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Abstract

In this thesis, we investigate the tree-level Higgs couplings hVV (with V' = W, Z) through various final states at leptonic
colliders. The experimental determination of the signs of the couplings between the Standard Model (SM) particles and the
scalar resonance at 125GeV is largely inconclusive. However, the magnitudes have generally aligned with the Higgs boson of
the SM. In many SM extensions, these couplings could be modified as gpyy = nvgf{}/fv, either through radiative contributions
or due to the composite nature of the Higgs and/or gauge bosons. As a first step, assuming that the Higgs-gauge couplings are
SM-like (kv = %£1), we consider three final states at the leptonic collider International Linear Collider (ILC): hvr@250, GeV,
RW W=, @500GeV, and ZWTW~@1TeV (with h — bb, Z — jj, and W~ — £~ ), aiming to identify the signs of sy through
possible deviations in cross-section values from the SM. Subsequently, assuming that such a deviation in xy with respect to the
SM cannot be observed at HL-LHC, i.e., |0y /kyv| = 0.04 ~ 0.05, we explore these three processes in the signal case |y | =1
to analyze kinematic variables distributions. This exploration may impact the cross-section and kinematic distributions, and a
tiny excess or lack of events could be reported.

Keywords: Higgs gauge-bosons couplings, ILC, hvo production, hW W~ production, ZW+W =~ production.

Résumé

Dans cette thése, nous étudions les couplages de Higgs au niveau de 'arbre hVV (avec V. = W, Z) a travers divers états
finaux dans des collisionneurs leptoniques. La détermination expérimentale des signes des couplages entre les particules du
Modele Standard (SM) et la résonance scalaire & 125 GeV est largement peu concluante. Cependant, les magnitudes se sont
généralement alignées sur le boson de Higgs du SM. Dans de nombreuses extensions SM, ces couplages pourraient étre modifiés
comme gpyy = nvg}f‘%,, soit par des contributions radiatives, soit en raison de la nature composite des bosons de Higgs et/ou
de jauge. Dans un premier temps, en supposant que les couplages de jauge Higgs sont de type SM (ky = =£1), nous consid-
érons trois états finaux au collisionneur leptonique International Linear Collider (ILC) : hvv@250GeV, hW W ~@500, GeV
et ZWTW—@1TeV (avec h — bb, Z — jj et W~ — £~ ), visant & identifier les signes de sy a travers d’éventuels écarts
dans les valeurs de section efficace par rapport au SM. Par la suite, en supposant qu’un tel écart de xky par rapport au SM
ne puisse pas étre observé au HL-LHC, c’est-a-dire |0y /ky| = 0.04 ~ 0.05, nous explorons ces trois processus dans le cas
du signal |ky| = 1 pour analyser les distributions des variables cinématiques. Cette exploration peut avoir un impact sur les
distributions transversales et cinématiques, et un léger excés ou manque d’événements pourrait étre signalé.

Mots clés: Couplages de Higgs-bosons de jauge, ILC, production hvs, production hW W, production ZW+TW .
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Introduction

Following the discovery of the Higgs boson within the Standard Model (SM) with a mass of
125.18GeV |[1,?2], accurately determining its properties is crucial for substantiating any po-
tential new physics (NP) phenomena beyond the standard model (BSM). In particular, the
determination of the hV'V gauge couplings modifiers ky = gpyy/ g,f% is crucial to extract
information on the true nature of electroweak symmetry breaking (EWSB). Here, V' stands
for W and Z vector bosons; and gnyy (gf{}/[v) is the Higgs-gauge couplings in the consid-
ered model (SM). Although the Large Hadron Collider (LHC) was/is able to probe these
Higgs-gauge couplings, the current results for any experimental deviation from the SM are
still negative. Both the High-Luminosity LHC (HL-LHC) program and upcoming projects
for high-energy leptonic/hadronic colliders are anticipated to achieve precise measurements
of the Higgs-boson couplings to SM particles. The model-independent approach is among the
most favored ones to look for BSM signatures, especially in extended Higgs sector where the
Higgs couplings get modified with respect to the SM. The assumption that the Higgs scalar
potential respects the residual global SU(2) symmetry, called the custodial symmetry [3], af-
ter the EWSB, ensures the p parameter to be equal to 1; and the ratio A\yyz = Ky /kz should
equal to 1 at tree level. From experimental searches /0], this ratio (Ayz) can generally be
either positive or negative.

