvZ are left chiral owing to the gauge structure of the SM, hence,
polarization choice of P,- = +80% significantly reduce the background cross section and
P,- = —80% choice enhance the SM background. The invariant mass, M,,/M., and
Hrp distributions for the signal benchmarks and the major backgrounds are plotted in

Figs. 5.4 and 5.5. The invariant mass is defined as:

My = \/ (pl +p7'h)2; (511)

where, p; and p;, are the 4-momenta of the lepton and 7 jet, respectively. The Hr

variable is defined as:

Hp= > pr. (5.12)

visible
This is essentially the scalar sum of pr of visible particles. There are different ways in
which Hrp is defined in the collider literature [2]|, but we will resort to the definition in

Eq. (5.12). Additional distributions are shown in Figs. 5.15 and 5.16 of App. 5.A.

TH-4060_216121001



Chapter 5: Application to Flavor Physics 152

T T T T
1w° E 1 BPI(ugy)

T BRI
[ BP3(pgy)

ek 3 8ri (ug)

10-' ¢

Normalized Events
Normalized Events

PO 1 OO 5 5 - - IO 1R 0 | —
0 SO0 10000 1500 2000 0 5000 1000 1500
My (GeV) Hy (GeV)

w3

2000 2500 3000
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FIGURE 5.5: Kinematic distributions corresponding to signal and main background
processes for ete™ — er, production at CLiC 3 TeV.

We perform a cut and count analysis based on the distributions. The cutflows are detailed
in Tab. 5.6. We apply three sequential cuts as itemized below. Prior to Cy, we apply

detector resolution and efficiency criteria.

e Co: Nye=1, Ny, = 1.
o Ci: My;/Mecr > 2 TeV.

o Co: Hy > 1.5 TeV.

Here, N, /. is the number of muons/electrons. For 7, N, is set to 0 and for e, N, is set
0. N, refers to the number of tau tagged jets. No additional jet is allowed. M, /M,
refers to the invariant mass of p/e and 7 jet. The signal process arises from a contact
interaction with minimal branching, hence the invariant mass distribution is expected to
peak close to the CM energy of the process, segregating it from the backgrounds which
essentially peak at lower values. The invariant mass of v7Z is expected to peak entirely
around the Z pole, and gets entirely wiped out by the invariant mass cut. The Hrp

distribution of the signal is shifted towards the higher end of the distribution and that of
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the background is peaked towards the lower end, owing to the fact that the backgrounds
mimicking [7, final state is usually accompanied by huge swarm of invisible particles,
reducing the energies of the visible particles. Also, it should be noted that the effect of
the Hrp cut can also be replicated by a missing energy (F) cut instead, due to the same
reason. After employing all the kinematical cuts on collider variables, we estimate the
efficiency factor (e¢) which is crucial to estimate the optimal sensitivity of NP couplings
as we discuss next. The e is defined as € = o8 / oProd where Oprod 18 the production cross
section and o8 is the signal cross section for the chosen final state after implementing all
the cuts along the branching ratios.The signal efficiency (es) for three benchmark points
(BPs) is as follows: for BP1, e, is 0.157; for BP2, ¢ is 0.190; and for BP3, €, is 0.182.
The background efficiency (e) for the dominant SM background is 0.01.

{(Cg@).,-g/Az, (Cee)re/ A2, (Cge)Tg/Az} Cross section (fb)

(x10~° GeV~2) P_=0%| P, =+80% | P.- = —80%

BP1: {1.0,0.0,0.0} 0.74 0.15 1.33

BP2: {0.0,1.0,0.0} 0.74 1.33 0.15

BP3: {0.0,0.0, 1.0} 0.37 0.37 0.37
Backgrounds P_=0%|P,- =+80% | P.- = —80%

WHW = 453.7 91.89 814.2

Y 12.23 11.70 12.76

A 2090 419.6 3751

TABLE 5.5: Total cross section of ete™ — I1 (I = e, ) for different four-fermion cou-
plings as well as SM backgrounds for different choices of beam polarization combination
with /s = 3 TeV.

Signal Significance For signal significance we use the definition:

S o X ELnt 05 XV Eing
\/E VOB X 'Sint VOB

3 (5.13)

Here, S, B, g, op and £y are the number of signal and background events, the signal
and background cross sections, and the integrated luminosity, respectively. 3 gives the
number of sigmas, by which the NP signal, S, out-stands over the uncertainty in the SM
background, v/B. The significance plots (at 5¢ level), based on the cut based analysis in
the previous section, on the parameter spaces of the EFT coefficients are shown in Fig.

5.6 in two-parameter plane along with the exclusion from the flavor violating three body
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Co : Selection cuts | C; : M, > 2TeV | Co: Hr > 1.5 TeV
Py Py P_ Py P, P_ Py P, P_

Processes

BP1 (urp,) | 0.238 | 0.048 | 0.427 | 0.157 | 0.032 | 0.281 | 0.116 | 0.024 | 0.208
BP2 (urp,) | 0.232 | 0.415 | 0.047 | 0.190 | 0.342 | 0.038 | 0.141 | 0.253 | 0.028
BP3 (ur) | 0.118 | 0.118 | 0.118 | 0.087 | 0.087 | 0.087 | 0.067 | 0.067 | 0.067

Background | 5.979 | 2.275 | 9.663 | 0.312 | 0.194 | 0.430 | 0.162 | 0.123 | 0.201

Co : Selection cuts | C; : M, > 2TeV | C2: Hr > 1.5 TeV
Py By P Py Py B s Py Py P_

Processes

BP1 (er,) | 0.216 | 0.044 | 0.387 | 0.146 | 0.030 | 0.262 | 0.114 | 0.023 | 0.206
BP2 (er,) | 0.208 | 0.372 | 0.042 | 0.174 | 0.313 | 0.035 | 0.133 | 0.239 | 0.027
BP3 (er,) | 0.105 | 0.105 | 0.105 | 0.080 | 0.080 | 0.080 | 0.066 | 0.066 | 0.066

Background | 5.134 | 1.957 | 8.295 | 0.252 | 0.161 | 0.342 | 0.133 | 0.104 | 0.162

TABLE 5.6: Cutflow cross sections (in fb) corresponding to signal and background for
different beam polarization choices at the CLiC with /s = 3 TeV. Here, Py — P,- =
0%, P, — P,- = +80% and P_ — P, = —80%.

decays of 7. It is observed that due to the chiral structure of the operators, polarization

plays an important role in probing the operators.

5.1.3 Optimal Observable Technique

The OOT is a convenient tool for determining the statistical sensitivity of any NP cou-
pling in an optimal way. Here, we provide a brief overview of the mathematical framework
of the OOT, which has already been explained in detail in previous studies [232, 368, 369].
Any observable such as the differential cross section that receives contributions from both

the SM and BSM can be expressed as

0(¢) = jg — 0ifi(9), (5.14)

where g;’s are the function of NP coefficients and f;(¢)’s are the function of phase space
variable ¢. As our analysis is based on the process ete™ — pur, the cosine of the

emerging angle of the outgoing particle (cos ) is the phase-space variable of our interest.
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FIGURE 5.6: Significance plots corresponding to the process eTe™ — Iy, at /s = 3 TeV
and £i, = 1000 fb~!'. The solid lines refers to the 50 signal significance for different
polarization settings. The region excluded from 7 branching ratios are also shown in
the plots.

Alternative variables may be chosen instead of cosf depending on the specific observ-
able/process being studied. Our goal is to determine g;. This can be achieved by utilizing

an appropriate weighting function (w;(¢)):

mz/wwm@w, (5.15)
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In principle, various options for w;(¢) are feasible, but there exists a particular selec-
tion for which the covariance matrix (V;;) is optimal. This choice minimizes statistical

uncertainties in NP couplings. For this specific selection, V;; follows:

Vi ox / wi()w;(8)0(6)dd, (5.16)

Hence, the weighting functions that fulfill the optimal condition 6V;; = 0 are

M ()
iy JJ
w;i(P) = —————, 5.17
9= "53 (5.17)
where,
fi(9) i (9)
M;; = /Pd . 5.18
Next, the optimal covariance matrix takes shape as follows:
M!
V==L, 5.19
J Sint ( )

Here, o = f O(¢)dep, and N represents the total number of events (N = o7pLint). Lint
denotes the integrated luminosity. The function x?, which dictates the optimal constraint

on NP couplings, is defined as

2 0 0\y/—1
X = (g — 99 — gDV, (5.20)
]
where gg’s are ‘seed values’ that are dependent on the particular NP scenario. The
limit set by x? < n? corresponds to no standard deviations from these seed values (go),
establishing the optimal limit for NP couplings while assuming the covariance matrix
(V;;) is minimized. Using the x? function definition in Eq. (5.20), the optimal constraints

on NP couplings have been investigated in subsequent sections.

Optimal Sensitivity of Effective Couplings In this section, we explore the opti-
mal sensitivity of dimension 6 flavor violating effective couplings via 7u production at
the ete™ collider with /s = 3 TeV and £y, = 1000 fb~1. Using Eq. (5.20), optimal
x? variation with different NP couplings (one operator scenario) are shown in Fig. 5.7
for several choices of beam polarization and optimal limits (95% C.L.) are presented in

Tab. 5.7. Given the CM energy and luminosity of a specific collider, the sensitivity of
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a particular flavor violating NP coupling depends on the relative contribution to the
7 production, efficiency factor for a final state, and beam polarization. For unpolar-
ized beam, the sensitivity of (Cp)r,/A? and (Cpe)ru/A% appear to be similar as their
contributions to the 7y production are equal. However, there is a slight betterment for
(Cue)rpu/A? as the efficiency factor is relatively better for this coupling. Due to the spinor
structure of Oy, (Cre)rp/ A? provides the maximum cross section for P,— = —80% choice,
hence provides best sensitivity among these three polarization combination. Whereas,
due to the similar reason, best sensitivity is achieved for P,- = +80% choice in case of
(Cee)rp/A2. For (Cre)ru/A?, all polarization combinations have the same cross section,
therefore, the sensitivity of this coupling are expected to be similar for all polarization
combinations. However, due to the SM background reduction, P,- = 4+80% provides a
delicate enhancement for this coupling. It is noteworthy to mention that, at /s = 3 TeV,
the CLiC is expected to surpass the flavor sensitivity of NP couplings (from three body
decays of 7 lepton) with £ =1 fb~1. At Line = 1000 fb~!, the sensitivity of these NP

couplings could enhanced by one order compared to flavor violating tau decays.

P,-=00% 5

i
{ i (..'f' 1
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FIGURE 5.7: Optimal x? variations for four-fermion effective couplings with different
choices of beam polarization with /s = 3 TeV and £, = 1000 b1, Left: unpolarized
beam, middle: {P,- : P,+ = +80% : 00%}, right: {P,- : P,+ = —80% : 00%}.

Couplings Sensitivity (95% C.L.) x10710
(GeV~=2%) | P._ =00% | P.- = —80% | P,- = +80%
(Cue) pr | A2 +3.18 +3.04 +5.69
(Cre) r | A2 +4.75 +4.82 +4.70
(Cee) ur /A +3.03 +7.21 +2.80

TABLE 5.7: Optimal sensitivity at 95% C.L. on dimension 6 flavor violating effective
couplings at the CLiC with /s = 3 TeV CM energy and £;,; = 1000 fb~! luminosity.

Now, we turn to discuss the effect of signal and background efficiency to estimate the

sensitivity of NP couplings. If we increase? the €, by a factor of 2 by keeping e, fixed, the

3The enhancement (reduction) of €5 (¢,) can be achieved by using multivariate analysis [416, 417].
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FIGURE 5.9: Variation of optimal 95% C.L. region with the change in the efficiency
factors. Left: €4 is enhanced by a factor of 2 by keeping €, fixed, right: €, is enhanced
by a factor of 2 keeping €, fixed.

sensitivity of a particular NP coupling improves by 30% as shown in the left of Fig. 5.9.
On the other hand, if we decrease €, by a factor of 2 by keeping €, constant, the sensitivity
of the NP couplings enhances by 16% (right plot of Fig. 5.9). Therefore, we conclude that
increasing €5 is more economical than decreasing €. In our analysis, €, is 15 times larger
than ¢,, making the signal contribution five times greater than the background in the
chosen final state. As a result, our analysis is signal-dominated, which is why changing
€s is more effective than changing €, in estimating the sensitivity of the NP couplings.
It is worthwhile to mention that the change in sensitivity of the NP couplings depends
on the relative contribution of signal and background to the final state which means if
there is a scenario where background dominates (unlike our scenario) compare to signal

for a particular final state then change in ¢, will affect the change in sensitivity of the
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NP couplings compare to the change in €s. In Fig. 5.8, we show the 95% C.L. allowed
region in 2D parameter space for different choice of beam polarizations. We would like
to highlight that, under the signal-only hypothesis (¢, — 0), Ag is inversely proportional
to the CM energy and inversely proportional to the square root of the luminosity (for the
case of contact interaction). This suggests that a high energy lepton collider would be
advantageous for estimating these type of couplings compared to high luminosity lepton

colliders.

5.1.4 Summary and Conclusion

In this work, we have discussed the estimation of dimension 6 flavor violating effective
couplings through I7 (I = pu,e) production at future electron-positron colliders. After
evaluating the upper limits on NP couplings from flavor violating tau decays, we have
performed cut-based analysis using (75, as our final state signal. Invariant dilepton mass
and Hp are the collider kinematical variables that play the crucial role to estimate the
signal background estimation. After performing cut-based analysis, we have espoused
the optimal observable technique to determine the optimal sensitivity of flavor violating
effective couplings at the eTe™ colliders. At 3 TeV CM energy, the CLiC could surpass
the upper bound on effective couplings obtained from flavor violating tau decays at 1
fb~! integrated luminosity. If we further increase the luminosity up to 1000 fb™!, then
the upper bound the NP couplings can be tighter by one order of magnitude compared
to the flavor bound. The signal and background efficiencies play a very important role
to estimate the optimal sensitivity of NP couplings. In our scenario, as we are able
to reduce the non-interfering SM backgrounds maximally after employing prudent kine-
matical cuts therefore enhancing the signal efficiency is more beneficial to achieve better
optimal precision of NP couplings. Judicious choice of beam polarization is advantageous
for assessing the sensitivity of the NP couplings. For instance, left (right)-polarized elec-
tron beam improves sensitivity by approximately (4%) 8% for (Ci)ru/A? ((Cee)rp/A?)
compared to the unpolarized beam. On the contrary, there is minuscule improvement of
the sensitivity estimation in case of (Ce)ry/A? for P,— = +80% choice. The interplay
between the signal and background plays a very important role to estimate the sensi-
tivity of NP couplings. As far as four-fermion flavor violating operators of our concern,
the optimal sensitivity is inversely proportional (for signal-only hypothesis) to CM en-

ergy, therefore, the high energy muon collider (y/s = 10, 14, and 30 TeV) is expected to
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provide better estimation of these type of couplings. Although our analysis focuses on
T production, a similar approach can be applied to Te production. While the effect of
polarization will remain same, the sensitivity in estimating the NP couplings will have

slight variations because of different efficiency factors.

5.2 Charged Lepton Flavor Violating Top FCNC

Lepton flavor violating top quark FCNC processes at the p TRISTAN.
A. Sarkar.
Phys.Rev.D 113 (2026) 9, 095010 (e-Print: 2506.18015 [hep-ph]).

One of the most intriguing feature of the SM is the flavor structure, with each type
of fermion appearing in three generations. Flavor mixing arises through the Yukawa
interactions, which couple the flavor and mass eigenstates. In the quark sector, such
mixing appears in the charged current interactions and is suppressed by the Glashow
Iliopoulos Maiani (GIM) mechanism [418]. In contrast, the SM originally contained no

analogous mixing in the lepton sector.

In the quark sector, FCNC processes are forbidden at tree level and highly suppressed at
loop level within the SM. These include radiative decays such as b — sy (B — Xgv [123-
125], B — K*y [126, 127]), semileptonic decays b — sl™i~ (B — KITl~ [128, 129],
B — K*I*1~ [129, 130, By, — ¢I71~ [131]), neutral meson mixing (B® — B® [132],
BY— B [133], D°— D" [134]), and rare kaon decays (K* — 717 [135]), among others.
Although these precision observables provide sensitive probes of potential new physics,
in most cases, the current measurements are largely consistent with the Standard Model
within experimental and theoretical uncertainties, and the flavor sector continues to offer
strong constraints complementary to direct collider searches. Similar FCNC searches
have also been conducted in the context of top quark production and decay [15, 136—
140]. However, no significant deviations from the SM predictions have been observed
so far, primarily due to limited precision in current top quark measurements. As the
heaviest particle in the SM, the top quark offers a promising window into potential new
physics. Consequently, FCNC studies involving the top quark are crucial for probing

physics beyond the SM at current and future experimental frontiers.
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As discussed previously, probing cLFV in tandem with top FCNCs provides a unique
window into NP. While experimental measurements strongly constrain either cLFV pro-
cesses, such as the stringent low-energy lepton bounds discussed in Sec. 5.1, or quark
FCNCGs individually, scenarios involving simultaneous violations in both the lepton and
top quark sectors are relatively less restricted, allowing more freedom for phenomenolog-

ical exploration.