In many SM extensions, Az is exactly 1, however, it may deviate significantly from 1 for
higher scalar representations SM extensions, where the hV'V' couplings may deviate also from
their SM values. It’s important to note that the values of both xy and Az can be examined
through the decay rates of the Higgs, while the effects of tree-level /one-loop interference play
a crucial role in determining the overall sign of Az [7-11]. As mentioned above the ratio
Awz could be different from 1, and the authors in |7] explained that when Ayz depends only

on the custodial representation of h, there are two possible values: Ay z = +1 where h is a

11



INTRODUCTION 12

singlet (as in the SM); and Az = —1/2 where h is a fiveplet like in the Georgi-Machacek
(GM) model [12-15]. In [7,16-19], a study into the ratio Ay z of coupling modifiers, demon-
strated that Ay z could be measured (the amplitude and sign of A\ z) with approximately
10 % precision using the interference effects' via for example vector boson fusion (VBF),
Higgs decays to four leptons, W W ~h production, and the combination of Zh and tH pro-
duction. Fits to the couplings by the 13 TeV CMS analysis [20] did allow either sign, but the
13 TeV ATLAS analysis |21] did not consider negative values of A\jyz. In some SM extensions
with modified hV'V couplings, excess in event numbers can be observed in some final states,
and such improvements can appear in the distributions of kinematic variables.

Many studies have considered the anomalous couplings hV'V in the framework of lepton /hadron
colliders using Higgs effective field theory (EFT); and using a variety of observables that
include kinematic distributions. One can cite the following: angular observables at e~e™
colliders; the sensitivity of the AW W~ production to possible anomalous Higgs couplings;
investigation of the feasibility to measure anomalous couplings of the Higgs boson to elec-
troweak gauge bosons and gluons, including CP-violating couplings at proton and lepton
colliders [22-29]. Previous investigations of the anomalous hV'V couplings were performed
by both the CMS and ATLAS experiments and have shown an agreement with the SM
predictions; and put some constraints that are still weak to allow for a significant BSM
contribution [10, 11,17,30-39]. The possible precision in the measurements of ky and Kz
at the HL-LHC with an integrated luminosity of 3 ab™! , are expected to be dkw /ky <
5%, dkz/kz < 4%, respectively [10]. The relative precision measurement of the Higgs bo-
son coupling to the vector bosons ky could be less than 0.5 % at all future lepton colliders [11],
such as the International Linear Collider (ILC) [42,43], the Compact Linear e~e™ Collider
(CLIC) [14], Future Circular Collider (FCC-ee) [15], the Circular Electron Positron Collider
(CEPC) [46] or Cool Copper Collider (C3) [47] and for multi-TeV colliders the FCC-hh [45],
SppC and Muon Collider. The ILC can run in a center of mass energies from 250 GeV to
1TeV with luminosity up to 8ab~! [19,50]. It will be operating as a Higgs factory with a
clean collider environment, fixed center of mass energy, attainability of polarized beam and
large statistics, then the Higgs properties can be measured and the structure of the scalar

sector can be identified. This thesis is organized as follows:

'Here, we mean tree-level interference effects between W and Z mediated processes i.e., VV — Vh, V =
W, Z, and also the interference between amplitudes at tree and one-loop levels as described in [7], while in
this work, only tree-level processes that involve interference effects between W and Z are considered.
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e Chapter 1: a brief explanation of the Standard Model, the Higgs mechanism, Higgs

couplings and unanswered issues in the SM are discussed.

e Chapter 2: outline of particle colliders in general, followed by an extensive description

of the international leptonic collider (ILC).

e Chapter 3: the investigation of the effect of the AVV couplings modifications on
the processes hvv @250 GeV, AW W~ @500 GeV and ZWHTW~ @1TeV (with h —
bb, Z — jjand W~ — £~) at e~ e colliders for both unpolarized and polarized beams
(P~ ¢+ = [=0.8,40.3]); where £ denotes an electron or muon. We try to identify the
kw = hWW and kz = hZZ couplings sign by considering different recent combined
measurements of the LHC Run-IT [20,21,39,51]. Then by taking into account the

SM-like signal scenario xy = 1, we analyzed the signal processes bb + Fp @250 GeV,

RWFTW ™ — bb+ 414~ + Bp@500GeV; and ZWHW ™ — jj + 410~ + FrQ1TeV at

an e~ e’ colliders with unpolarized beams P,- .+ = [0,0].

Conclusions are presented at the end of the thesis.



Chapter 1

The standard model of particle
physics

The standard model of particle physics is the most successful and certain description of
elementary particle physics to date. It is formulated within the framework of Quantum Field
Theory (QFT), which combines principles from quantum mechanics and special relativity
to explain the interactions of elementary particles, these interactions are mediated by the
electroweak force [52-55] and strong force [56-59,88]. The SM excludes interactions caused
by gravity. We will give a brief summary of the SM in the following. The most widely
applicable renormalisable QFT is the SM, and it has a field content that corresponds to the

observable particles and is invariant under gauge symmetry
SU@B3)c®@SU(2), @ U(1)y, (1.1)

with SU (3) is the gauge group of quantum chromodynamics (QCD) operating on fields with
colour charge, while SU(2);, ® U(1)y, is the EW gauge group operating on left chiral fields and
fields carrying hypercharge (Y ). The field content of the SM consists of fermions with spin
1/2, gauge bosons with spin 1, and a single spin 0 boson. Each of the above gauge symmetries
has a unique gauge field that corresponds to it: the gluon field G, of QCD, the SU (2), gauge
field W,
All SM fermions are Dirac fermions with left- and right-handed chiralities. Under SU (2),,

and the U (1) gauge field B, where a is the index of the gauge representation.

the right-handed fields are singlets whereas the left-handed fields are doublets. Right-handed

neutrinos are not introduced into the SM, because it considers neutrinos (which are known

14
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Fermions (Spin 1/2) Gauge Bosons (Spin 1) | Higgs (Spin 0)
Generation 1 2 3 Interaction Boson
e u T
Leptons ve vy v Strong g Scalar boson H
w
Quarks Z ¢ Z Wealk Z
EM ¥

Table 1.1: Table summarizing an overview of the Standard Model particles content with their
matter particles.

to be massive) as massless particles. However, because the neutrino masses are constrained

to be so tiny, considering them as massless particles is sufficient for our purposes.

1.1 The fundamental particles

The Higgs boson discovery in July 2012, was the last piece of SM point particles, these
particles have some basic properties: spin, charge and mass. The spin can only take integer
or half-integer values, which is used to classify particles into two categories: bosons (integer
spin) and fermions (half-integer spin) which is also the matter and anti-matter particles
described by the SM. The SM successfully combines three out of four interactions known in
nature: the weak, the strong, the electromagnetic and the gravitation interactions. Gravity
differs from all other interactions and is not integrated into the SM. All spin-1 particles
are considered to be force carriers. The gluons are the force carriers of the strong force,
discovered at DESY collider in 1979 [60]. The Z and W bosons are the force carriers of the
weak force and they lead to S—nuclear decay. They were discovered in 1983 at the SppS
collider at CERN [61-63]. The photon is the force carrier of the electromagnetic force, and it
was introduced by Albert Einstein to describe the observation of the photoelectric effect [64].
The structure of fermionic fields, Bosonic fields and the Higgs scalar field are listed in table
(1.1). The coupling strength of a particle is determined by its charge. As a result, each
force has a unique charge. The strong force only between colour charges, the weak force only
between weak isospins, and the EM force only between electric charges. For each fermion,
there is an antifermion with the same quantum numbers but opposing additive quantum

numbers, and hence opposite charges for all three forces.
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1.2 The Standard Model structure