Top quark FCNC processes have been investigated by phenomenological studies [412,
419-436| in various BSM scenarios, and within the EFT framework, in the context of
both current and future collider experiments. Similarly, cLF'V has also been extensively
studied in the literature [13, 119, 378-383, 385-393, 437-449|. In this work, we aim to
simultaneously address both phenomena by exploring charged lepton flavor violating top
quark FCNC interactions through tq (tg + tq) production, with ¢ = u,c, at the ue”
asymmetric collision stage of the proposed pTRISTAN collider [226]. Such charged lep-
ton flavor violating top quark FCNC interactions can arise naturally in a variety of BSM
scenarios. For instance, models with extended Higgs sectors, such as 2HDMs with fla-
vor violating Yukawa couplings [450-452|, can generate tree-level top FCNCs together
with cLFV. Leptoquark models, which introduce colored scalar or vector particles cou-
pling simultaneously to quarks and leptons, can induce both top quark FCNC transitions
and cLFV processes, with their flavor structure determined by underlying symmetries
or coupling hierarchies [453, 454]. Similarly, models with an additional Z’ gauge boson
that has flavor-dependent couplings to SM fermions can enhance top FCNC interactions
while simultaneously generating cLF'V [455, 456], without conflicting with stringent low-
energy constraints. Additionally, such scenarios can also arise from composite Higgs
models [457, 458]. In all these frameworks, interactions involving up-type quarks, partic-
ularly the top quark, are more natural, as down-type FCNCs are strongly constrained by
precision B-physics measurements. This provides a theoretically well-motivated rationale
for focusing on lepton flavor violating processes involving the top quark. For detailed
BSM scenarios, refer App. 5.C. Experimental searches at the LHC [15, 140] and some
phenomenological studies [459] have already explored charged lepton flavor violating top
quark FCNC interactions in the context of low-energy experiments, hadron colliders, and
same-flavor lepton colliders. However, different-flavor lepton colliders [460-462] offer a
cleaner environment for probing cLFV due to reduced background contamination and

the possibility of introducing flavor violation directly at the initial collision vertex.
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The proposed yTRISTAN collider is an asymmetric muon—electron collider designed to
operate within the existing TRISTAN [463] storage ring. It aims to collide ultra-cold
1 beams with energies of 1 TeV against high-intensity e~ beams of 30 GeV, achieving
a center-of-mass energy of \/s = 346 GeV. The baseline design targets an instantaneous
luminosity of approximately 4.6 x 1033 cm™2s7!, enabling the accumulation of around
100 fb~! of data over a few operational years. With potential upgrades to beam intensity
and repetition rate, the integrated luminosity could be extended up to 1ab~!, making
the yTRISTAN a promising platform for probing rare processes and performing precision

measurements. A follow-up stage envisions symmetric same-sign anti-muon collisions at

a center-of-mass energy of /s = 2 TeV.

Several BSM phenomenological studies have been conducted for both stages of the
uTRISTAN [102, 440-448, 464-471|. In particular, cLFV has been explored in the
context of Z' models, heavy neutrino models, axion-like particle (ALP) searches, and
effective operator frameworks, focusing predominantly on the lepton sector. In this
work, we focus on the process ute~ — t¢' (with ¢ = u,¢), induced by charged lepton
flavor violating top quark FCNC interactions. We construct simplified scalar, vector, and
tensor four-fermion operators extracted from the SMEFT framework introduced earlier,
following the modeling strategy used in [15, 140]|, as detailed later. Our analysis con-
strains these EFT operators and, in turn, the rare FCNC decay modes of the top quark
involving cLF'V. These bounds can be mapped onto a broad class of BSM scenarios that

link the lepton and quark sectors, such as Z’ and leptoquark models.

This study is organized as follows: In Sec. 5.2.1, we present the EFT framework adopted
for this study and review existing constraints on the relevant operators. Sec. 5.2.2 details
the collider analysis of the process uTe™ — tq¢’ at the yTRISTAN, based on a cut-based
strategy, along with a discussion on the impact of beam polarization. In Sec. 5.2.3, we
provide the projected sensitivities for the EFT operators and the corresponding lim-
its on rare top quark decay branching ratios. Finally, we summarize our findings and

conclusions in Sec. 5.2.4.
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5.2.1 EFT Operators for cLFV Top FCNC

In the absence of direct evidence for new physics at current experiments, effective field
theories have emerged as powerful tools for interpreting observed deviations and project-
ing sensitivities in a model-independent manner. As introduced in Sec. 5.1.1, SMEFT
provides a systematic extension of the SM by incorporating higher-dimensional operators
built from SM fields and respecting its gauge symmetries, without introducing additional
degrees of freedom. While the leading contribution in SMEFT arises at dimension 5
through the Weinberg operator [99], its phenomenological impact is limited primarily
to neutrino mass generation. In practice, the dominant and most widely studied effects
begin at dimension 6, which have significant implications across various sectors of parti-

cle physics. A complete and non-redundant basis of dimension 6 operators is presented

in [11].
SMEFT operators Simplified operators
Operator
Symbol Structure Symbol Structure
—a Oe tu (EM) (EU’)
Scalar [Oéigu]prst (éper)ﬁ‘”’(ﬁi’ut) g .. -
Oe,utc (e:u’) (tC)
1 o
[Oéﬂmt (Erals)@7°4)
[ ]prst (p%c IET)(%VOCTI%) =
o) ' . Ot (EYase) (7 u)
ector [ eu]prst (ep')/aer)(us'y ut) O;/;;tc (57(1,“)(7570[6)
[Ofu]prst (p’)/a )(u37 Ut)
[Ogelprst (€pvaer) (@7 qt)
. O | (€0asn)(i0°Pu)
Tensor [Oéz()zu]prst (gpaaﬁer)ﬁab(qls)aaﬁut) 4 ’ _
Oeutc (égaﬁ#) (to—aﬂc)

TABLE 5.8: SMEFT and corresponding simplified four-fermion operators contributing
to the process pte™ — tq' (¢ = u,c) at the uTRISTAN. The scalar and tensor opera-
tors include their Hermitian conjugates, although they are not shown explicitly in the
table. Indices p,r represent lepton flavors, while s, ¢ denote quark flavors. The simpli-
fied operators incorporate all relevant flavor combinations necessary for the considered
processes.

The leading contributions to the process ute™ — t¢' (¢’ = u, ¢) arise from three classes of

(1)

lequ> including its Hermitian conjugate), vector

four-fermion SMEFT operators: scalar (O
(C’)é;), (98), Ocu, Opy, and Og), and tensor (Oéggu, also including its Hermitian conju-
gate), as summarized in Tab. 5.8. These operators are flavor-dependent, with lepton

flavor indices denoted by p,r and quark flavor indices by s,t. Following the approach
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in [15], we define simplified operators that capture the relevant flavor structures con-
tributing to the process, abstracted from the full SMEFT basis. The mapping between
the simplified and SMEFT operators is given by:

Oesutq’ = [Oéiz,u]eutq/ )

OV iy = O ety + (O ety + [Oculent + [Otulenta + [Oelenta - (5.21)

OL o = [0 Jeuter -

eutq’ — lequ

It should be noted that upon flavor expansion, the operators [Oé{?]emq/ and [Oéz)]eutq’
yield identical Lorentz structures. However, due to the presence of SU(2) generators 7/
in [Oéz)]eﬂtq/, the charged lepton interactions acquire an overall negative sign, while the
neutrino interactions acquire a positive sign [140, 472, 473|. Consequently, the effective

WCs contributing to the Oy,-like Lorentz structure is given by:

[Clgq )]eﬂtq’ B [Clg;)]eutq’ [Cg)]eutq' 0
e e v (5.22)

Constraints on Operators Before presenting our sensitivity projections in context of
the yTRISTAN), it is important to review the current experimental constraints on charged
lepton flavor violating top quark FCNC interactions. The most stringent bounds to date
are provided by a recent CMS analysis at /s = 13 TeV with an integrated luminosity
of 138 tb=! [15, 474]. This analysis combines searches for anomalous production via
q¢'g — eut and rare decay processes t — epuq’, interpreting the results in the framework

of effective four-fermion interactions involving scalar, vector, and tensor operators.

The limits are derived under the assumption that only one operator is active at a time
and are quoted in terms of the effective WCs, C' e}qu, /A%. These bounds can be translated
into constraints on the branching ratio of the rare top decay t — euq’ (¢’ = u,c) using

the following expression [140, 475]:

cs o \° avo\° cr o \°
( X‘f) +8< X‘f) 148 ng . (5.23)

where m; and I'y are the top quark mass and total decay width, respectively. It is worth

5

m
Bt = end) = g5 T,

emphasizing that our analysis is performed strictly within the SMEFT framework, where
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SU(2)1, gauge invariance restricts the allowed chiral structures of the semileptonic op-
(3)
Le

erators. In particular, the scalar and tensor operators oY and O v

tequ ., generate fixed

chirality combinations. Independent chiral structures that would arise in a general low-
energy EFT are not present, unlike [453]. Consequently, for the fully integrated unpo-
larized decay width considered here, the scalar-tensor interference term vanishes due to
the antisymmetric Lorentz structure of the tensor operator, and is therefore not included
in our expressions. Since the contribution of these operators to I'; is negligible for small
values of the WCs, it is treated as a fixed SM parameter. The resulting bounds are

summarized in Tab. 5.9.

Operator C’Zfitq,/A2 (TeV~=2) | B(t — euq’)
O 0.24 7.00 x 1078
OY.iu 0.12 1.30 x 1077
OLu 0.06 2.50 x 1077
O3 e 0.86 8.90 x 1077
O te 0.37 1.31 x 1076
OLte 0.21 2.59 x 1076

TABLE 5.9: 95% C.L. exclusion limits on charged lepton flavor violating top quark
FCNC operators and corresponding bounds on top quark rare decay branching ratios
from the LHC at 13 TeV with 138 fb=! [15].

As shown in Tab. 5.9, the existing CMS bounds constrain the WCs down to the level of
0O(1072) TeV~2, translating to upper limits on the rare top quark branching ratios as low
as O(107®). The constraints are generally stronger for the u-type operators compared to
c-type, reflecting the parton distribution function (PDF) enhancement of the up quark
in proton collisions. Among the three operator classes, the tensor operator coefficients
are the most tightly constrained, as both the production cross section for ¢'g — eut
and the decay branching ratio of ¢ — euq’ exhibit a stronger sensitivity to variations in
tensor interactions compared to their scalar and vector counterparts. This is because,
tensor operators tend to contribute more strongly than vector operators, which in turn
are larger than scalar operators, because the way their Lorentz structures contract with
fermion spinors and affect the kinematics leads to progressively larger decay rates or cross
sections. This pattern is evident in Eq. (5.23), where the tensor contribution carries the

largest weight, followed by vector and then scalar.
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5.2.2 Collider Analysis: yTRISTAN

The Feynman diagrams corresponding to the process ute™ — tq’ (¢ = u,c) are shown
in Fig. 5.10. For the collider analysis, we focus on the leptonic decay channel of the top
quark, t — blv, which leads to a final state consisting of two jets (one being a b-jet),
a charged lepton, and missing transverse energy (MET). The dominant SM background
arises from pte~™ — lvjj, primarily via the process uTe™ — Wiy, where the W boson
decays hadronically. This background is reducible and can be significantly suppressed
with appropriate kinematic selections, as discussed later. While the hadronic decay
mode of the top quark (¢ — bjj) benefits from a larger branching ratio and relatively
lower background contamination, it poses practical challenges in this analysis. Since
our study involves comparing operator structures from different effective classes, angular
observables, particularly the separation between the light quark (¢’) and the top quark,
play a crucial role in distinguishing operator contributions. In the leptonic channel,
this angular separation can be effectively approximated using the separation between
the light jet and the b-jet. In contrast, the hadronic channel suffers from combinatorial
ambiguities due to the presence of multiple light jets, making the reconstruction of the

correct jet pairing and extraction of angular correlations considerably more difficult.

e t, u e t, (&

ut u,t pt ¢t

FIGURE 5.10: Feynman diagrams corresponding to ute™ — t¢’, ¢’ = u, ¢ production
at the yTRISTAN.

For our analysis, we define the following individual operator benchmark points, with all

other WCs set to zero:

BP(S,) : Cep =0.01 TeV—2 BP(S.) : Copte =0.01 TeV 2

( U) . A2 - Y- € ’ ( C) . A2 - Y € )
CV CV

BP(V,) : ( A“J“) =0.01 TeV 2, BP(V,) : ( e’;“’) =0.01 TeV™2,  (5.24)
CT CT

BP(T,,) : <A’;“> = 0.01 TeV~2, BP(T}.) : ( A’f) = 0.01 TeV~2,
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All benchmark points respect the current exclusion limits summarized in Tab. 5.9. Al-
though some of the operators are subject to weaker experimental constraints, we choose a
uniform benchmark value across all cases to facilitate a consistent and direct comparison

during the cut-based analysis, which will be discussed in subsequent sections.

Beam Polarization Effects As demonstrated in Sec. 5.1, beam polarization is a pow-
erful diagnostic tool at lepton colliders. By tuning the polarization of the initial-state
leptons, one can suppress SM backgrounds and selectively enhance signal contributions,
thereby disentangling the effects of different operator classes based on their chirality.
At the pTRISTAN, substantial beam polarization is anticipated for both ™ and e~
beams [226]. Surface muons, originating from 7+ decays, are naturally produced with
nearly 100% polarization due to the V—A nature of weak interactions. When subjected
to a longitudinal magnetic field of ~ 0.3 T, and accounting for possible beam emittance
effects, a polarization of P+ ~ £0.80 is expected. In less favorable scenarios, where the
longitudinal magnetic field is absent, the polarization may reduce to P,+ ~ +0.25, which
we adopt as the conservative benchmark for our analysis. On the electron side, technolog-
ical developments at SuperKEKB [476] suggest that beam polarizations of P,— = £0.70
are realistically achievable. The production cross section in the presence of beam polar-

izations translates to the following expression:

1-P,)(1- P, 1-P )1+ P,
o(Py+,P-) = ( M+)4( )ULL % ( “+)4( )ULR (5.25)
~ - 5.25
1+P,)(1— P, 1+ 1+ P,
. ( N+>4( - )URL+ ( M+)4( )URR,

where P denotes the flipped sign of P. In addition, oxy denotes the polarized cross
section defined as oxy = U(u} ey — tq'), where X,Y = L, R, specify the chiralities
of the initial state leptons. The scalar and tensor operators couple fields of opposite
chiralities, whereas the vector operator couples fields of the same chirality. This chiral
structure directly affects their response to beam polarization and underlies the polariza-

tion dependence observed in the signal rates.

The production cross sections for the signal processes pte~ — t(blv)u, mediated by
scalar, vector, and tensor operators, along with the dominant SM background p*e™ —
lvjj, are presented in Tab. 5.10 for various polarization configurations. Throughout

this section, we denote beam polarization configurations using the shorthand Pap :
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(Py+, P.-), where A = +, — corresponds to P,+ = +0.25,—0.25, and B = +, — corre-
sponds to P,- = 40.70, —0.70. The unpolarized case (P,+, P,-) = (0.00,0.00) is denoted

as Py . Using Eq. (5.25), the cross section can be written as

o(Pag) = > Mg oxy, (5.26)
XY

where the matrix M is

[ 0.31875 0.05625 0.53125 0.09375
0.05625 0.31875 0.09375 0.53125
M = : (5.27)
0.53125 0.09375 0.31875 0.05625

| 0.09375 0.53125 0.05625 0.31875

The AB and XY sequences correspond to {++,+—, —+,——} and {LL, LR, RL, RR},
respectively. For scalar and tensor operators, only oz and ogr;, are non-zero. Further-
more, o = ORyL, since the Hermitian conjugate operator carries the same coupling
strength. In contrast, for the vector operator only or; and orr are non-zero, and
the simplified operator definition in Eq. (5.21) implies 077, = orr. Therefore, the chiral
structure of the operators leads to the relations (P44 ) = o(P-_) and 0(Py—) = o(P_)
for the signal cross sections. Among these, P yields lower SM background than P__,
making it a preferred benchmark configuration. Similarly, P, _ offers reduced back-
ground compared to P_4 and is thus also selected. Hence, our benchmark polarization
choices are Py x (unpolarized), Py, and P;_. Importantly, polarization configurations
affect operator sensitivity: Py /P__ enhance scalar and tensor operator contributions
while suppressing the vector ones. Conversely, Py_/P_, configurations enhance vector
operator sensitivity while reducing scalar and tensor contributions. In addition to dif-
ferentiating operator structures: scalar, vector, and tensor, beam polarization can also
be exploited to disentangle the various SMEFT vector structures listed in Tab. 5.8. A
detailed discussion of the role of polarization in distinguishing these vector operators is

provided in App. 5.D.

Cut-based Analysis The model implementation is carried out using FeynRules [233].
The corresponding UFO model [234] files are exported and passed to MG5_aMC [235] to
generate Monte Carlo events for both the EFT signal and SM background processes. In

addition to the dominant background process ute~ — lvjj, subleading contributions
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Polarization Signal Background
(Pu+s Pe-) BP(Sw) BP (V) BP(Tw) oijj (fb)
Ut(lub)q’ (fb) Ut(lub)q' (fb) Ut(lub)q’ (fb)

Py« : Unpolarized 0.035 0.105 0.276 148.4
P,y :(40.25,+0.70) 0.041 0.086 0.323 123.4
Py_ :(40.25,—0.70) 0.029 0.123 0.228 242.1
P_ :(—0.25,+0.70) 0.029 0.123 0.228 74.8
P__:(-0.25,-0.70) 0.041 0.086 0.323 150.5

TABLE 5.10: Production cross sections for the signal process pTe™ — t(lvb)u, medi-
ated by scalar, vector, and tensor operators, along with the dominant SM background
ute™ — lvjj, are presented for various beam polarization configurations.

can arise from processes such as ute~ — Iljj and uTe~ — Ilbb, particularly due to
non-identification of lepton or jet flavor misidentification. However, such contributions
are highly suppressed and do not pass the event selection criteria; therefore, they are

neglected in the analysis.

The generated events are passed to Pythia8 [236] for parton showering, followed by
detector simulation using Delphes3 [237]. In the absence of a dedicated detector card
for the uTRISTAN, we adopt the ILCgen [219] card, which provides a reasonable ap-
proximation of the expected detector performance at the yTRISTAN. For b-jet tagging,
we employ the “tight” b-tagging configuration available in the ILCgen card. This model
yields a b-tagging efficiency of approximately 53%, with mistagging rates of around 5%
for charm jets and 0.5% for light-flavor jets (u,d, s, g). This tight tagging configuration
effectively suppresses SM backgrounds, which rarely contain genuine b-jets. While the
implementation of a c-tagging algorithm could in principle aid in distinguishing between
u- and c-type operators, we refrain from doing so due to the limited discriminating power

of current c-tagging techniques.