The weak and electromagnetic interactions between leptons and quarks are described by the
electroweak theory by Glashow-Weinberg-Salam, that is a Yang—Mills theory based on the
symmetry group SU(2)z, ® U(1)y, while the strong interactions (or QCD) between quarks is

a non commutative colour theory for quarks.

1.2.1 The Electroweak Lagrangian

The empirical facts, the SU(2); ® U(1)y family structure of the fermions, the Gell-Mann-
Nishijima relation and the existence of vector bosons allow puting the formulation of the
SM in the phenomenological basis. The electroweak Lagrangian is split into four different
parts according to the general principles of constructing gauge-invariant field theory with

spontaneous symmetry breaking

EEW = EGauge + EFermion + EHz'ggs + EYukawaa (12>

where Lgquge describes the pure gauge field Lagrangian in the rules of the non-Abelian case

1 1
LGauge = _ZW;}VWW,a _ ZBWBW7 (1.3)

the isotriplet Wi, a = 1,2,3, is a triplet of vector fields W, with the isospin operators

I, Iy, I3 and the isosinglet B, is a singlet field with the hypercharge Y (I and Y are gener-
alized charges of the non-Abelian SU(2) ® U(1) groupe) lead to the field strenght tensors

We, = 8, W — 0,Wg + geare WEWE,
By, = 0,B, — 8,B,,

(1.4)

g denotes the non-abelian SU(2) gauge coupling constant and ¢’ the Abelian U(1) coupling.
In eq. (1.2) Lpermion represents the kinetic term for the SM fermions. The interaction of the
gauge bosons and the fermions are generated through the gauge covariant derivative

. Y
Dy =0, —iglsW), + zg’EBM. (1.5)
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The right-handed fermion fields of each lepton and quark family are grouped into singlets
. - —_— 1+
€Rj = €Rj, URj = URj, dgrj = dRrj, Yr = 27571% (1.6)
while the left-handed ones are grouped into SU(2) doublets
Ve 1—15
L] = s Q] = ) ¢L = 9 1/}7 (17>
e~ d
L L

where the subscript j runs over the three generations of fermions and 1 are the chiral fields.
The connection between the hypercharge Y, the electric charge @ and the third component

of the weak isospin I3 is valid by the Gell-Mann-Nishijima relation
(1.8)

The corresponding values of the third component of the isospin I3, Y, and @ are listed in table
(1.2). The left-handed down-type quarks (d’, ', b'), are related to their mass eigenstates
(d, s, b), by the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [65, (6] according to

d, = ZV”CK Mg, The gauge group SU(2) ® U(1)y has four generators, three for which are
ij

’ Fermions type I3 Y Q
o) Ca) o) ek ae]

Leptons Ve Jp NV Jp NP7 /| 1/2 | —1/2 0
€R MR TR 0 —1 -1

Ve, R Vu,R Vr R 0 0 0

v ¢ ¢ 1/2 | 1/6 | 2/3
d s v —1/2| 1/6 | —1/3

Quarks L L L )

ur  Ccr _tr 0 2/3 | 2/3
dR SR bR 0 —1/3 —1/3

Table 1.2: Quantum numbers of leptons and quarks.

The third component of the weak

isospin I3, the weak hypercharge Y and the electric charge Q.

the iosospin operators 7% (a = 1,2, 3) and the other one is the hypercharge Y. Each of these
operators corresponts to a vector field, 7123 corresponds to W,}’Z’B and Y corresponts to B,,.

The group SU(2)7, non-Abelian because its generators do not commute in general

[Taa Tb] = i€qpcTe, (1.9)
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where €gp. is the antisymetric tensor, while the U(1)y group is Abelian [Y,Y] = 0. The

generators T are related to Pauli matrices by
T¢ = 57’“, o , T2 = , TS = . (1.10)

The SM Lagrangian for fermions, neglecting mass terms, is then given by
Lp = LjiDyy"Lj + egjiDyy"erj + QjiDuy" Qj + URjiDyy"urj + drjiDpy"dry,  (1.11)
where v* is the Dirac matrices.

1.2.2 Fermions and the Vector bosons interaction

The interaction term is phrased in terms of electromagnetic, charged and neutral current of

each fermion field ¢

1
Ling = —edAJE 4+ ———— (WHIE+ W I ) 4 ——————— 7, JF 1.12
t 6{ #em_‘_\/isineW( 1% cc+ w CC)+Sin9WcOSQW an}a ( )
with
Th = 0" (T3 +Y) 0y (1.13)
Jhe = Y™ (T1 +iT) ¥y (1.14)
JE = Py Tynhy — sin® O JE,,, (1.15)

where the electrical charge is identified with ) = T3 +Y . The charged current term describes

W boson production and decay into chiral fermions
7 L= o 5
Jcc: wafy (1_7 )wf (116>

The neutral current is usually written in a more general way to split vector and axial-vector

currents

1
The = 51 (9{/7" - gfw’”'f’) vy, (1.17)
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with the coupling constants

T — 2Q sin® Oy (1.18)

Q
P S
Il

T, (1.19)

where Y and T35 denote the hypercharge and the third isospin component of the weak isospin

(see the table (1.2)).

1.2.2.1 The Higgs mechanism

In the Glashow-Weinberg-Salam theory [07], which unifies the electromagnetic interaction
and weak interaction, the application of Higgs mechanism appears. Electroweak symmetry
breaking of SU(2),®U(1)y, which leaves the U (1) gps unbroken and provides non-zero masses
to the weak vector bosons Z and W* while quarks and leptons get their masses via Yukawa
interactions. To explain the Higgs mechanism, a complex scalar field ¢, is introduced with
massless vector fields and produce a real scalar field and massive vector fields without breaking

the gauge invariance of the Lagrangian density. The Higgs Lagrangian reads

EHiggs = (Du¢)+ (DM¢) -V (¢) ) (120)
where
T (z
sy = | © W (121)
¢° (z)

is a doublet of complex scalar fields with hypercharge Y = 1 and four degrees of freedom.
The covariant derivative D, defined in eq. (1.5) takes into account the kinetic part of the

field and its interaction with the gauge bosons, while V' (¢) is the Higgs potential
2+ N + 412
V(9) = 1sto+ 5 (676)°, (1:22)

where the Higgs self coupling A > 0 in order to put a lower bound on the potential. For
the case u? > 0 there is a unique vacuum state which is the minimum of the potential at

< 0[¢|0 >= ¢o = 0, while % must be less than zero (,uz < O) in order to have electroweak
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breaking and the minimum of the potential (shown in Fig. 1.1) will be at

2
< ¢ >0=< 0[p|0 >= —g—)\, (1.23)

The vacuum expectation value (v.e.v) is not zero v = y/—pu?/A\ which leaves the potential

Figure 1.1: The Higgs potential as shown in eq. (1.22) with p? < 0, in which case the
minimum is at < ¢ >¢= 4/ —%. Choosing any of the points at the bottom of the potential

breaks spontaneously the rotational U(1) symmetry.

symmetric around zero in real-imaginary plan Fig.(1.1) requiring spontaneouse breaking of
symmetry. The vacuum for the charged component (in eq. (1.21)) has been set to zero, since

the exact electromagnetic symmetry needs to be preserved. We can write the Higgs field in

the unitary gauge as'