For signal event selection, we require events to contain exactly one charged lepton and

two jets, with one b-tagged and one non-b-tagged jet:

Ny=1, N,=1, N;=1. (5.28)

Due to the asymmetric beam configuration at the yTRISTAN with u* at 1 TeV and

e~ at 30 GeV the final-state system is strongly boosted along the beam (z) direction.
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In such setups, two primary analysis strategies are typically adopted: (i) reconstructing
observables in the partonic center-of-mass frame, or (ii) relying on transverse and boost-
invariant observables directly in the lab frame. We follow the latter approach, using
kinematic variables such as the invariant mass of visible final-state particles, the trans-
verse momentum of both visible (pr) and invisible (MET) particles, rapidity differences,
and azimuthal angular separations. Among these, we highlight two key invariant mass
observables:

Myj =1/ (po + pj)? Mipj =1/ (pr +po +pj)? (5.29)

where p;, pp, and p; denote the four-momenta of the lepton, b-jet, and light jet, respec-
tively. Fig. 5.11 shows the distributions of My; (left) and My, (right) for the signal
benchmarks and SM background in the process p*e™ — t(lvb)q', with ¢’ = u, ¢, at the
#TRISTAN. The distributions are obtained after applying detector-level cuts along with
the event selection criteria specified in Eq. (5.28), collectively referred to as the baseline

cut, Cy. Building on the baseline selection, we apply the following sequential kinematic

T T T T T T T
100 E s S E 100 E 5 5 B
T e [BRS) T e [BES)]
O ohy BRIV £ ohy BRIV
6T TBP(T 6T TBP(T
w : o~ :
2 3 #f,, RS = T ey, TBPUSC D)
2 e AP o e AP
ol m
= ool b E3 e THP(Te 1) H oot b £ e (BRI
8 3 M Background 8 3 M Background
N N
= = Bas
E E T
= =
=] =] :
Z Zz &
2 X
107 F E 107= ¢ _1 E
1 1 ‘
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FIGURE 5.11: Invariant mass distributions after the baseline cut Cy for signal bench-
marks and SM background in the process pte™ — t(lvb)¢’ with ¢ = w,c at the
uTRISTAN. My, (left) denotes the invariant mass of the b-jet and light jet system,

while Mjy; (right) corresponds to the invariant mass of the lepton, b-jet, and light jet
system.

cuts to further enhance the signal-to-background separation:

Ci: Mbj > 100 GeV, Cy: Mgbj > 200 GeV. (530)

The dominant SM background arises from the process ute~ — W (jj) v, where the

invariant mass of the jet pair peaks around the W boson mass. The cut C; effectively
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suppresses this background by requiring M;; to lie above 100 GeV. Furthermore, be-
cause the signal process e~ — tq originates from a contact interaction, it exhibits a
harder kinematic spectrum, with visible final-state invariant masses peaking closer to the
center-of-mass energy. In contrast, the background involves intermediate propagators,
resulting in softer distributions. The additional cut Cz, imposing Mpy,; > 200 GeV, fur-
ther discriminates against the background. The cutflow of cross sections for the signal
benchmarks and the dominant SM background is summarized in Tab. 5.11. To quantify

the observability of the signal, we define the statistical significance as:

0'S X Sint

Zo S 5.31

t /O_S + O'B ( )
where 05 and o® denote the signal and background cross sections after cuts, respectively,
and Line is the integrated luminosity. The resulting signal significances for £y = 1ab™?
are also reported in Tab. 5.11. Despite the conservative choice of benchmark WCs, we
find that the signal remains clearly distinguishable from the background. Owing to the

strong suppression of the background through the optimized cutflow, even a modest

increase in the EFT couplings leads to a marked improvement in significance.

Cutflow
Benchmarks Z, -1
oo (tb) o1 (fb) o2 (fb)
BP(S.) 0.014 0.012 0.011 2.008
BP(V4,) 0.042 0.037 0.032 4.438
BP(T,) 0.108 0.096 0.080 8.000
BP(S.) 0.014 0.012 0.010 1.826
BP(V.) 0.040 0.035 0.029 4.143
BP(T,) 0.103 0.087 0.070 7.379
SM background 5.070 0.036 0.020 —

TABLE 5.11: Cutflow table showing the signal and background cross sections (o;) after
each sequential cut C;, for various signal benchmarks and the dominant SM background.
The final column, Z, -1, denotes the signal significance at the yTRISTAN collider
with £, = lab™".

Tab. 5.12 presents the cross sections after the final selection cut (o2) and the corre-
sponding signal significances, Z, ., -1, for two polarization configurations: Py and P_.
As anticipated from the chiral structure of the effective operators, the scalar and ten-

sor benchmarks yield higher significances under the Py configuration, while the vector
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operator shows enhanced signal significance for the P_ setup.

Py, : (40.25,40.70) | P_, :(—0.25,40.70)
Benchmarks
o2 (fb) Z1ap-? o2 (fb) Z1ap-1
BP(S,) 0.013 2.373 0.009 2.065
BP(V,) 0.026 3.965 0.037 5.397
BP(T,) 0.094 8.922 0.066 7.571
BP(S,) 0.012 2.228 0.008 1.886
BP(V,) 0.024 3.748 0.034 5.126
BP(T,) 0.082 8.241 0.058 7.034
SM background 0.017 — 0.010 —

TABLE 5.12: Cross sections after the final selection cut (o32) and corresponding signal
significance, Z; 4,-1, for various signal benchmarks and the SM background under po-
larization configurations Py and P_.

5.2.3 Projected Sensitivity of Operators

In this section, we present the projected sensitivity to the effective operator coefficients,

CX

cptq’ /A%, using a binned likelihood analysis. By leveraging the shape information of

suitably chosen differential distributions, we go beyond total rate measurements and
extract stronger constraints. This approach captures not only the overall event yield
but also the distinct kinematic features of signal and background processes, thereby
enhancing the sensitivity to new physics. We outline the statistical framework used
to quantify these projections by constructing a binned likelihood using a differential
observable, say . The expected number of events in the r'! bin of ¢ is given by:

pir (Cl /N?) = Sing {0F + 02 (CRu /M%) } (5.32)

eutq

B

¢+ 1is the background cross section in bin r, and

,/A%. The

where £, is the integrated luminosity, o
S

2 is the signal cross section which depends on the operator coefficient, cX

o eutq

corresponding likelihood function [9] is defined as a product of Poisson probabilities over

all bins:
{Mr (Ce)litq’/A2> }nr e M (Ce);tq,/M)

Ty

N
L (Ch/N) =] , (5.33)
r=1
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where the observable ¢ is divided into N bins, and n, is the observed number of events in
the '™ bin. Since no observed data exist for future colliders, the observed event counts

are assumed to equal the expected background yields:
Ny = Ling 00 . (5.34)

The log-likelihood is then given by:

log.i”( eutd /A2 — Z {nr log iz (C, eutq . JA? ) — ,ur( e’ s ) } + constant . (5.35)

To quantify the sensitivity, we define the profile likelihood ratio:
2 (Cllug2°)
"E’ﬂ ( eutq’ /AQ) (536)

2(C utq/A2) —2log A ( gtq,/A2),

( eutq’ /AQ)

where CX

et A? denotes the value of the operator coefficient that maximizes the likeli-

hood. Since we are evaluating the sensitivity to new physics against the SM background,

we perform the analysis around the null hypothesis, i.e. , G ,/A% = 0. The test statistic

eutq’
2 defined in Eq. (5.36) is used to derive projected bounds on the operator coefficient

ep,tq /A2 at a given confidence level (C.L.).

According to Wilks’ theorem [230], in the asymptotic limit, the distribution of 2 ap-
proaches a chi-squared (x?) distribution with degrees of freedom equal to the number
of parameters being tested. It is important to note that in the low-statistics regime, 2
may deviate from the ideal x? behavior, in which case the true distribution should be
estimated using Monte Carlo simulations. However, such simulations are computation-
ally demanding. For projection studies focused on assessing the reach of future colliders,
the use of Wilks’ theorem provides a reasonable and commonly adopted approxima-
tion. Using the Wilks’ theorem, we translate the value of 2 into confidence intervals on

CX

eptq’ ,/A%. For instance, the critical values of the test statistic .2 corresponding to the
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68% and 95% C.L. are given by:

2 (cg;tq, JA?) < X?,e)g% =1.00,
2 (CX0 /%) < X7 g5 = 3.84
eptq = X1,95% )
. , ) (5.37)
2 (C’emq//A ) < X3, 68% = 2-30,
2 (Cﬁtq/ JA?) < X3 g5, = 5.99,

where X% % denotes the p*™* percentile of the chi-squared distribution with f degrees of
freedom. In the present analysis, the f = 1 thresholds are used when varying a single
WC at a time, while the f = 2 thresholds are adopted when two WCs are simultaneously
allowed to vary in the fit. These thresholds define the regions of parameter space that are

consistent with the background-only hypothesis at the corresponding confidence levels.

—7F— 77T 7—v— 77 7T 77— 77

T 8 [BP(S,)]
0.5 A £ 1 7
3 Gl [BP(V,)

O [BP(T )
3 65, IBP(S. )
0.2 F 3 ek, [BP(V:)]
T e [BP(T:)]
[ sM Background

e

Normalized Events (after Cuts)

0.02

A¢'h_ j

FIGURE 5.12: Normalized A¢y; distribution for signal benchmarks and the SM back-
ground, after applying the selection cuts in Eqgs. (5.28) and (5.30).

For the sensitivity analysis, we employ the differential distribution Agy;, illustrated in

Fig. 5.12, defined as:
Adp; = ¢p — @5, (5.38)

where ¢y, and ¢; denote the azimuthal angles of the b-jet and the light jet, respectively.
As evident from Fig. 5.12, the azimuthal angle separation between jets exhibits notable
sensitivity to the Lorentz structure of the effective operators, making it a powerful dis-
criminator. We divide the Agy; distribution into five equally spaced bins and perform
a binned likelihood analysis to extract projected bounds on the operator coefficients,

CX

eptq’ /A% By scanning over these parameters and evaluating the test statistic 2 for
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each value, we determine the allowed parameter space consistent with the background-

only hypothesis.

4 & R 1 12
Chua /A 1077 Tev %)

: T e kw1
CELu A2 (x 1077 Tev-2) Ch /N (1073 Tev—2) CLL /A (1077 TeV—2)

FIGURE 5.13: Single-parameter log-likelihood scans as functions of the WCs for scalar
(left), vector (middle), and tensor (right) operators under different polarization config-
urations at the pTRISTAN with £;,; =1 ab~'. The top and bottom panels correspond
to u- and c-type operators, respectively. Grey dashed (dotted) lines indicate the 95%
(68%) C.L. limits.

Bounds on EFT Coefficients We present the variation of the test statistic 2 as a
function of the WCs in Fig. 5.13, corresponding to tq’ production at the pyTRISTAN
with an integrated luminosity of 1 ab=!. The projected 95% and 68% C.L. limits are
indicated by grey dashed and dotted lines, respectively. The results are shown for three

polarization configurations: unpolarized (Pxx ), P+, and Py _.

For the scalar and tensor operators, both polarized setups P+ and P, _ offer improved
sensitivity over the unpolarized case, with Py, yielding the strongest constraints. In
contrast, for the vector operator, the P,_ configuration enhances sensitivity compared
to the unpolarized scenario, while P, does not improve and in some cases slightly
worsens the reach. It is also noteworthy that, unlike at the LHC where up-quark PDFs
significantly boost sensitivity to u-type operators over c-type ones, the lepton collider
setup at the yTRISTAN ensures that both u- and c-type operator sensitivities are nearly

comparable.
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Polarization

Operator | Luminosity LHC
Py x Py P_y
100 fb~t 0.0235 0.0207 0.0231

O tu 0.24
1 ab~! 0.0112 0.0095 0.0104
100 b1 0.0137 0.0144 0.0115

O tu 0.12
1 ab~! 0.0066 0.0067 0.0052
100 fb~! 0.0085 0.0079 0.0086

Ol 0.06
1 ab~t 0.0041 0.0036 0.0039
100 fb~1 0.0243 0.0212 0.0238

Ogutc 0.86
Kak % 0.0116 0.0097 0.0107
100 b1 0.0143 0.0148 0.0118

O te 0.37
1 ab! 0.0068 0.0068 0.0053
100 fb~! 0.0090 0.0079 0.0089

or 0.21

eptc 1

1 ab 0.0043 0.0036 0.0040

TABLE 5.13: 95% C.L. limits on the WCs, C’e)litq,/A2 (in TeV—2) from tq’ production

at the gTRISTAN for integrated luminosities of a 100 fb! and 1 ab™!, for different
polarization setups. The last columns corresponds to the LHC bounds, detailed in
Tab. 5.9. Best-case sensitivities in each row are highlighted in bold for clarity.

In Tab. 5.13, we present the projected 95% confidence level bounds on the WCs, Cgfn ¢ /A2,
derived from t¢' production at the pTRISTAN for integrated luminosities of 100 fb~*
and 1 ab™!, across different polarization configurations. Even with a relatively modest
luminosity of 100 fb~!, achievable within the early years of the gTRISTAN operation,
the sensitivity surpasses current LHC limits by roughly an order of magnitude. With an
integrated luminosity of 1 ab~!, the bounds improve by more than a factor of two across

all operator types and polarization configurations, highlighting the enhanced sensitivity

and precision achievable at the pTRISTAN facility.

Bounds on Branching Ratios The projected bounds on the WCs, C’e);tq, /A%, pre-
sented in Tab. 5.13, can be translated into upper limits on the branching ratios of rare
top quark decays using Eq. (5.23). These projections are summarized in Tab. 5.14 for
the process ute™ — t¢’ at the yTRISTAN, assuming integrated luminosities of 100 fb~!
and 1 ab™! under different polarization configurations. The resulting bounds improve

significantly over current LHC constraints, with branching ratio sensitivities reaching
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2-3 orders of magnitude better, depending on the operator class and flavor structure.
Notably, even at the early-stage luminosity of 100 fb~!, the sensitivity outperforms ex-
isting limits, while the 1 ab™! dataset offers substantially stronger exclusion potential.
These improvements highlight the capability of the yTRISTAN collider to explore ex-

tremely rare flavor violating top decays with high precision, offering a promising avenue

to uncover signals of new physics in the charged lepton and top quark sectors.

Polarization
Operator | Luminosity LHC
Py x Py P_y

100 b1 6.3 x 10719 | 4.9%10710 | 6.1 x 10719

O3 u 7.0 x 1078
1ab ! 1.4x 10710 | 1.0x10719 | 1.2 x 1010
100 b1 1.7x1072 | 1.9x1079 | 1.2 x 10~?

O}t 1.3 x 1077
1 ab~! 4.0x 10710 | 41 x10710 | 2.5x10~10
100 b1 40x107? | 3.4x1072 | 4.1x107?

O v 2.5 x 1077
1 ab~! 9.2x 10710 | 7.1x10710 | 84 x 1010
100 b1 6.8 x 10710 | 5.1x10710 | 6.5 x 10719

O s 8.9 x 1077
1 ab~! 1.5x 10710 | 1.1x10710 | 1.3 x 10710
100 b1 1.9x1072 | 20x1079 | 1.3 x 10—?

oY 1.3 x 1076
1 ab~! 42x 10710 | 42x 10710 | 2.6x1010
100 fb—! 44%x107Y | 3.4%x107?2 | 44x107? ,

0Lt 2.6 x 1076
1ab! 1.0x 1079 | 7.1x10710 | 88 x 1010

TABLE 5.14: Projected limits on the branching ratios of rare top quark decay, B(t —
enq'), from tq' production at the yTRISTAN for integrated luminosities of 100 !
and 1 ab™ !, for different polarization setups. The last column shows the current LHC
bounds as listed in Tab. 5.9. Best-case sensitivities in each row are highlighted in bold
for clarity.

Correlated Sensitivities In Fig. 5.14, we present the projected 95% C.L. correlated
exclusion limits on the parameter spaces of different EFT operator classes, shown sep-
arately for u-type (left panels) and c-type (right panels) interactions. These bounds
are derived from t¢’ production at the yTRISTAN, assuming an integrated luminosity
of 1 ab™! under various beam polarization configurations. The observed variations in
the shape, orientation, and extent of the exclusion contours across different polarization

setups reflect the chiral selectivity of the operators and the beam polarization. By appro-

priately tuning the beam polarization, one can enhance sensitivity in specific directions
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of parameter space, thereby isolating dominant contributions from particular operator
classes. This demonstrates the utility of polarization in boosting signal significance and

providing a more refined probe of the underlying NP dynamics.
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FIGURE 5.14: Correlated 95% C.L. exclusion contours for EFT operator parame-
ter spaces of u-type (top) and c-type (bottom) classes from tq' production at the
pTRISTAN, assuming an integrated luminosity of 1 ab™', for different beam polar-
ization configurations.

5.2.4 Summary and Conclusion

In this section, we have studied charged lepton FCNC interactions involving the top
quark at the proposed high-energy pte™ collider stage of the yTRISTAN facility, op-
erating at a CM energy of /s = 346 GeV. Focusing on the process uTe~ — t¢’ with
q = u, ¢, we analyzed simplified scalar, vector, and tensor four-fermion operators derived
from the SMEFT framework. These operators offer a model-independent parameteriza-
tion of potential new physics responsible for cLFV and FCNC effects. Our collider
analysis targeted the leptonic decay channel of the top quark and utilized a cut-based
strategy to suppress the dominant SM backgrounds. We demonstrated that kinematic
observables such as invariant mass and azimuthal angular separation between jets play a
crucial role in enhancing signal sensitivity. The effect of initial-state beam polarization
was studied in detail, revealing that it can significantly boost the sensitivity to specific
operator structures and aid in disentangling their chiral nature. We employed a binned

likelihood analysis using the distribution of A¢y; to derive projected 95% C.L. bounds
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on the Wilson coefficients, CX

cpitq’ /A%, Our results show that, even in the unpolarized

configuration and with a modest integrated luminosity of 100 fb~!, attainable within
the early operational phase, the yTRISTAN can outperform existing LHC bounds by
nearly an order of magnitude. With 1 ab™! of data, the projected sensitivity improves
by a further factor of 2-3. When translated into constraints on the rare decay branching
ratios B(t — euq’), this corresponds to improvements of up to three orders of magni-
tude over existing limits. Additionally, we presented correlated sensitivity projections
in the Wilson coefficient parameter space, highlighting how different beam polarization
configurations can be used to selectively enhance sensitivity in certain directions. This
illustrates the unique potential of a polarized e~ collider in disentangling the contri-
butions of different EFT operator classes. In summary, the yTRISTAN collider offers
a clean and powerful environment to probe flavor violating interactions with high pre-
cision. Our analysis establishes that such a facility can play a leading role in exploring
rare top FCNC processes involving cLFV, significantly extending the reach beyond cur-
rent and near-future hadron collider capabilities. Furthermore, although we have framed
our study in the language of effective operators, these interactions can arise in a broad
range of BSM scenarios, including models with extended gauge sectors (e.g., Z'), scalar
or vector leptoquarks, and compositeness frameworks. The bounds obtained in our anal-
ysis can thus be interpreted as constraints on these underlying theories, highlighting the
utility of SMEFT-based collider studies in mapping out the viable parameter space of a

wide class of new physics models.