6 (z) = 1 0 , (1.24)
V2 v+ H (x)

where H (x) is the physical Higgs scalar field. Now we can write the Higgs Lagrangian as

1 . .
LHiggs = 3 (0, H)* + = (v+ H)? (W —iW?) (WH +iwk2)
1 A
+ 5 W+ H) <9W3 ) — ?H? = \wH? — ZH'. (1.25)
!Since the vacuum is neutral, then one must have (I = %, Is = —1), and as Q = I3 + 1Y, the choice that

Y =1 breaks the EW gauge symmetry.
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The physical fields A,,, Z,, and Wjﬁ are correlated by

wlxw?
Wui — P T Wi (1.26)
V2
W2 -g¢'B
Z, = 922\/%,2“ = cos O W2 — sin Oy B,, (1.27)
gW3+ 9B, .
A, =L T8 —sinfy W2 + cosby B, (1.28)
with the weak mixing angle 6y, defined by
cos Oy = J —. (1.29)
92 + g 2

By simplification of the Lagrangian eq. (1.25) it will become

<92 +g’2> 02
8

Aog o gR? rrr—
—H—TWMW‘H-

1
£Higgs — 5 (OMH)Z — )\"UQIJ2 — )\UH3 — 1
2 2
(¢ +9%)

7, 2"

g g’ (s +97)
+ S HW, W SEHEW T HZ,Z" + THZZMZ“.

2
(1.30)

The Lagrangian eq. (1.30) contains the mass terms for the gauge fields, that can be expressed
in terms of the fields W and Z, so
gv gv my

my =", mz= =
27 2cosby  cosBy’

(1.31)

the photon field A, is massless since no quadratic term in the photon field appears. The
Higgs boson mass is given by

mpg = V2. (1.32)

The mass of the W could also expressed via the Fermi constant, where they are related at
lowest order as

1
v=————— ~ 246 GeV. (1.33)

(\@GF)I/Q

The Feynman diagrams for the interaction vertices of the Higgs boson shown in Fig. (1.2).

The Higgs boson coupling to fermions and gauge bosons H f f, HVV and HHV'V are directly
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Figure 1.2: Higgs boson couplings to fermions f and gauge bosons V = W, Z are depicted in
lowest order Feynman diagrams.

linked to their masses with Feynman rules being given by

2
i 1 gHVV
gHff =1 Ufa guavv = 2i UV GHHVV = = — (1.34)

Furthermore, eq. (1.30) indicates that the Higgs boson has triple and quartic self-interactions

with corresponding Feynman rules

2
m HHH
JHHH = —3171{7 JHHHH = J at (1.35)

1.2.2.2 Yukawa Lagrangian

The fermionic mass term that could combine chiral left-handed and right-handed compenents
are given by

myp =m (TER¢L + &LwR) , (1.36)

this part (eq. (1.36)) is not invariant under local symmetry SU(2);, ® U(1)y. For this reason,
this mass term is removed from the Lagrangian before symmetry spontaneouse breaking

(SSB). In order to restore it via SSB, we introduce an interaction between the fermions and
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the Higgs field through the Yukawa Lagrangian
LYuk = —)\ei[_/iq)eRi — )\diQiq)dRi - )‘uzéz(i)uRl + h.c., (137)

where A¢;, \g, and A\, are the Yukawa coupling constants for Leptons, down-type quarks d;
and up-type quarks u; with i = 1,2,3 and ® = ir®* (h.c. denotes the hermitian conjugate).

For example the first fermion family reads
E%/uk = —)\eL_1®eR — )\dQﬁ)de — )\uQ_ltfuRl + h.c., (1.38)

substituting we obtain

Ae ,_ _ 0 Y - 0
Ly = G (Ve, L) b eR — 7% (ur,dp) u dr
v v
A - v+ H
— —= (ag,dp) ug, + h.c., (1.39)

inserting the h.c. term and simplifing using eq. (1.36) we write?