Appendix: Application to Flavor Physics

5.A Additional Kinematical Distributions

The additional kinematic distributions of the signal and background processes are shown
in Figs. 5.15 and 5.16. The detailed cutflow for the SM backgrounds is detailed in
Tab. 5.15.
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Co : Selection cuts | C1 : M, > 2TeV | C2 : Hr > 1.5 TeV
Py Py P_ Py Py pP_ Py Py P_

Processes

WHW = (ur,) | 1.270 | 0.257 | 2.279 | 0.138 | 0.028 | 0.248 | 0.043 | 0.009 | 0.077

T () 1.420 | 1.358 | 1.481 | 0.174 | 0.166 | 0.182 | 0.119 | 0.114 | 0.124

T

voZ () 3.289 | 0.660 | 5.903 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

Co : Selection cuts | C; : M, > 2TeV | C2: Hr > 1.5 TeV
P, Py P_ P, P, P_ P, Py P_

Processes

WHW~(er,) | 1.021 | 0.207 | 1.832 | 0.106 | 0.021 | 0.190 | 0.031 | 0.006 | 0.056
717 (eh) 1.223 | 1.170 | 1.276 | 0.146 | 0.140 | 0.152 | 0.102 | 0.098 | 0.106
v Z(ety) 2.890 | 0.580 | 5.187 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

TABLE 5.15: Cutflow cross sections (in fb) corresponding to SM backgrounds (I7y
+ J) for different beam polarization choices at /s = 3 TeV. Here, Py : P,- = 0%,
P, : P, = +80%and P_: P, = —80%.

5.B Renormalization Group Equations

The RGEs corresponding to the SMEFT operators are represented as follows:

d[C;] 1
= Qﬁi-
dlogpu 167w

(5.39)

Here, [C;] = C;/A? are the operator coefficients, 4 is the renormalization scale, and f3;
is the RGE f function corresponding to the operator O;. The RG equations for the SM

gauge couplings are detailed in Eq. (5.40).

dg 1 19 4
= 2 === 3
dlogu 16w 6

/
aF T L f3d)) (5.40)
dlogp 167 6
dgs 1

_ 53
dlogpu 1672 (=795) -

The RG equation for the Top Yukawa coupling is shown in Eq. (5.41). All Yukawa

couplings other than the one of the Top quark are considered as negligible.

dyy Yt 9 9 9 949 17 4
= —y; — 8g5 — —q¢° — — . 5.41
dlogp  16m2 \ 27t ~ %9 749 T 19 (5:41)
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The general form of the g function corresponding to the cLFV four-fermion operators

are detailed in Egs. (5.42)-(5.44). Here, [Cj;] ., = (Cij),, /A2

1 1
[Ba]prst = 59,2 (2 [Cﬂ]prww + [Cﬂ]pwwr> dst + 59,2 (2 [Ca]wwst + [Céﬁ]wtsw) 5277’

1 2 1 2
- 592 [Ca]pwwr Ost + 392 [Cﬁ]swwr 51775 - 592 [Cﬁ]wtsw 5107” + §g2 [Cﬂ]wtpw Osr

1 1
+ 79/2 [Cfe]prww Ost + 79/2 [Cfe]wwst 6177" + 692 [Cfdptsr +3 (9/2 o 92) [Ca]prst )

3 3
(5.42)
Beclprst = 20 (Ctelunapn +4 Coelprans) 82t + 20 (Ot sy + 4 Ceelpr)
€€lprst — elwwpr eelpruww s elstww eelwws pr
3 ¢ - 3 t T (5.a3)

+ 69/2 [Cee]prst + 69/2 [Cee]stpr )

8 4 4 2
[5€€]prst T *9/2 [Ca]prww 65t + 79[2 [Ca]pwwr 5575 + kgIQ [Cfe]prww 65t W 79,2 [Cfe]wwst 5297"

3 3 3 3
8
- gg/Q [Cee]wwst 51’7" — 69/2 [Cze]prst :

(5.44)

Using the general form, we construct S function for each of the different operators. The

equations are listed in Egs. (5.45)-(5.50).

e Operator Class: ((’)gg)w

[Bet] eepir = % (119" = 9¢°) [Cot)eepur + % (9% +176°) [Cetlorpe + %9'2 [Ceeleepr >
[Bee) ree = é (119" —99°) [Clrl yree + % (9" +179°) [Curl yoer + ég'Q [Ceel iree »
[Bet) eer = %92 [Cetler e + 697 [Cetlyree +3 (9% = 9°) [Cotlyeer -
Becerse = 36 (Cotleer +68 [Cotlgyr +3 (6 = ) Cotlrye-

(5.45)
e Operator Class: (Oy),,

1
[ﬁﬂ]eee’r = (119[2 B 992) [Ca]eeeT + (9,2 + 1992) {Ca]e’ree + 59/2 [Cée]eeer )

[/BBZ]eTee = (119/2 - 992) [Ca]e’ree +

W — W
W =Wl =

1
(9/2 + 1992) [Cfl]eem' + 39/2 [Cee]eﬂ-ee :

(5.46)
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e Operator Class: (Oc),,
26 2
[668]66/1,T = 39,2 [Cee]eepfr + 69/2 [Cee]/u-ee + 5912 [Cfe];rree )
Bedree = 5.9 1Ce e + 69 (Corler + 59 [
utee 3 uTee eept T g eeuT (5.47)
[ﬁee]ueeT = 69/2 [Cee],ueef + 69[2 [Cee]efue ’
[668]67’/1,6 = 69/2 [Cee]er,ue + 69[2 [Cee]uee‘r :
e Operator Class: (Oc).,,
26 2
[666]6667' - 39/2 {Cee]eee‘r + 69[2 [Cee]eTee ¥ §9/2 [056]67'66 )
(5.48)
26 /2 2 2
[Bee]e'ree — [Cee}eTee ot 69 [Cee]eeer iy gg [Cee]eeer :
e Operator Class: (Og),,
16 8
[/Bfe]ee;m‘ = __912 [Cfe]ee/rr + gg/Z [Cee]ee/rr )
14 8 4
[Beeliree = ——g’2 [Ceelree + 39/2 |Gt e 12 29” [t ueer » (5.49)
[ﬁ&]uee'r = _69,2 [CZE]MeeT )
[/Bfe]erue = _69,2 [Cfe]eTue :
e Operator Class: (Oy).,
16 8
[Bﬁe]eee‘r = _39/2 [Cfe]eee‘r + 59/2 [Cee]eeer ’
14 12 8 12 4 2 (5.50)
[Bge]e'ree = —Eg [Cge]e’ree + gg [Ca]eTee + o [Ceé]eeeT :

Fig. 5.17 shows the RGE flow of relevant operators obtained by solving Eqgs. (5.45)-(5.50).

The operators show very little variation to change in renormalization scale, hence, bounds

obtained at lower energies will still be relevant even at higher energy scales.

5.C UV Completion of eutq Operators

In this section, we provide two specific BSM scenarios that generate sizeable eutq in-

teractions and thereby source the EFT operators studied in this paper. We assume the

presence of new flavour structures arising from BSM spurions that can naturally gener-

ate large off-diagonal entries in the lepton and quark sectors while suppressing diagonal
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FIGURE 5.17: RGE flow for some of the cLFV operators (Left: ur operators, Right: et
operators). The black dashed line corresponds to the energy scale of the CLiC collider.

flavour structures. A simple theoretical motivation for such flavour structures arises from
the presence of additional flavour spurions associated with the BSM sector. In this work
we assume that the heavy states couple to SM fermions through new flavour matrices
that are not aligned with the SM Yukawa structures. These spurions can naturally con-
tain sizeable off-diagonal entries while keeping flavour-diagonal components suppressed.
As a result, the effective flavour matrices X, and X, may preferentially generate (esu)
and (tq) transitions, providing a natural origin for the eutq operators considered in this

work.

Scalar leptoquark with flavourful couplings We consider a heavy scalar lepto-
quark S ~ (3,1,—1/3) under the SM gauge symmetry. Its most general renormalizable

interactions with SM fermions, consistent with gauge invariance, are
Lo = —q; (Cq)ij ng — U; (Cu)zj Sej + h.c., (5.51)

where C; and C, are flavour matrices. We assume that these matrices originate from BSM
flavour spurions that are not aligned with the SM Yukawa structures and can contain
sizeable off-diagonal entries. The flavour structure of the couplings can be parametrized

as

.= A X, (5.52)

W= AX], (5.53)

where X, and X, denote BSM flavour spurions. These spurions are not required to follow

the SM Yukawa hierarchy and may contain comparatively large off-diagonal entries,
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particularly in the fg sector. Integrating out S at tree level generates the effective
operator

LyrT D — (€Vep)(tVyq) +hc., (5.54)

1
A2
MS
where ), inherits its flavour structure from the underlying spurions appearing in Cq .

The dominant flavour entry corresponds to the component generating the tg transition,

(yq)tq ~ (Xq)tqa (5.55)

while entries involving purely light generations remain suppressed according to the as-
sumed flavour hierarchy. The tree-level matching coefficient therefore takes the schematic

form

1
(Ce,utq = ﬁg (yé)ep, (yq)tq7 (5'56)

highlighting the origin of the e — p and t — ¢ flavour violation from the underlying spurion

structure.

Flavorful Z’ model with BSM flavour currents As an alternative, we consider a

heavy neutral vector Z’ coupled to flavourful fermion currents,
Lz = Z, (9907 (99105 + 9¢ €y (Ge)isly) - (5.57)
We assume that the flavour structure of these currents is controlled by BSM spurions,

Gy = X X}, (5.58)

G = Xo X, (5.59)

where X, and X, denote flavour matrices that can contain sizeable off-diagonal entries

such as (Gy)iq and (Ge)eu. Integrating out Z’ yields at tree level

Lorr O =295 @(Go)entt) (17" (Go)rga) + D, (5.60)
Z/

where the effective coefficient is controlled by the off-diagonal spurion entries generating
the e — p and t — ¢ transitions, while flavour-diagonal operators remain suppressed by

the assumed structure of the BSM spurions.
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5.D Disentangling Vector Chiral Structures

In this section, we explore the role of beam polarization in disentangling the different
chiral structures of the vector operators in the SMEFT framework. While the simplified
operator structures listed in Tab. 5.8 already exhibit kinematic distinctions from the
scalar and tensor operators, the use of polarized beams provides an additional handle
to separate the individual components of the vector operators. We select the following

vector operator benchmarks relevant for u*e™ — tu production:

[Cly et
A2

[CZu] eptu

() ,
BPy) : s

—0.01 TeV2, BP{ ( > —0.01 TeV 2,

(5.61)

u [CGU}E tu - [C e]e tc _
BP( : (AIQ“ =0.01TeV™2, BPW: % = 0.01 TeV 2.

For each benchmark, all other Wilson coefficients are set to zero. In this section, we focus
exclusively on the u-type benchmarks, since an analogous analysis for c-type benchmarks
would yield qualitatively similar results. The corresponding signal cross sections for
wue™ — t(lvb)u production are presented in Tab. 5.16 for both the unpolarized case and

various beam polarization configurations.

Polarization Signal
(Py+y Pe-) BP{Y BEGy BP(W BP®
Ut(luel;l)q (fb) o-t(lubqsq (fb) O-t(luel;‘)q (fb) o-t(luqu)q (fb)
Py : Unpolarized 0.026 0.026 0.026 0.026
Py : (40.25,40.70) 0.010 0.034 0.010 0.034
Py :(+0.25,—0.70) 0.056 0.006 0.056 0.006
P_ :(—0.25,+0.70) 0.006 0.056 0.006 0.056
P__:(-0.25,-0.70) 0.034 0.010 0.034 0.010

TABLE 5.16: Production cross sections for the signal process u*e™ — t(lvb)u, mediated
by different vector operators are presented for various beam polarization configurations.

We observe that all operator structures contribute similarly in the unpolarized setup.

(=)

tq and Oy, contributions while sup-

The polarization configuration P, _ enhances the O
pressing O, and Oy, whereas the P_ configuration exhibits the opposite behavior.
We perform the collider simulation and likelihood-based sensitivity analysis following

the same procedure outlined in Sec. 5.2.2 and 5.2.3. The resulting 95% C.L. limits on
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the Wilson coefficients of the vector operators for tu production at the yTRISTAN, for
integrated luminosities of 100 fb~! and 1 ab™! under different beam polarization con-
figurations, are presented in Tab. 5.17. Observations from Tab. 5.13 indicate that the
c-type operator structures are expected to exhibit similar sensitivity levels. This sec-
tion highlights that beam polarization remains a crucial tool for distinguishing the chiral

components of the vector operators.

Polarization
Operator Luminosity
Py x P Py

o) 100 fb—2 0.0274 0.0184 0.0522

eutu
LQier 1 ab~1 0.0131 0.0077 0.0235
0. 100 b1 0.0277 0.0566 0.0171

euleutu
y 1 ab~! 0.0132 0.0235 0.0077
100 b1 0.0272 0.0188 0.0511

[OLu]e,utu
1ab! 0.0130 0.0079 0.0231
100 b1 0.0276 0.0569 0.0168

[OQe]e,utu M

1 ab 0.0132 0.0239 0.0076

TABLE 5.17: 95% C.L. limits on the WCs of vector operators (up-type), C'/A? (in
TeV~2) from tu production at the yTRISTAN for integrated luminosities of a 100 e
and 1 ab™!, for different polarization setups. Best-case sensitivities in each row are
highlighted in bold for clarity.
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Chapter 6

Application to Dark Matter

“Things seen are temporal, but the unseen is eternal.”
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O NE of the most compelling challenges in modern cosmology is the characterization
of the dark sector, particularly the nature and origin of DM. While the SM successfully
describes the visible Universe, it fails to accommodate a viable DM candidate within
its particle content. Despite overwhelming astrophysical and cosmological evidence for
its existence, the production mechanism of DM remains unknown. Although the WIMP
paradigm has long guided experimental searches, the continued absence of a confirmed
signal has motivated growing interest in alternative frameworks. Among these, FIMPs,
produced via the freeze-in mechanism, provide a well-motivated scenario in which DM

never attains thermal equilibrium with the SM bath.

In this context, the UV freeze-in scenario is particularly intriguing, as the DM relic
abundance is governed by higher dimensional, non-renormalizable operators and is highly
sensitive to the maximum temperature achieved during the reheating epoch. As a result,
the present-day DM abundance carries imprints of the early Universe dynamics, offering

a unique opportunity to probe epochs preceding BBN.

189
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In this chapter, we investigate the potential of future lepton colliders to act as probes
of the pre-BBN era. Working within the DMEFT framework, we establish a connection
between collider observables and early Universe parameters such as the reheating tem-
perature and inflaton dynamics. In particular, we focus on mono-photon (vy) signatures
in context of photophilic DM scenarios, where the associated photon serves as a natural
handle to efficiently suppress SM backgrounds, thereby enhancing the discovery potential
at future lepton colliders. The discussion is structured as follows. In Sec. 6.1, we begin
with a simplified scenario in which reheating dynamics is neglected, demonstrating how
DMEFT operators serve as a direct window to reheating temperature by focusing on UV
freeze-in production and its correlation with mono-v signals at the ILC. Subsequently,
in Sec. 6.2, we extend the analysis by explicitly incorporating reheating dynamics. By
including the post-inflationary evolution of the inflaton field, we explore how the struc-
ture of the inflationary potential and the nature of inflaton-SM couplings (bosonic versus
fermionic) significantly modify the viable parameter space for both scalar and fermionic

DM candidates.

6.1 DMEFT as a Window to Reheating Temperature

Lepton collider as a window to reheating via freezing in dark matter detection. Part I.
B. Barman, S. Bhattacharya, S. Jahedi, D. Pradhan, A. Sarkar
Phys.Lett.B 869 (2025) 139863 (e-Print: 2406.11963 [hep-ph]).

High energy particle colliders are essential tools for NP search, where we can create heavy
particles close or below the available CM energy. Our study attempts to address whether
a correspondence can be established between collider signal and the early Universe cos-
mology, focusing particularly on the pre-BBN epoch. Through this approach, we can
connect a large class of DM models and signals. Few attempts have been made before
to probe FIMP DM at the colliders assuming the presence of a charged particle in the
dark sector [477, 478]. In this work, we consider the direct production of FIMP DM at

the colliders corresponding to low temperature reheating.

The cosmology of the early Universe has a profound impact on the production of exotic
relics, for example, the DM, that constitutes about 26% of the matter-energy budget of
the Universe [34]. While a particle DM candidate is well motivated to fit observations—

having any intrinsic spin, minimal photon coupling, and stability on the order of the
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Universe’s lifetime, its exact production mechanism remains an open question. Beyond
the standard thermal (WIMPs [63]) and non-thermal (FIMPs [64]) paradigms intro-
duced earlier, other DM production mechanisms include axion misalignment [479, 480],

production in inflaton decay [481], and gravitational production [482].

As established, the yield in a typical UV freeze-in scenario [66] becomes proportional
to the temperature of the thermal bath. For the purposes of this section, we assume
that reheating happens instantaneously, meaning the bulk of the DM is produced at
the highest temperature of the Universe, usually known as the reheating temperature,
Tru- Because this freeze-in occurs out of equilibrium, the DM retains the memory of
the early Universe cosmology, allowing collider detections to serve as a direct probe of

this instantaneous reheating epoch.

The organization of the section is as follows: In Sec. 6.1.1, we discuss the phenomenology
of UV freeze-in DM. Following this, in Sec. 6.1.2, we explore the collider search strategies
for photophilic DM. Finally, we establish the connection between collider observables and

early Universe cosmology, summarizing our findings in Sec. 6.1.3.

6.1.1 UV Freeze-in via DMEFT Operators

The EFT approach [183, 483-487| to search for DM is economic in parameters and
efficient in capturing the essential characteristics, focusing solely on the relevant degrees
of freedom present at a certain scale. EFT methodologies are widely used, including
condensed matter systems (see, [488]), and have emerged as a standard prescription
for studying physics beyond the SM, but limited, if collider experiments reveal a direct
manifestation of the heavy mediator, generating effective interactions. EFT is therefore
valid when the CM energy of the collision remains lower than the heavy mediator mass.
This is easier to achieve in lepton colliders than hadronic ones, since the partonic CM

energy differs from the exact CM energy in the latter case.

At the colliders, as DM evades detection, the visible particles produced from the initial
state radiation (ISR) in association with DM can provide vital clues via momentum or
energy imbalance to search for DM. Mono-X, (X € v, j, Z, H) plus missing energy (£)

final state is one of the popular probes to search for DM at colliders. The signal of our
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interest is mono-v, which has been studied extensively in lepton colliders [16, 189, 489—
505]. Noticeably, the final state with ISR photon has similar J event distribution to the
huge SM neutrino background (v7y), making it difficult for signal-background separation
(see App. 6.A). This motivates us to look for associated photon production, which we call
natural mono-vy signal within the EFT framework. Effective operators with real spin-0
scalar (®), Dirac-type spin-1/2 fermionic (), and massive spin-1 gauge boson (X,) DM

leading to natural mono-v searches are,

05 %(BWBW + WL, W) 92 (6.1)
0f + S (BuBH £ WhL W) (0), (6.2
oy %(BWBW + WL, W) X0 X, (6.3)
oy : %(BWBW + WELWIH) X o5 X (6.4)

where Wlf,j (i =1, 2, 3) and By, are the electroweak field strength tensors corresponding
to SU(2)r, and U(1)y respectively, X,g represents the field strength tensor for the vector
boson DM, and C; are the dimensionless WCs. Unless otherwise stated, we consider C; =

1 throughout this analysis®

. Note that as all these operators are loop-generated when
the NP is weakly coupled, they have an additional suppression of 1/(1672), therefore
requiring the NP cutoff scale to be appropriately rescaled. For fermionic DM, there also
exists a dimension-five operator, (’){ ~ B, (xo"x), that can mimic a natural mono-
photon-like signal via final state radiation (FSR). However, the phenomenology of such an
operator is strongly constrained by DM relic abundance, pushing the corresponding NP
scale beyond the reach of the collider set-up considered here. The presence of DM fields
in pair implies Zs-symmetry that ensures absolute stability of the DM. These operators
are well studied in the context of freeze-out, with a primary focus to constrain direct and
indirect searches, complementing the LHC search bounds [506-508|. In the subsequent
analysis, we will primarily concentrate on the spin-0 (scalar) and spin-1/2 (fermion)
DM scenarios. We discuss DM production via freeze-in and derive the viable parameter
space that complies with the observed DM abundance. The essential feature of freeze-in

production is to consider that the DM number density was vanishingly small in the early

Universe, then produced dynamically from the visible sector via DM-SM interactions,

'We assume that the operator relevant for DM production at early and present Universe is (’)g for
fermionic DM and O3 for scalar DM, and all the operators having lower mass dimension is absent. This
makes the Higgs portal interaction <I>2|H|2 to be zero as well.
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2.82 376 4.70 5.64 6.58 7.52 B.46
I S

Ty [GeV]
Tyy [GeV]

10 102 107" 100 10 102
m, [GeV] my, [GeV]

102 10 100 10® 10 10°

FIGURE 6.1: DM relic allowed parameter space for fermion (left) and scalar (right)
DM, where the colour bar corresponds to A. The gray shaded regions are disallowed
from the instantaneous decay approximation requiring mpy < Tru, as well as from the
BBN bound Tryg 2 4 MeV. In the left panel the cyan and white dashed contours shows
50 significance for mono-y + F signal at the ILC, with /s = 1 TeV, £i,; = 8 ab™! for
unpolarized and polarized ({P.+, P.- } = {—20%, +80%}) beams respectively.

vy — DM DM in our case, emerging from Eq. (6.1) and (6.2). The DM-SM interaction
strength is several orders of magnitude feebler than the weak interaction strength, so
that the DM stays out of equilibrium. The limiting condition can be estimated by
comparing the DM interaction rate I'o_o = n%lM {ov)pM DM—s~y With the Hubble rate
H = (1/3) /9x/10 (T?/Mp), where (ov) is the thermally averaged DM production cross-
section [509],

2
T 1TeV\4
- ; Co (viity) () (F5¥)"  for scalar,
2202 o — (6.5)

9+(T) 2
T=T 3 G ’
. Cr/a (T (&%) (HY)”  for fermion,

Here, Cy ~ 1.39 x 10~ ! and Cijo >~ 8.94 % 10716, achieved by a conservative estimate
of assuming DM number density to be the same as the equilibrium number density, i.e.
nom = npyy = (T/272) miy Ko (mpw/T). As one can infer, it is easy to satisfy the
out-of-equilibrium condition for fermionic DM compared to the scalar case due to larger
suppression (see Tab. 6.6 of App. 6.B). The very idea that we wish to investigate the
collider signature of freeze-in, drives us to choose A ~ O(TeV) such that the collider
signal is significant enough, which in turn demands mpy ~ O(MeV) to avoid overclosing

the Universe. Because of the non-renormalizable nature of the interaction, we see, DM
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yield features the typical UV nature [66] (see 6.B), where bulk of the DM is produced
around the highest temperature. For DM production via vy — DM DM channel, an
approximate analytical expression for DM yield Y = n/s can be obtained by solving the

corresponding Boltzmann equation (BEQ) (see App. 6.B)

TISQI}XZT for scalar ,
270+/10 Mp
You(T) = T /o T (6.6)
g g T _
%5 * 2?8 Tf;il}l\6 7° for fermion ,

considering s > 4 m%M, where g, and g,s are the number of relativistic DOF contribut-
ing to energy and entropy density, respectively. Here, Try is the reheating temperature
which, in the approximation of a sudden decay of the inflaton, corresponds to the maximal
temperature reached by the SM thermal bath. Away from the sudden decay approxima-
tion for reheating, the bath temperature may rise to a temperature Tinax > Try [510]. It
is plausible that the DM relic density may be established during this reheating period, in
which case its abundance will significantly differ from freeze-in calculations assuming ra-
diation domination. However, as the precise determination of such phenomenon depends
on the details of the reheating mechanism (in particular, the shape of the inflationary

potential during reheating), it is beyond the scope of the present study.

To fit the observed DM relic density, Yompm = (Qpum pe/s0) =~ 4.3 x 10719 GeV,
where Y, is the present day yield. Here p. ~ 1.05 x 1075 h? GeV /cm? is the critical
energy density, sp =~ 2.69 x 103 cm™3 the present entropy density [241], and Qh? ~
0.12 is the observed abundance of DM relics [34]. From Eq. (6.6), it is clear that, for
a given DM mass and effective scale, the yield is maximum at Tryg > T, which is
the quintessential feature of UV freeze-in. The DM abundance is governed by three
independent parameters: {mpwm, Tru, A}. The effective description of Eq. (6.1) and
(6.2) remains valid under the hierarchy: A > Tryy 2 mpwm, implying, the cut-off scale A
stands as the highest scale of the theory (detailed in App. 6.F). In case of instantaneous
decay approximation, maximum mass for the DM produced from the thermal bath can

be mpy ~ Tru. In order to produce the observed DM abundance, using Eq. (6.6) we
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find

5TeV ( Tl )1/4 (TR—H>3/4 for scalar,

1 MeV TBBN
A~ (6.7)
my \1/6 ( Tgpy 5/6 for f i
100 GeV ( T MeV) (%> or fermion ,

which shows, in order to have A ~ O(TeV), we need to opt for low DM mass, as well as
low Try. It is easier to achieve for Og , because of larger suppression. We emphasize that
the above estimation is approximate, as it accounts only for v~ — DM, DM as the main
production channel, and considers a constant g, ~ g.s >~ 3 at TRy = TgpNn. A complete
numerical solution of the BEQ), including all possible DM production channels together
with temperature evolution of the DOFs, has been performed in reality. The approximate
estimation merely demonstrates that (93{ is a favorable choice in the present scenario, and
highlights the pronounced sensitivity of the DM abundance to the maximum temperature
of the Universe, a quintessential feature of UV freeze-in. Note Ty =~ 4 MeV [511]
corresponds to the lower bound on TRy, such that the accurate measurement of light
element abundance during BBN is not hampered?. This order of magnitude estimation
conforms well with the full numerical results as illustrated in Figure 6.1, showing relic
density allowed parameter space in Try — mpy plane, where different shades of bands
correspond to different values of A. A non-linear behavior in the DM relic-allowed region
emerges in the color band around Tryg ~ 160 MeV, driven by changes in the effective
degrees of freedom of the SM bath across the QCD phase transition. Interestingly, 50
significance for the mono-y + F signal produced by the DM at the ILC (with /s =
1 TeV, and integrated luminosity £y = 8 ab~!) can be projected in this plane, as
shown by the (cyan) white dashed lines for (un)polarized beams in the left panel plot,
indicating the possibility of collider reach to probe the MeV-scale reheating era. We will
elaborate on it soon. It is worth reminding that MeV-scale reheating is realizable in a
minimal gravitational reheating scenario, where the SM bath is produced from inflaton
scattering, mediated by graviton [514]. Since gravity interacts with all matter particles
democratically, such a reheating process is inevitable and natural. The minimal scenario
is however dismissed due to the excessive production of inflationary gravitational wave

energy density around the time of BBN [515, 516]. As mentioned before, we refrain

2Since the DM-SM interaction is feeble here, the DM parameter space is safe from the CMB as well
as INTEGRAL limit [512, 513], that constraints DM annihilation to photon final states.
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from adhering to a specific reheating mechanism here, and simply consider Try as a free

parameter.

6.1.2 Photophilic DM Search at the ILC

The photophilic DM provides mono-vy with missing energy signal as the innate choice,

as shown in the left panel of Fig. 6.2.

et X
DM = DM
8
5 Y v
e
_ e —»— —— €
e X

FIGURE 6.2: Left: Feynman graph for associated production of fermionic DM pair
(xX) with mono-y at the ete™ collider. Right: Feynman diagram corresponds to the
FIMP-electron (DM — e) scattering.

For collider simulation we consider (93{c , since for O3, one needs Try < Ippn to have
A < O(TeV), as seen from Fig. 6.1. The choice of A is consistent with the LEP and the
LHC mono-photon data (see App. 6.D and App. 6.E). For larger A, the signal significance
diminishes as the production cross-section reduces. We perform detector-level analysis
at the projected /s = 1 TeV and £,y = 8 ab~! which is expected to be the maximum
reach of the ILC [330].

The model implementation is performed using FeynRules [233], and the signal and back-
ground Monte-Carlo (MC) events are generated using MG5_aMC [235]. The simulated
events are then showered using Pythia8 [415] to replicate initial and final state radia-
tion effects, while further detector simulation is executed through Delphes3 [237|. This
toolchain serves as the standard simulation pipeline for all collider analyses throughout
this chapter. The signal selection is ensured by only allowing events with a single photon
with no associated leptons or jets. The dominant SM background stems from the vy
channel, where the photon can be radiated from the electron leg in the W mediated
t-channel (dominant), Z mediated s-channel, or from the W boson fusion process. The
photon from the SM neutrino background is characterized by low transverse momentum
(pr), unlike the signal photon produced in association with a DM pair. To effectively

segregate the signal from the SM background, we utilize the following kinematic variables:
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e Missing transverse energy (MET, F;): Estimated from the momentum im-
balance in the transverse direction associated with visible particles, providing an

indication of missing particles not registered by the detector:

Fr= —\/ (o) +(Xn) (6.8)

where p, , are the 3-momenta along the x and y directions, respectively, and the

sum runs over all visible particles.

e Missing energy (ME, £): The total energy carried away by the missing particles,

defined at a lepton collider as:
E=\s-) E, (6.9)
i

where F; are the energies of the detected visible particles. For our specific mono-

photon signal, this simplifies to £ = /s — E,.

e Pseudorapidity (7),): Defined from the photon emerging angle 6., as:

hy = —In [tan (%)] . (6.10)

Thus, imposing a MET cut effectively mitigates a substantial portion of the dominant
SM background. Applying a cut on ME to ensure the removal of the two peaks of
the neutrino J distribution reduces the background significantly, retaining most of the
signal. Finally, implementing an absolute pseudorapidity cut |ny| < 1.0 finely tunes the
elimination of non-transverse backgrounds. For the benchmarks illustrated in Tab. 6.1,
the signal efficiency® e, is obtained to be 0.51 for a background rejection rate of 99%. The
event topology in Fig. 6.3 shows the impact of these particular observables in separating

the signal from the SM background. For details of simulation techniques, see App. 6.C.

The signal significance is calculated via [300]

S = \/2 [(S—l—B)log <1+§> —S]. (6.11)

3We define ¢, = Osig/Oproa, Where oproa and osig are the signal cross-section before and after cut,
respectively.
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FI1GURE 6.3: Normalised signal background event distributions for mono-v final state.
Left: ME (F), middle: MET (E7), right: Pseudorapidity (7). The signal corresponds
to: m,=33 MeV, A=1.14 TeV.

Here S and B denote signal and background events, respectively. Signal significance (S)
undergoes enhancement after employing a series of cuts outlined in Tab. 6.1. Note that,

for S/B < 1, one finds S ~ S/v/B o 1/A%. As the SM is a left chiral theory, judicious

Cutflow vo~y (B) XX
Events (S) | Significance (S)
Basic Cuts 18101325 4422 1.04
Er > 200.0 GeV 725945 2957 3.47
F € [525,750] GeV | 289420 2694 5.00
In,| < 1.0 219161 2395 5.10
Polarization XX
{Fet, Pe-} & & Events (S) | Significance (S)
{0%, 0%} 219161 2395 5.10
{+20%, +80%} 55052 2010 8.52
{—20%,+80%} 40711 2778 13.62
{+20%, —80%} 453639 2774 4.11
{—20%, —80%} 303079 2003 3.63

TABLE 6.1: Upper: Signal-background event counts and S for mono-+ signal for fermion
DM, where m, =33 MeV and A=1.14 TeV. Lower: Same after final cut for different
polarization combinations. The event counts correspond to /s = 1 TeV and £i,y = 8
ab— 1.
choice of beam polarizations, as ete™ machines are equipped with, can suppress the SM
background, and enhance S. Owing to the proposed polarizability of ILC, we study S for
various polarization combinations, as outlined in Tab. 6.1. The detailed event analysis is

summarized in App. 6.C. {P,+, P.-} = {—20%, +80%} emerges as the most favorable

combination, enhancing the signal while significantly reducing the background. Having
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larger SM background and absence of polarization, probing the model at the LHC turns
difficult.

6.1.3 Summary and Conclusion

Fig. 6.4 shows S in A — m,, plane via coloured bands, which decreases with larger A, as
the signal cross-section ~ 1/AS. Also the significance diminishes with larger m, due to
limited phase space. Following Eq. (6.6), each A — m, point indicate to a specific Try
to satisfy the DM abundance, as shown by the reddish points, establishing a correlation
between S and Try. For higher DM masses, a lower Ty is required to achieve the
correct DM relic, which violates the lower bound on Try from BBN or the instantaneous
reheating approximation itself (shown by black points). Therefore, it is possible to
associate a signal significance of 50 with MeV-scale reheating temperature and MeV-
scale frozen in DM. This is what we represent in the left panel of Fig. 6.1, via the
white (cyan) dashed line(s). Note that a significant part of our parameter space survives
the projected 95% C.L. exclusion limit from the HL-LHC 14 TeV 3 ab~! run (blue

dashed line). An effective DM-electron interaction can also be realized at the 1-loop level
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FIGURE 6.4: Observed DM abundance for Og for different combinations of m,, A
and Tryg, shown via scattered reddish points. Black points are disallowed, requiring
Tru < Ipen or my > Try or both to produce the right abundance; in conflict with the
BBN bound and instantaneous reheating approximation. The colour gradient shows
the variation of S at ILC with /s = 1 TeV, and £;,; = 8 ab™!, for unpolarized beams
(left), and polarised beams { P+, P,- } = {—20%,4+80%} (right). The blue dashed line
represents the projected 95% C.L. exclusion limit from the HL-LHC (y/s = 14 TeV,
Ling = 3 ab™1) [8].

(right panel of Fig. 6.2), that leads to DM direct search via electron scattering, which

is typically sensitive to MeV-scale DM [517]. However, in our case, the corresponding
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scattering cross section turns out to be < 107! cm?, far beyond the reach of present
experiments [518-523|. To summarize, we demonstrate the possibility to infer the reheat
temperature of the universe from DM signal at future lepton colliders. This emerges for
DMs undergoing UV freeze-in, establishing a one-to-one correspondence between Try,
mpwm, and A to address the correct relic abundance. Specifically, we elucidate how the
natural mono-vy signal of an MeV-scale photophilic fermionic DM can effectively point
towards an MeV-scale TRy, safely segregated from SM ISR backgrounds. This analysis
seeds a plethora of possibilities, such as incorporating the details of the early Universe

dynamics [58|, exploring different DM operators, and investigating other signals that

could provide similar inferences.

6.2 DMEFT as a Window to Reheating Dynamics

Lepton collider as a window to reheating via freezing in dark matter detection. Part II.
B. Barman, S. Bhattacharya, S. Jahedi, D. Pradhan, A. Sarkar
JHEP 07 (2025) 157 (e-Print: 2410.18198 [hep-ph]).

Over the past few decades, our comprehension of cosmic history has undergone a re-
markable transformation. Precise measurements of temperature anisotropies in the CMB
have unveiled a Universe that is homogeneous and isotropic on large scales. These ob-
servations provide compelling evidence for an inflationary phase in the early Universe.
Furthermore, the relative abundances of light elements align exceptionally well with the-
oretical expectations, reinforcing the predictions of BBN. These predictions, grounded
in the well-understood physics of nuclear reactions, point to a hot and dense Universe
in local thermal equilibrium during later stages. However, bridging these two extraor-
dinary epochs, inflation and BBN, remains a formidable challenge. The energy scale of
inflation is as high as ~ 10'® GeV, while that of BBN is about 4 MeV. This immense
range of energy (and therefore, time) scale is still poorly understood and remains largely
unconstrained by observations. Nevertheless, it is necessary to have a closer look into
the period between inflation and BBN and the dynamics of reheating as it holds the key
to the state of the Universe that we observe today. Importantly, the process of reheating
not only explains the cosmic origin of the matter that constitutes our physical world but
also accounts for the production of relics beyond the SM, such as DM. Particle colliders

and accelerator-based experiments possess the profound capability of replicating some
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of the Universe’s earliest epochs. Colliders, such as the LHC, have demonstrably estab-
lished their exceptional efficacy in elucidating the intricate mechanisms underlying the
EWSB, a phenomenon that transpired at an energy scale on the order of ~ O(102) GeV,
as well as the QCD phase transition, which occurred at an energy scale of approximately
~ O(10%) MeV. Thus, colliders emerge as promising instruments for the study of early

Universe dynamics within the controlled environment of laboratories.

Stringent observational constraints [524-527| continue to motivate the FIMP paradigm [64,
528, 529|. Building upon the UV freeze-in framework [66] established in the previous
section, the scenario becomes particularly intriguing when we move beyond the sudden
decay approximation, because the DM yield becomes sensitive to the highest temperature
Tmax reached by the SM plasma [478, 510, 530-542], which is determined by the inflaton
dynamics. Note that this is distinct from the reheating temperature, T4, defined as the

temperature at which the energy densities of inflaton and radiation are equal.

This section explores the potential to illuminate this reheating period through collider
searches for DM. Having already established the efficacy of natural mono-v signals at
lepton colliders in overcoming substantial SM backgrounds, we apply this signature to
probe the post-inflationary epoch. We consider that the entire DM relic was produced
from the thermal bath during reheating, while the bath itself is assumed to be sourced
by the perturbative decay of the inflaton field either into a pair of bosons or into a pair of
fermions. Consequently, any potential DM signature could be directly correlated with (I)
the maximum temperature reached during reheating and (II) the shape of the potential
during this phase. This expands upon the preceding analysis in Sec. 6.1 (based on [57]),
which considered instantaneous reheating and overlooked the evolution of the thermal
bath. By explicitly incorporating the non-instantaneous decay of the inflaton field, the
allowed parameter space for the DM opens up to a large extent and becomes accessible

for collider probes.

The remainder of this section is organized as follows. The underlying particle physics
model and effective operators are briefly summarized in Sec. 6.2.1. In Sec. 6.2.2 we detail
the post-inflationary dynamics of the inflaton, together with DM production. We then
discuss the collider analysis in Sec. 6.2.3, where we elaborate on the connection between

collider signal and reheating dynamics. Finally, we conclude in Sec. 6.2.4.

“Try was used in Sec. 6.1 to denote the reheating temperature in the instantaneous reheating scenario,
where it corresponds to the maximum temperature attained by the SM bath.
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6.2.1 EFT Model for DM-SM Interactions

As established in the preceding sections, our focus is on DM production via UV freeze-
in, utilizing non-renormalizable interactions involving a pair of SM and a pair of DM
fields. This mechanism is particularly relevant when the accessible bath temperature
significantly exceeds the dark sector particle masses. As previously discussed, searching
for these interactions at lepton colliders relies on identifying momentum or energy im-
balances. Building on the rationale detailed in Sec. 6.1.2, we continue to focus on the
natural mono-v signal to effectively separate the DM signature from the substantial SM

neutrino background (vv7y).

This restricts our analysis to the specific set of effective operators introduced earlier. For
clarity in the context of post-inflationary reheating, we express them here with the NP

scale denoted as Anp, to distinguish it from A4 (the inflation scale)®:

05 : —AC;‘P (B B + W, Wiy o2,
NP
¢ v vy (v
Of + 33 (BB + Wi, W) ().
e 6.12)
Cv (6.

v (Bu,B" + Wle,WI )Xok
NP

i

oy - ATV(BWB’“’ + W, W) Xog X
NP

Unless otherwise explicitly mentioned, we consider all the WCs to be unity. Note that
as all these operators are loop generated when the NP is weakly coupled, they have an
additional suppression of 1/(1672), therefore requiring the NP scale to be appropriately
rescaled. The presence of DM fields in pair implies Zo-symmetry that ensures absolute
stability of the DM. In the rest of the analysis, we will typically concentrate on the spin-0
(scalar) and spin-1/2 (fermion) scenarios, references to spin-1 possibilities at times. All

the relevant annihilation cross-sections for DM production is reported in App. 6.G.

6.2.2 Post-Inflationary Inflaton Dynamics

In this section, we elaborate on the freeze-in production of DM during non-instantaneous

reheating. We begin by discussing the post-inflationary dynamics of the inflaton that

5Such operators have been explored also in the context of freeze-out [507, 508, 543].
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results in the generation of the radiation bath, which in turn acts as a source for DM.
We consider the post-inflationary oscillation of the inflaton ¢ in a monomial potential

¢7’L

n—4 "
A¢>

Vig) = A (6.13)
where A is a dimensionless coupling and Ay 106 GeV is the scale of inflation, bounded
from above by CMB measurements of inflationary parameters [544]°. Note that the
NP generating Ay is quite different from Axp characterizing DM-SM interactions. The

effective mass mg(a) for the inflaton is

¢n—2 2 2(4—n) n—2
A ~n(n—1AnA, " pyla) » . (6.14)
o

ISH

2y
2

w:n(n—l))\

me(a)? =
For n # 2, my has a field dependence leading to a time-dependent inflaton decay rate.

The equation of motion for the oscillating inflaton condensate is [552]

¢+ (BH+Ty) ¢+ V() =0, (6.15)

where H denotes the Hubble expansion rate, and I'y is the inflaton decay rate. The
evolution of the inflaton energy density py = ¢2 /2 + V(9¢) is tracked with the BEQ:
dpg 6n 2n

. - S 1
i +2+an¢ 217 L¢P (6.16)

where H = \/ (ps + pr) /(3M%). The inflaton equation of state is parametrized as
w = py/py = (n—2)/(n + 2) [552]. During reheating (a; < a < a,n), the term H py

typically dominates over I'y pg, yielding the analytical solution:

6n
“rh) % (6.17)

pol@) = pylam) (%2

Since the Hubble rate during reheating is dominated by the inflaton energy density:

(arh)”T2 for a < ap,,
H(a) ~ H(awm) x (6.18)

(arh)2 fora,, < a.

5The potential in Eq. (6.13) can naturally arise in a number of inflationary scenarios, for example,
the a-attractor T- or E-models [545-547], or the Starobinsky model [548-551]. Given a particular
inflationary model, A\ can be fixed from CMB measurements of the inflationary observables.
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The evolution of the SM radiation energy density pgr is governed by [534]:

dpr 2n
— +4H =+—T . 6.19
g TARer="+5Top (6.19)

The end of reheating occurs when pr(am) = py(am) = 3 M3 H(am)?. To avoid affecting
BBN predictions, the reheating temperature must satisfy Ty, > Tppn =~ 4 MeV [511, 553~
557].

Reheating from Perturbative Inflaton Decay We consider reheating via the per-
turbative two-body decay of the inflaton at the minimum of its potential into a pair of
complex scalar doublets ¢ or vector-like Dirac fermions W”. The relevant Lagrangian
density reads:

Lint D —p ol —yy ¥ . (6.20)

We assume these decay channels operate exclusively of one another.

Decay via the Fermionic Channel For decay into a pair of fermions, the rate is

2
Po(a) = 8 my(a). (6.21)

where yegt # Yy (for n # 2) is the effective coupling averaged over oscillations [534, 563,
564]. The radiation energy density evolves as [565-567]:

[1 - (%) 2(27*:)] : (6.22)

Assuming instantaneous SM bath thermalization®, the temperature reads

6(n—1)
ar n
M T (o) Hlam) ()

3n
7T—n

pr(a) =

T(a) =T, (‘%)a (6.23)
with
3ol forn <7,
oo d2ne (6.24)

1 forn>7.

"Gauge-invariant interactions between the inflaton and SM fermions can be realized in a more realistic
set-up [558-560]. We remain agnostic about the microscopic model and write an effective inflaton-SM
interaction as in Refs. [534, 561, 562].

8A detailed study of thermalization can be found in Refs. [568-573].
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FIGURE 6.5: Left column: Evolution of inflaton and radiation energy density as a
function of scale factor for bosonic and fermionic reheating scenario, with different
choices of n. Right column: Corresponding SM bath temperature as a function of scale
factor. Here we considered T,;, = 10 GeV. The vertical dashed line in each figure shows
the onset of radiation domination (a = a).
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Timax [GeV]

m fermionic reheating
1072 m bosonic reheating

1072 1 107
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FIGURE 6.6: Maximum temperature during reheating T},,«, as a function of the reheat-
ing temperature 7},. The solid, dashed and dotted curves correspond to n = 2, 4, 6,
respectively.

Trading the scale factor with temperature, the Hubble expansion rate during reheating

) H(T) ~ H(Tw) (T%) i . (6.25)

Decay via the Bosonic Channel If the inflaton decays solely into a pair of bosons,

the rate is:

2
Ty(a) = &T’;—%, (6.26)

where peg # p (if n # 2). The SM energy density scales as [565]:

3n arh \ 747 ar\ "
~ M2T(ax m) (— 1-(—= 2
pr(a) = o METg(am) Han) () [ (<) , (6.27)

with the SM temperature and Hubble rate evolving similarly to Eqs. (6.23) and (6.25),

but with
3 1
== . 6.28
2n+2 ( )
The maximum temperature of the bath during reheating reads
3(n—1)
(ayn/ar)2+2  fermionic reheating,
Tmax = Irh (629)

3 , _
(a;n/ar)2®+2  bosonic reheating,
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which can be several orders of magnitude larger than Ty, for a,n > aj.

As seen in Fig. 6.5, the reheating process becomes more efficient over time for bosonic
final states than for fermionic final states for n > 2. The effective description requires
ANP 2 Timax [533]. For our collider analysis, we require Axp 2 /s = 1 TeV, specifically
fixing Anp = 1.2 TeV. As demonstrated in Fig. 6.6, the hierarchy Axp 2 Tiax is satisfied
only for bosonic reheating with n = 4, 6 and 7Ty, around the MeV scale. For fermionic
reheating, Tiax significantly exceeds Anp. Consequently, we restrict our subsequent
analysis to the bosonic reheating framework. We also focus exclusively on perturbative
reheating, restricting our analysis to n < 8, as gravitational reheating becomes efficient

for n 2 8[540, 574-576].

DM Genesis During Reheating We track DM production from the SM bath during

reheating via UV freeze-in using the Boltzmann equation:

dn
d]zM TP (6.30)

where -« is the reaction rate density, parametrized as [66, 530, 561, 577]:

Tk+6

DM = %75 - (6'31)
ANP

Here k = 2 (d — 5), where d is the dimension of the relevant effective operator (d > 5).
Introducing a comoving number density Npy = npum o, Eq. (6.30) becomes:

dNpm  a® ypum

= (6.32)

which is solved numerically with the initial condition Npyi(ay) = 0. To fit the observed

relic density, we require:
1
Yompy = Q% — 22 ~ 4.3 x 10710 Gev, (6.33)

S0 h2_

where Yy = Y (Tp) and Y(T') = npm(T)/s(T).
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Depending on the mass scale, if mpy < Ty, DM is produced at the end of reheating,

yielding:

210 (n+2) MpThH
Ay
T Gxs (Trh) A]Iia;z

Npwm(am) ~

1 3(k+10—n (k+2) L )
%—n (k+2)+10 1 —(ar/am) 2n+4 , fermionic reheating
x (6.34)

1 12n—3k—6
In—k—2 {1_(a1/arh) 2n+4 }

bosonic reheating,

and corresponding yield:

¥ (a) 45+/10 (n +2) Mp ThH
rh) =
w3 Gxs (Trh)3/2 AIKIJ'I;Q

1 3(k+10=n (k+2) . '
%—n (k+2)+10 1 — (ar/am) In+4 , fermionic reheating
'y (6.35)

12n—3k—6
)

ﬁ {1 — (ar/am)” 2n+4 bosonic reheating .

For T, < mpm < Tmax, DM is produced during reheating. Integrating to apy = a(7T =

mDM) gives:

2v10 (n42) MpThtt |

Npwm(apm) =~ a
(ap) T gss(mpm)  AFGE? th
k—n(k+2)+10 3 (k+10—n (k+2)
(Trtn/mpm) 7t m {1 — (ar/apm) 2nt4 ] , fermionic reheating
X
12n—3k—6
(Trh/mDM)4n_k_2 471_% [1 — (ar/apm) 2+ ] ) bosonic reheating ,
(6.36)
with yield:
45v/10 (n +2) MpTHt*
Y(G‘DM) = 3 3/2 3 k42
™ gy (mpm) Mpm Anp
6+k—n (k+4) 1 3 (k+10—n (k+2) o .
(Tin/mpm) 1 F—n (k+2)+10 1 — (ar/apm) 2n+4 , fermionic reheating
X
2n—k—6 1 12n—3k—6 . .
(Trn/mpM) iz |1 — (ar/apm) ™ 2n+1 ) bosonic reheating .

(6.37)

The final yield at the end of reheating is Y (am) ~ Y (apnm) (mpa/Tim)? (apa/am)®.

The analytical dependencies gathered in Fig. 6.7 show that for mpy < Ty, the slope
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FIGURE 6.7: Summary of parameter dependence of relic abundance for scalar (O5) and
fermionc (Og ) dark matter, considering the bosonic reheating scenario for n = 2, 4, 6.

Tin/mpm is negative. This is visible in the bottom panel of Fig. 6.8 for fermionic DM,
but forbidden by BBN bounds for scalar DM. Conversely, for Ty, < mpym < Tmax,
the slope is positive, allowing viable parameter space for both scalar and fermionic DM.
Unlike the sudden decay approximation analyzed in Sec. 6.1, explicitly incorporating
the post-inflationary evolution of the thermal bath permits the production of DM with

mpwm > Tn, significantly opening up the accessible parameter space for both candidate

types.

Limits from Indirect DM Search The relic density allowed parameter space is
tightly constrained by Fermi-LAT [578|, H.E.S.S [579], and Planck [580] observations.
We have translated bounds on DM annihilation cross-section into bounds on Axp and
mpMm. In Fig. 6.9, we show the constraints for scalar (left) and fermionic (right) DM
annihilating into a photon pair. For scalar DM with Axp = 2 TeV, masses mg > 1 GeV
are ruled out by Planck. The constraints on fermionic DM (Og ) are relaxed due to higher
dimensional suppression, leaving the corresponding parameter space viable. Based on
these bounds, we select benchmark points consistent with both relic abundance and

indirect detection limits for the collider analysis in the following section.

6.2.3 Testing Reheating Dynamics at Colliders

We now discuss the prospects of detecting DM produced during the epoch of reheating

through the effective interactions given in Eq. (6.12). Feynman graphs corresponding
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FIGURE 6.8: Viable parameter space for scalar (top) and fermionic DM (bottom),
satisfying the observed relic abundance for the bosonic reheating scenario. The blue
solid and red dashed lines correspond to n = 4 and n = 6, respectively. The gray
shaded region is forbidden from BBN bound on T;;,. We have fixed Axp = 2.0 (1.2)
TeV for the scalar (fermionic) DM scenario, ensuring consistency with indirect search
constraints and maintaining the validity of the EFT approach in the collider context,
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associated production of DM pair with mono-y (left) and 0SE (right) at the eTe™ collider,

are shown in Fig. 6.10. As established in Sec. 6.1.2, detecting an excess in missing energy

events over the SM backgrounds indicates the potential for DM discovery. We continue

our signal-background analysis considering the proposed ILC [215] for a CM energy of

Vs = 1 TeV, utilizing the same detector simulation pipeline (MG5_aMC, Pythia8, and
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FIGURE 6.9: The figures depict the indirect search constraints on the thermally aver-
aged annihilation cross-section, (6v)pm pM—s~+, based on current observational data,
presented in the mpy — Anp parameter plane for scalar (left) and fermionic (right)
DM. The red (blue) star denotes the benchmark point utilized in the collider analysis
for scalar (fermionic) DM.

Delphes3) described earlier.
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FIGURE 6.10: Feynman graphs showing associated production of DM pair with mono-y
(left) and OSE (right) at the eTe™ collider.

Mono-v Signal Analysis Identifying natural mono-y events remains one of the most
effective methods for segregating the signal from the SM background. We employ the
identical cut-based strategy utilizing Missing Energy (£), Missing Transverse Energy
(Er), pseudorapidity (7,), and azimuthal angle (¢,)°. In Fig. 6.11, we illustrate the
signal-background event distributions for these kinematic variables. The ISR photon
from the SM background typically exhibits low p7J., unlike the signal photon produced in
association with the DM pair. This distinct feature in the MET distribution (top left of
Fig. 6.11) enables clear differentiation. The missing energy distribution of the SM back-
ground (top right of Fig. 6.11) displays a double-peak behavior: the peak at f ~ 1 TeV

is attributed to the W-mediated t-channel diagram, while the sub-dominant peak near

9The azimuthal angle of the photon is defined as ¢, = tan™" (pz /p;’), where, p] and pj are the x
and y-component of the 4-momenta of the photon, respectively.
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FIGURE 6.11: Event distribution for mono-vy plus missing energy signal and the SM
background at the ILC with /s = 1 TeV. We choose m, = 100 GeV, Axp = 1.2 TeV
for the fermionic DM and me = 500 MeV, Axp = 2 TeV for the scalar DM.

500 GeV is due to the Z-mediated s-channel diagram. The signal distribution, however,
peaks near 500 GeV and exhibits a continuous decline, allowing a well-placed ME cut to
eliminate a large portion of the background. Finally, an absolute pseudorapidity cut of
Iny| < 1.0 refines the removal of non-transverse backgrounds. The azimuthal angle (¢-)

is inefficient for discrimination (bottom right of Fig. 6.11).

The total polarized cross-section considering partial beam polarization (—100% < P+ <

100%) is given by [189, 215, 581]

14+ A-P-) (L + A+ P,
U(P€+7 Pe,) = Z Z ( + € e )4( + e+ €+) UA67A6+ , (638)
A4=+1 A _=+1

where A\; = —1(+1) is the left (right)-handed helicity. Employing a right-polarized elec-
tron beam and a left-polarized positron beam suppresses the SM background. Following
the ILC Snowmass report [330], we choose {P.+, P.- } = {—20%, +80%}, which provides
approximately a six-fold background suppression while enhancing the signal by 16%. Us-

ing the signal significance calculation defined in Eq. (6.11), the event counts and S are

TH-4060_216121001



Chapter 6: Application to Dark Matter 213

listed in Table 6.2 (Table 6.3) for fermion (scalar) DM for the benchmark: m, (me) = 100
GeV (500 MeV) and Axp = 1.2 TeV (2 TeV) at £y = 8 ab—!. We observe about a 99%

reduction in the SM neutrino background while retaining around 50% of the signal in

each case.
Cute {P,+,P,-} = {0%,0%} {P,+,P,-} = {—20%,+80%}
XX vy Significance | xx~ vy Significance
Basic cuts 2371 | 18061101 0.56 2747 | 3455860 1.48
Er > 190 GeV 1595 | 790250 1.79 1808 | 447846 2.70
Fec (510,750) GeV | 1462 406112 2.29 1659 | 142321 4.39
Iny| <1 1291 272872 2.47 1462 79403 5.17

TABLE 6.2: Cutflow for signal and background events for mono-v signal at the ILC
with /s = 1 TeV and £;,, = 8 ab™! for unpolarized ({P,+, P,-} = {0%,0%}) and
polarized ({P,+, P.-} = {4+20%, —80%}) cases. Here, we consider fermionic DM with
mass m, = 100 GeV and Axp = 1.2 TeV.

- {P,+,P,} = {0%,0%} {P,+,P.-} = {—20%, +80%}

PPy 1 720% Significance | P~ vy Significance
Basic cuts 2945 | 18061101 0.69 3425 | 3455860 1.84
Er > 190 GeV 2406 | 790250 2.70 2802 | 447846 4.18
P € (510,750) GeV | 2134 | 406112 3.34 2509 | 142321 6.63
Iny| <1 1762 | 272872 3.37 2075 | 79403 7.33

TABLE 6.3: Same as Table 6.2, but for scalar DM with mge = 500 MeV and Anp = 2
TeV.

Opposite-sign Electron Signal Another possible collider signature can arise from
the opposite sign electron (0SE) channel, where DM is produced through the fusion of
neutral vector bosons (VBF) radiated from the initial state electrons (Fig. 6.2). Charged
VBEF can also produce a DM pair in association with SM neutrinos, resulting in no visible
final state particles!'?. We focus exclusively on the neutral VBF production mode, strictly
selecting events with two electrons and excluding any events with detected photons, jets,
or muons. The dominating SM backgrounds are WTW ™~ and 777~ subsequent decay to
electrons and neutrinos, alongside eTe~™Z and v7Z production. The relevant kinematic

variables are:

10The OSE signal can also appear from Z decay to electrons arising from “natural mono-Z” possibilities,
however, this signal is subdominant and subjected to large background suppression.
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e Invariant di-electron mass (M,.):

Mee = \/ (pe+ + pe-)?, (6.39)

where p.+ (p.-) is the 4-momenta of the detected positron (electron). This is

crucial for identifying resonant production.

e Difference in pseudorapidity (Anee):
Afge = (Ne+ = 1e-) - (6.40)

e Distance between the electron pair (AR..):

ARee = \/(Anee) + (Adee)?, (6.41)

where Adge, is the difference in the azimuthal angles.

To eliminate electrons from Z decay, we pre-select events with M., > 100 GeV, efficiently
removing the Z-pole and discarding the vvZ background. The kinematic distributions
are shown in Fig. 6.12. A cut demanding J > 550 GeV significantly kills the W~ and
ete” Z backgrounds (top right of Fig. 6.12). Furthermore, a judicious cut of |Ane| > 1
removes the central region of the distribution, eliminating most of the 77 background

(top left of Fig. 6.12). Similar discrimination can be obtained using AR...

Following these cuts, the signal and background events, along with S, are listed in
Table 6.4 (Table 6.5) for the unpolarized as well as the optimal polarization choice
of {P.+,P.-} = {+20%,+80%}. This polarization suppresses the background by a
factor of 1.5 while marginally enhancing the signal, resulting in a ~ 96% background
reduction while retaining ~ 55% of the signal. The signal significance as a function
of the integrated luminosity for different final states and combination of polarizations
are illustrated in Fig. 6.13. We note that the scalar DM is expected to achieve 5o
signal significance at a lower integrated luminosity compared to the fermionic candidate.
This is because the scalar DM emerges from a dimension-six operator in contrast to the
fermionic DM (dimension-seven), resulting in less suppression for identical mass and NP

scale benchmarks. This points toward the possibility of detecting the scalar candidate
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FIGURE 6.12: Event distribution of dilepton plus missing energy signal and corre-
sponding SM background for /s = 1 TeV. We choose m, = 100 GeV, Axp = 1.2 TeV
for the fermionic DM and me = 100 MeV, Axp = 2 TeV for the scalar DM.

oo {P.+,P,-} = {0%,0%} {P,+,P,-} = {+20%, +80%}
xxee | Backgrounds | Significance | xxee | Backgrounds | Significance
Basic cuts 222 131699 0.61 235 80923 0.83
F > 550 GeV | 178 15931 1.41 189 10255 1.86
|Anee| > 1 121 4793 1.75 128 2876 2.38

TABLE 6.4: Cutflow for signal and background events for OSE signal at the ILC with
Vs =1TeV and £, = 8 ab~! for unpolarized ({P.+, P.- } = {0%,0%}) and polarized
({P.+, P.-} = {+20%, +80%}) cases. Here we consider fermionic DM with m, = 100
GeV and Ayp = 1.2 TeV.

Cutes {P,+,P,-} = {0%,0%} {P,+,P,-} = {+20%, +80%}
PPee ‘ Backgrounds ‘ Significance | ®®ee | Backgrounds | Significance
Basic cuts 273 131699 0.75 279 80923 0.98
F > 550 GeV 103 15931 0.81 110 10255 1.09
|Anee| > 1 68 4793 0.98 74 2876 1.38

TABLE 6.5: Same as Table 6.4 but for scalar DM with mass mge = 500 MeV and
ANP =2 TeV.
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FIGURE 6.13: Signal significance as a function of integrated luminosity for a different
combination of beam polarizations {P,+, P,— } in case of fermionic DM (left) and scalar
DM, (right). We choose m, = 100 GeV and Axp = 1.2 TeV for the fermion DM and
me = 500 MeV and Anp = 2 TeV, with /s = 1 TeV. The dotted black line corresponds
to bo significance.

during the early runs of the ILC, whereas the fermionic DM might only be probed during

high-luminosity runs.

Similarly, the variation of signal significance with the DM mass mpy for the relic den-
sity allowed points (for n = 6) is shown in Fig. 6.14. The significance drops with the
increase in DM mass due to the limited final state phase space. Here we also denote
the corresponding T,y required to satisfy the observed DM abundance. As established
earlier, only the bosonic reheating scenario is valid here, enabling us to establish a one-
to-one correspondence between the DM mass, the reheating temperature (controlled by

the reheating dynamics), and the signal significance at the ILC.

6.2.4 Summary and Conclusion

In this work, we have explored the ability of lepton colliders to shed light on the pre-
BBN cosmology. To establish a one-to-one correspondence between collider and cos-
mological observables, we focused on DM genesis via UV freeze-in, which requires non-
renormalizable interactions between DM and the visible sector, i.e., the SM. We consid-
ered DM production during the era of reheating, facilitated by DM-SM operators with
mass dimensions six and seven—where the former pertains to spin-0 DM, and the latter
to spin-1/2 DM. While the large effective NP scale required for UV freeze-in severely sup-

presses the collider signal cross-section, we demonstrated that leveraging natural mono-y
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FIGURE 6.14: Signal significance as a function of DM mass for the fermionic DM. We
choose n = 6, Axp = 1.2 TeV, /s =1 TeV and £;,; = 8 ab™!. The polarization com-
binations are {P.+, P,- } = {—20%, +80%} ({+20%,+80%}) for mono-y (OSE) signal.
The bar legend denotes the corresponding reheating temperature required to satisfy the
observed DM abundance.

and OSE signals allows for effective segregation from SM contamination using judicious

missing energy and MET cuts at future lepton colliders.

As a concrete model for the pre-BBN cosmology, we assumed reheating occurred through
the perturbative decay of the inflaton into either a pair of SM-like bosons or fermions,
with the inflaton ¢ oscillating at the bottom of a monomial potential V(¢) o ¢" during
this period. Such monomial potentials are well-motivated from CMB measurements
of inflationary observables, for example, the tensor-to-scalar ratio, spectral index or the
amplitude of the tensor power spectrum. A detailed analysis of the reheating epoch allows
us to explore beyond reheating temperature as Ty, < Tiax. For significant collider signals
to emerge over the SM background, the scale of NP needs to be around ~ O(TeV). We
found that in this scenario, the observed DM abundance can be achieved only through
bosonic reheating, with a reheating temperature Ty, ~ O(MeV), such that the effective
description of the DM-SM interaction remains valid during reheating (see Fig. 6.8). The
scalar DM operator connecting to SM via field strength tensor gets highly suppressed
from indirect search bounds from two photon annihilation channel. We study collider
signal excess that can be achieved via mono photon signal for both scalar and fermionic

DM in relic density and indirect search limited regions.
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This implies that any signal excess detected, for instance, in the mono-y channel (or
opposite-sign electron channel) at the lepton collider (e.g., the ILC), could potentially
indicate reheating via a bosonic channel and a low (MeV) reheating temperature (see
Fig. 6.14). In conclusion, this analysis not only provides a method to probe freeze-in at
colliders but also offers insight into the earliest epoch of the Universe, demonstrating the

power of particle colliders in investigating the pre-BBN era.

Appendix: Application to Dark Matter

6.A Radiation v vs. Vertex v

We review two scenarios in our analysis. The first scenario (already discussed in the main
text) involves the operator (95 , where the photon from the lepton collider mono-vy signal
originates directly from the effective vertex itself. In the alternate scenario, the photon
is radiated from the incoming electron /positron leg. The later scenario is relevant to DM

produced via leptophilic operators. One such operator is given by

Ol —
G A%(W‘ﬁ +eyte) (vux) - (6.42)

We perform a comparative analysis between the vertex photon from Og and the radiative
photon from (’)g along with the neutrino background. The kinematic distributions are
shown in Fig. 6.15. It can be clearly seen that the radiative process is always overshad-
owed by the SM neutrino background, and hence, a clear distinction is extremely difficult
using cut-based methods. To segregate these signal processes, we require polarization

tuning (to suppress the background) as well as dedicated multivariate techniques.
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FIGURE 6.15: Signal background event distributions for different kinematic variables

with the mono-vy final state signal. Left: MET (), middle: ME (£), right: Pseudo-
rapidity (77,). The signal corresponds to: m, =33 MeV and A=1.14 TeV.
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6.B Reaction Density and Boltzmann Equation
The reaction density corresponding to 2-to-2 processes reads

1
Vo2 = /H drt; (2m)* 6 (pa + Py —p1— pz) FaS fo' My 2/
i=1

2
T 0 {(s —mZ—-m})" — 4m2m§] /s
= Wgagb /Smin ds \/g o (S)a,b—>1,2 K (T) , (643)

with a,b (1,2) as the incoming (outgoing) states and g, are corresponding degrees of

freedom. Here f;°4 ~ exp (—E;/T) is the Maxwell-Boltzmann distribution. The Lorentz
invariant 2-body phase space is denoted by: dII; = d3p;/ [(2%)3 2Ez}. The amplitude
squared (summed over final and averaged over initial states) is denoted by |Ma,b—>1,2|2
for a particular 2-to-2 scattering process. The lower limit of the integration over s is

Smin = max |(mg + mb)2 , (mq + m2)2 . The BEQ governing the DM number density

7 T R S e
10
> 1079 | Ty [MeV] ]
o “ 110
10710
P = 66
101k :
. i — A7
05 1 5 10 50 100

m /T

FIGURE 6.16: Yield of fermionic DM as a function of the dimensionless quantity m,, /T,
where different curves correspond to different choices of Try = {47, 66, 110} MeV,
shown via solid, dot-dashed and dashed patterns, respectively. Here we have fixed
A =1.14 TeV and m,, = 33 MeV.

can be written in terms of the DM yield defined as a ratio of the DM number density

to the entropy density in the visible sector, i.e., Ypp = npm/s. The BEQ can then be

expressed in terms of the reaction densities as

dYpMm

THs I

=22, (6.44)
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where x = mpn /T, T being the temperature of the thermal bath and H is the Hubble

parameter. In a radiation dominated Universe,

2 72
S(T) = 2 g (1) T, H(T)

_m [o(T) T
3 10 Mp’

(6.45)

where g,s and g, are the effective number of relativistic degrees of freedom contributing
to the entropy and energy density respectively, while Mp is the reduced Planck mass.
The typical UV nature of the DM yield is very much apparent from Fig. 6.16, where, as
one can see, bulk of the DM production happens around Try, for a given DM mass and
NP scale. In Tab. 6.6 we quote the I'/H ratio at T' = Try for several benchmark values
of DM mass, effective scale and reheating temperature, that correspond to the right DM
abundance. For all cases we find I's_,2/H < 1, showing the DM production happens out
of equilibrium (for temperatures lower than TRy, this ratio is even smaller). In each case
we also provide the value of the thermally averaged DM, DM — ~v cross-section. This
shows that our parameter space is safe from CMB bound on the annihilation cross-section
of MeV-scale DM into mono-photon final states, that typically requires (ov) < 10716
GeV~2 [513, 582].

| DM | mpwm (MeV) | A (TeV) | Tap (MeV) | Tarso/Hlr—ts | (00)D0 DMosrey (GeV—2) |

0.101 73.621 439.54 2.00 x 1073 5.02 x 10720

1.097 24.27 22.44 5.52 x 107° 1.11 x 10=20

Scalar (®) 10.139 68.549 45.29 6.48 x 107° 7.24 x 10722
101.16 387.26 385.48 1.80 x 1076 5.19 x 10~23

1018.6 22233 47863 6.67 x 1077 7.16 x 10726

0.186 1.101 111.69 1.52 x 1074 3.99 x 1072

1.389 1.076 70.96 1.99 x 107° 4.28 x 10722

Fermion (x) 12.8 1.248 54 2.18 x 107¢ 1.05 x 10722
30.6 1.191 43 9.98 x 1077 6.44 x 10723

40 1.204 42 8.58 x 1077 6.11 x 10723

TABLE 6.6: Table showing values of interaction rate to Hubble rate ratio and thermally
averaged DM DM — ~7 cross-sections, at T' = Tgryy, for benchmark points corresponding
to right relic abundance. Note that these numbers are evaluated numerically by solving
the Boltzmann equation.
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6.C Details of the Collider Analysis

In this section, we detail out the event analysis configurations and strategy briefly ex-
plained in Sec. 6.1. A pure mono-v signal is ensured by a no lepton no jet veto. The
details of photon, lepton and jet identification and isolation will be detailed later. The
signal process is eTe™ — Xy and event generation is done in MG5_aMC at LO at CM
energy of 1 TeV with the following pre-defined cuts on the v kinematics: pJ. > 10 GeV
and |ny| < 2.5. The dominant background process is ete™ — vvy. The production
level cross sections for the signal and the major background are listed for different CM

energies in Tab. 6.7. The simulated events are showered in Pythia8 to replicate ISR

CM energy, /s (GeV) | oyxy (fb) | oupy (fb)

250 0.0022 2743
500 0.0358 2120
1000 0.5889 2495

TABLE 6.7: Production cross sections for signal (xx7y, for the benchmark: m, =33 MeV
and A=1.14 TeV) and dominant background (v77y) at different CM energies of the ILC.

and FSR effects. The showered events are fed to Delphes3 for detector simulation. The

details of particle identification and isolation criteria used in Delphes3 are listed below:

e Photon: Identification requires p: > 10 GeV and |ny| < 2.5. The identification
efficiency for || < 1.5 and 1.5 < |ny| < 2.5 regions are 0.95 and 0.85 respectively.
The photon isolation cone is taken to be AR = 0.5 and the photon is isolated if

the isolation pr ratio is less than 0.1211.

e Lepton: Identification requires p% > 10 (10) GeV and || < 2.5(2.4) for electron
(muon). The identification efficiency for |n,| < 1.5 and 1.5 < |n,| < 2.5(2.4)
regions for electrons (muons) are 0.95 (0.95) and 0.85 (0.95) respectively. The
electron (muon) isolation cone is taken to be AR = 0.5(0.5) and the electron

(muon) is isolated if the isolation pr ratio is less than 0.12 (0.25).

e Jet: The jet clustering is done using the anti-k7 algorithm with jet radius, R = 0.5
and p{r > 20 GeV.

"The pr isolation ratio is the sum of the pr of all other species in the AR cone to the pr of the
photon.
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The tracking efficiencies and momentum resolution functions are same as the default
Delphes3 card. These detector efficiencies combined consitute the ‘Basic Cuts’. We
additionally implement three more sequential cuts: Fp > 200 GeV, £ € [525,750] GeV,
and |n,| > 1.0. The detailed cutflow of the signal and the dominant background for

different polarization combination are detailed in Tab. 6.8 with associated Poissonian

uncertainties. The benchmark is same as Tab. 6.1.

Polarization, {P,+, P,-}
Cutflow {0%, 0%} {+20%, +80%} | {—20%, +80%} | {4+20%, —80%} | {—20%, —80%}
(S) 4422 + 66 3710 £+ 61 5124 + 72 5124 £ 72 3701 + 61
Basic Cuts
(B) | 18101325 £ 4254 | 4544778 + 2132 3354590 + 1832 | 37339851 £ 6111 | 24934392 + 4993
(S) 2957 + 54 2484 + 50 3419 £+ 58 3434 + 59 2479 £+ 50
Fr > 200 GeV
(B) 725945 + 852 344134 + 587 413257 + 643 1193090 £ 1092 831588 £ 912
(S) 2694 £ 51 2264 £ 48 3115 £ 56 3129 + 56 2256 £ 47
E € [525,750] GeV
(B) 289420 + 538 73299 £+ 271 54545 + 234 588283 + 767 395508 + 629
| (S) 2395 £ 49 2010 + 45 2778 + 53 2774 + 53 2003 £ 45
Ny > 1.0
(B) 219161 + 468 55052 + 235 40711 £ 202 453639 + 674 303079 =+ 550

TABLE 6.8: Signal (S), xxv and dominant background (B), v7y event counts with
uncertainties in each step of the subsequent cuts for mono-y final state signal (for the
benchmark: m, =33 MeV and A=1.14 TeV) for different polarization combinations at
the 1 TeV ILC with £, = 8 ab~! and different possible beam polarizations.

Other Background Processes Other possible backgrounds arise from processes like
ete™ = WTW~=, ete” — ZZvy, ete” — 1Tl 7, and ete™ — v, where the outgoing
particles or decay products are undetected, resulting in missing energy. In Tab. 6.9, we
provide an estimate on the backgrounds W W ~~ and ZZ~ for the cutflow in Tab. 6.8,
and gauge their effect on the signal significance. We only show the numbers of the
unpolarized case and the optimal polarization choice of {P,+, P.-} = {—20%, +80%}.
The backgrounds £T¢~~ and vy do not survive till the final cut and hence not listed.
From the last two rows of Table 6.9, it is clear that the signal significance do not alter

significantly and hence considering v7y is good enough to obtain an estimate on the

discovery limit.

6.D Recasting Limits from the LEP

The Large Electron—Positron Collider (LEP) has performed a number of studies concern-

ing single photon events with missing energy [583, 584]. However, most of them were
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Polarization, {P,+, P.- }

Cutflow {0%,0%} | {—20%, +80%}
WHTW=~ | 2136 + 46 5814 £ 76
Basic Cuts
ZZy 3805 + 62 5429 + 74
WHW~=~ | 334 + 18 1024 + 32
Fr > 200.0 GeV
ZZy 522 £ 23 762 £ 28
WHW=~ | 242 £+ 16 738 £ 27
F € [525.0,750.0] GeV
ZZy 468 + 22 676 £ 26
WHW=~ | 175 £ 13 504 + 22
Iy > 1.0
ZZy 348 +£ 19 530 £ 23
Significance (only vv7y) 5.11 £+ 0.10 13.62 £+ 0.26

Significance (all backgrounds) 5.10 £ 0.10 13.45 £ 0.26

TABLE 6.9: Event counts of backgrounds W+W =+ and ZZ~ with uncertainties in each
step of the subsequent cuts for mono-vy final state signal (for the benchmark: m, =33
MeV and A=1.14 TeV) and the final signal significance in presence and absence of these
backgrounds at the 1 TeV ILC with £;,; = 8 ab~! and two different beam polarizations.

aimed towards precision measurements within the SM or other exotic searches. One way
to extract information from these existing studies is to recast them using identical set of
resolutions and efficiencies as used in the original studies and feed MC generated events
through the recasting framework. Such study has been done concerning the leptophilic
operators in, for example, [16]. Here we provide an exclusion bound on the m, — A plane
based on existing LEP data from mono-vy studies. LEP studies were done over a range
of CM energies /s = [180 —209] GeV. The observed events, however, were reconstructed
and presented in bins of x-, defined as E,/F}cam, thus independent of CM energy of
the collisions. For our analysis, we generate events at a reference CM mass energy of
Vs = 200 GeV, which, following the conclusion drawn in [16], does not invalidate the
LEP data. The DELPHI detector at LEP had three angular regions (HPC, FEMC and
STIC), and each region had a different set of trigger and reconstruction/identification
efficiencies. The recasting of each of these regions, based on [583, 584], are detailed in
Tab. 6.10. There is an additional photon identification efficiency of 90% valid for all
regions. For STIC, since, the information provided by [583] is incomplete, we assume the
overall efficiency to be 48% as done by [16]. In order to validate our framework, we plot

the x, distribution of our generated MC events for the SM backgrounds on top of the
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same from DELPHI MC studies. They are found to be in perfect agreement as shown in
Fig. 6.17. The observed data as well as the DM signal corresponding to the benchmark
m, = 1.37 MeV, A = 0.23 TeV. To obtain an exclusion bound on the m, — A plane, we

Detector Trigger Reconstruction Energy
Regions Efficiency Efficiency Smearing
x € [0.06,0.30] x € [0.06,0.80] Gaussian (og/E,):
HPC (45.75 + 1.042 E))% | (38 + 0.5 E,)% 0.043® 0.32//E,
6, € [90°,45°] u U +
x € [0.06,1.10] x, € [0.30, 1.10] x € [0.80,1.10] Lorentzian (T'):
(74 + 0.1 E))% 78% 0.04 E,
z, € [0.10,0.15] Gaussian (og/E,):
FEMC (79 + 1.4 E))% 0.03¢0.12/\/E, ®0.11/E,
6, € [32°,12°] U 0.89(55 + 0.2E,)% +#
x € [0.10, 0.90] x € [0.15,0.90] Lorentzian (T'):
100% 0.02 £,
Gaussian (og/E5):
STIC 0.0152 ® 0.135//E,
6, € [8°,3.8°] 48% +
x € [0.30,0.90] Lorentzian (T'):
0.02 E,

TABLE 6.10: Details of resolution and efficiencies for the LEP recast study. The 0.,
ranges are shown for one half of the detector only, but the same efficiencies apply for
the other half as well. Additionally we implement angular cuts: 6, > (28 — 80z,)° and
6y > (9.2 — 9z,)° for FEMC and STIC regions respectively. For further details, see
Ref. [16].

perform a Ax? test for the binned ., distribution. We exclude the first bin and consider

other 19 bins for the analysis. The Ay? for this case is defined as:

Ax? = i (NObS LGNS s B)>27 (6.46)

= S(my,AN)+ B

where, Nyps is the number of events observed in each bin, S and B are number of signal
and background events post detector efficiencies. The DOF for the binned Ay? analysis
is N— M =19—2 = 17, where, N is the number of bins and M is the number of model
parameters. For 17 dofs, the Ax? value corresponding to 68% C.L. and 95% C.L. are
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19.514 and 27.587 respectively. Fig. 6.17 shows, for low mass regime, the A cutoff is
around 180 GeV and 140 GeV at 68% C.L. and 95% C.L. respectively.
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FIGURE 6.17: Left: Binned z., distribution for LEP studies corresponding to £, =
650 pb~'. The DM signal corresponds to x¥7 production for the benchmark m, = 1.37
MeV, A = 0.23 TeV. Right: 68% C.L. and 95% C.L exclusion limits from LEP recast
study on the m, — A plane.

6.E Recasting Limits from the LHC

In the previous segment, we successfully recast the LEP analysis to explore its implica-
tions for our model. Building on that foundation, our focus now shifts to recasting spe-
cific LHC studies that investigate particle production processes associated with MET. By
leveraging existing analyses, we aim to establish robust constraints on our model, further
refining its compatibility with current experimental data. Within this recast framework,

we further provide projected 95% C.L. exclusion limits for the HL-LHC.

q X q X
4 Z
> < 7 > < )
q X q X
FIGURE 6.18: Feynman diagrams of mono-y (left) and dilepton + MET (via Z decay
to leptons, right) signals at the LHC.

Recasting LHC 13 TeV Analyses We consider two possible DM signal processes in
the context of the LHC viz. mono-vy and dilepton + MET (mono-Z production followed
by decay to leptons) shown in Fig. 6.18. There have been searches at the LHC regarding
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these signal channels in the context of different models. In order to obtain a limit on
our parameter space from the experimental results, we recast the experimental analysis
in the context of our model using CheckMATE2 [585]|, which is based on Delphes3 and
uses the CLg method [586] to provide 95% C.L. exclusion limits. For the mono-vy process
ie. pp — XX, we recast the ATLAS analysis [587] at /s = 13 TeV (at an integrated
luminosity of 36.1 fb~!) using the atlas_1704_03848 analysis of CheckMATE2. The
signal regions are same as [587|. Event processes are generated at different benchmarks
throughout the m, — A parameter space in MG5_aMC, showered in Pythia8, and then fed
to CheckMATE2 which recasts the experimental analysis results using custom Delphes3
cards for different signal regions to provide the exclusion limits. For the mono-v signal,
A < 800 GeV is excluded by the LHC recast for the low mass regime. A similar analysis is
done for dilepton + MET signal arising from the process pp — xxZ(I*t17). We recast the
ATLAS analysis [588] at /s = 13 TeV (at an integrated luminosity of 139 fb~!) using
the atlas_1908_08215 analysis of CheckMATE2. The exclusion limit is less stringent
compared to mono-v case and is also shown in Fig. 6.19. We conclude that our analysis
regime i.e. A > 1 TeV is safe from the bounds from the recast of experimental results of

the LHC experiments.
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1200 - HL-LHC 14 TeV 3 ab~! (Projection: mono-y + MET) ]
_________________________ -."'h..
— 1000 F ™
2 [
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< [ -
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10-! 10" 10! 10
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FIGURE 6.19: 95% C.L. exclusion limits from the LHC recast and HL-LHC projection
study on the m, — A plane.

Projecting HL-LHC Limits To project exclusion limits for the future HL-LHC run
at a CM energy of 14 TeV with an integrated luminosity of 3 ab™!, we adopt the
same signal regions (SRs) as those defined in Ref. [587]. Background event yields in

each SR are estimated for 14 TeV and 3 ab™! using MG5_aMC, in conjunction with the
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atlas_1704_03848 analysis card implemented in CheckMATE2. The expected 95% C.L.
signal upper limit, Sgs, in each SR is scaled by a factor of /Rg, where Rp is the ratio of
background event yields at 14 TeV with 3 ab~! to those at 13 TeV with 36.1 fb~!. The
exclusion is quantified using the parameter 7, defined as: r = (S —1.64- AS)/Sos5, where
S and AS denote the predicted signal yield and its associated uncertainty for a given
parameter point in a specific SR. A value of r > 1 indicates exclusion at 95% C.L. The
projected HL-LHC exclusion reach is presented in Fig. 6.19. In the low-mass regime, the

95% C.L. exclusion limit extends up to A ~ 1.1 TeV.

6.F Validity of the EFT Approach

The effective theory realization of a NP scenario relies on a perturbative expansion of the
production cross section in inverse powers of the NP scale, A. At the amplitude level,

the EFT contribution can be expressed as
- P d—4
AN (_) : 4
A Zd: a(% (6.47)

where d denotes the canonical dimension of the effective operator and p represents the
typical momentum scale of the process. The perturbative expansion is well-defined only

if the expansion parameter is sufficiently small, i.e.
p <A, (6.48)

ensuring the convergence of the series and thereby the validity of the EFT descrip-
tion [589]. A general requirement for EFT validity is that the cutoff scale should lie
above the largest energy scale probed in the process under consideration. In the context
of the early Universe, where DM production is governed by the thermal bath after re-
heating, the highest relevant energy scale is the reheating temperature Tgry. The EFT

description remains valid only if
A > Tru 2 MDM, (6.49)

ensuring that the mediator responsible for DM interactions is not kinematically accessible
and that the EF'T consistently captures the dynamics of DM production without reference

to the details of the UV completion. At collider experiments, the same principle applies:
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the EFT expansion is justified only if the accessible momenta remain below the cutoff
scale. For lepton colliders, the maximum momentum transfer is set by the CM energy,

p ~ +/s. Thus, the validity condition reduces to

Vs < A. (6.50)

In the case of the ILC, where we consider /s = 1 TeV, the EFT analysis is self-consistent
only if the new physics scale satisfies A > 1 TeV. This guarantees that higher-dimensional
operator contributions remain perturbative, while the underlying UV completion remains

safely decoupled at the energies probed by the collider.

6.G Relevant Annihilation Cross Sections

Here we report the annihilation cross-sections of a pair of SM states into a pair of spin-0

DM of mass me
8 2
Oyy—dd = m 1— 4m¢,/s, (651)
NP

s 1—4mi/s 9 9 ko
OVVee = g T X (1 —4mi /s +6(mi/s)°) , (6.52)

a pair of spin-1/2 DM of mass m,,

82

g T —
YY XX [
4T ARp

2 (1 —4m2/s)3/2
OVVoxx = . /<)
XX 7 g A6 (1-— 4m%//s)1/2

(1—4m?2/s)%?, (6.53)

(1 —4mi /s +6(m3/s)?) , (6.54)

and into a pair of spin-1 DM of mass mx
s? 2 2 2 /.2

s* s —4m% 2 2 /)2 2
P = || T |17 = 36 ) + 29200 ) = 2o )

(568(m% /s)? — 24(m% /s) + 23) + 4(m% /s)? (688(m% /s)* — 84(m% /s) + 23) |,

(6.56)
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where V' = {W, Z} represents the SM massive gauge bosons. These cross-sections are
utilized to compute the reaction density ypy following Eq. (6.43) outlined in App. 6.B,

substituting the upper limit of integration with s = A12\IP to appropriately maintain EFT

validity.
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Chapter 7

Summary and Future Prospects

“We are still groping in the dark, but every now and then we strike a match.”
Denis Diderot

IN this thesis, we explored various applications of EFT frameowork as a powerful and
model-independent tool to probe BSM physics at future sensitivities of collider exper-
iments. Motivated by the absence of direct evidence for new resonances at the TeV
scale, EFTs provide a systematic approach to encode the effects of heavy NP existing
at a higher scale, via higher dimensional effective operators constructed from the fields
of the lower energy theory, abiding by the low scale symmetry. The construction and
implications of SM alongwith its shortcomings is discussed elaborately in Chap. 1, which
helps us to take up a detailed overview of the construction and utility of EFTs, with
particular emphasis on the SMEFT and DMEFT frameworks in Chap. 2, which have
been used extensively in the research papers that constitute the following sections. The
SMEFT framework allowed us to parametrize deviations in Higgs and flavor observables,
while DMEFT enabled us to incorporate DM as an extension of the SM in a model-
independent way. We detailed about the construction of operators of each framework
and also introduced the idea of matching with UV complete scenarios. In Chap. 3, we
presented a systematic discussion of collider phenomenology, including the essential dif-
ferences between hadron and lepton colliders, particle detection strategies, and statistical
methods used in data analysis. We provided a detailed description of the collider simu-
lation pipeline, which forms the backbone of all phenomenological analyses carried out

in this thesis. The main content of the research works included in this thesis staters
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from Chap. 4. Here we discuss the applications of the concepts developed in context of
Higgs physics, where we performed a comprehensive study of Higgs-gauge boson inter-
actions using SMEFT. We focused our studies on the associated production of the Higgs
boson with a Z boson (Zh production mode) at the HL-LHC and future lepton col-
liders like ILC and FCC-ee. By incorptating operators modifying gqZ/qqZh structures
as well as hVV modifiers of both CP-even and CP-odd kind, we quantified deviations
in cross sections and kinematic observables from that of a pure SM case. A detailed
collider analysis, including cut-based and machine learning techniques, demonstrated
that future colliders can significantly improve sensitivity to anomalous Higgs couplings.
Furthermore, we explored optimal observables and asymmetries, showing how presence
of beam polarization and clean experimental environments of lepton colliders provide
enhanced precision in extracting EFT coefficients. In Chap. 5, we investigated cLFV
mediated via four-fermion interactions within the SMEFT framework. By studying pro-
cesses such as eTe™ — er/ut, we demonstrated that future facilities like CLiC can probe
flavor violating operators with sensitivities far exceeding current bounds from 7 decay
branching ratio measurements. In addition, we analyzed top quark FCNC interactions
in presence of cLF'V at the proposed uTRISTAN collider, showing that such specialized
setups can provide competitive and complementary constraints on rare top decays and
FCNCs. A significant part of this thesis was devoted to connecting collider observables
with early Universe physics using DMEFT, studied in Chap. 6. We studied UV freeze-in
DM scenarios, where DM genesis occur via higher dimensional effective operators and
the DM yield carries the seed of the early Universe dynamics. By incorporating reheating
dynamics, we established a novel connection between collider signatures such as mono-vy
and cosmological parameters like Ty as well as the preferred inflaton decay mode. Our
analysis demonstrated that future lepton colliders can act as indirect probes of the pre-
BBN era, providing sensitivity to otherwise inaccessible regions of parameter space. We
also performed detailed signal-background analyses and recast studies, highlighting the
complementarity between collider searches, astrophysical constraints, and cosmological
considerations. Overall, the results presented in this thesis reinforce the importance of
EFTs as a unifying framework that bridges collider phenomenology and fundamental

theoretical frameworks.
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Future Prospects and Directions The work presented in this thesis opens several

promising avenues for future research, some of which are outlined below:

e On the theoretical front, the high precision achievable at future colliders necessi-
tates extending the EFT framework beyond dimension 6 operators. In particular,
incorporating O(A*) corrections becomes essential, as such contributions, especially
in processes like Higgs production can receive significant effects from dimension 8
SMEFT operators through their interference with the SM. A systematic inclusion
of these effects will be crucial for consistent and precise interpretations in future

studies.

e Another important direction is the exploration of EFT validity and its matching
to UV complete models. Identifying specific UV scenarios that give rise to the
observed operator structures can provide additional constraints on the allowed
parameter space, thereby improving the precision with which EFT parameters are
determined. In particular, UV completions that induce flavor violating interactions
constitute a promising avenue, as the underlying flavor structure of such models

can leave characteristic imprints on the EFT parameter space.

e In the collider analysis context, several improvements can be envisaged. The inclu-
sion of higher order (NLO/NNLO) corrections in the simulation framework and in-
clusion of systematic uncertainties will be crucial for realistic projections. Further-
more, incorporation of modern machine learning techniques can not only enhance
signal-background discrimination but also enable statistical inference, thereby pro-

viding a powerful framework for extracting EFT parameters in complex settings.

e Finally, in the context of DM, the connection between collider physics and cos-
mology can be further strengthened by exploring more general reheating scenarios,
including non-standard expansion histories and specific inflationary models that
govern the reheating dynamics. Such studies have the potential to transform col-
lider experiments into probes of the earliest moments of the Universe. Additionally,
incorporating gravitational wave signatures arising from early Universe dynamics
can open new avenues for multi-messenger probes of NP, providing strong comple-

mentarity with collider-based searches.
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In conclusion, the synergy between EFT techniques, collider experiments, and cosmo-
logical observations provides a compelling framework to explore BSM physics. With the
advent of next-generation experiments and advancements in theoretical constructions,

the prospects for uncovering NP avenues remain both promising as well as exciting.
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