M

V2

e

Ly = % [vee + eeH| [viu + auH] + .. ., (1.40)

so that the masses of the electrons and up-type quarks are given by

_ Aev Av LAY

Me = s My = ——, Mg = .
€ \/i u d \/5

N (1.41)

By spontaneously breaking the SU(2)7, ® U(1)y gauge symmetry while maintaining the elec-
tromagnetic U(1)g symmetry and the SU(3)c colour symmetry, the same isodoublet ®
generates the masses of fermions and weak vector bosons W* and Z. A gauge invariant
SU3)c ® SU(2)r, ® U(1)y symmetry serves as the foundation of the SM. Contrary to the
initial formulation of the SM, observations of neutrino flavour oscillations [6&]| conclusively

demonstrate that neutrinos are not massless particles. Neutrinos masses can be treated on

’In general case Ly i reads

A _ A
Lyup = _7’% [vlt + CeH] — 7% [vdq + qqH],

with ¢ = e, u, 7, by considering the neutrinos are massless, ¢ = u,d, ¢, s, t, b.
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’ Hadrons \ symbol \ name \ charge \ quark components \ mass (GeV) \ spin ‘
p proton +1 uud 0.938 %
D antiproton —1 uud 0.938 %
Baryons n neutron 0 udd 0.940 %
N lambda 0 uds 1.116 %
Q- omega -1 $55 1.672 s
7T pion +1 ud 0.14 0
K~ kaon -1 st 0.494 0
Mesons pt rho +1 ud 0.776 1
BY B 0 db 5.297 0
Ne Eta 0 cc 2.98 0

Table 1.3: Examples of Baryons and Mesons and some of their properties.

the same footing as charged leptons in the formalism mentioned above. Similar to quarks,

the neutrinos are not mass eigenstates. For this we add Majorana Lagrangian given by

ﬁMajorana = —Mmpm (&CV,L%,L + hC) (142)

However, this contribution does not conserve lepton number and result in a neutrino-less

double beta decay, a process which has thus far not been observed [(69)].

1.2.3 Strong interactions sector

In the SM, strong interactions of quark field v, and gluon field G, are described by the

following Lagrangian term
Lcolour = *FWFG + Z“/’q " <a“ —ig"Gy a> Yok s (1.43)

where ¢ = 1,...,8, and j, k = 1,2, 3 indicate the colour indices for gluons and quarks, respec-

tively. The sum extends over all quarks u, d, s, ¢, t, b which are indicated in the table (1.3)
The gauge field strength of the gluon field G, is given by
F, = 0,G% — 0,G% — ¢ f**° GG, (1.44)

while g” is the SU (3) coupling parameter and the factors f%¢ are the SU (3) structure

constants whose values are real and totally antisymmetric as shown in the table (1.4)
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| abc | 123 | 147 | 156 | 246 | 257 | 345 | 367 | 458 | 678 |
BRI EIE R RN EIEIE D

Table 1.4: The numerical values of the SU (3) structure constants.

The A, matrices (the Gell-Mann matrices) denote the three-dimensional representation
of the group generators T, = % of SU (3). They satisfy the relations

Xo = \F,

a

Ir ()‘a)\b) = 25aba (1 45)

as Ap] = if %

The strong coupling constant is as = ¢"?/4w . The running of oy is the most interesting
property of Quantum Chromodynamics (QCD) [70] when virtual corrections resulting from
the gluon field are taken into account, renormalized strong coupling depends on momentum-

transfer scale ¢ such that, at leading order

127
(33 —2ny)log (QQ/AQQCD) ’

o (qz) = (1.46)

where Agcp is the QCD energy scale and ny is the number of quark flavours with quark
masses lower than ¢?. This means that the value of o, decreases with increasing ¢?. This

effect is known as asymptotic freedom.

1.3 Open issues in the SM

The SM has been well verified with a large number of experimental observations, including:
the discovery of the electron anti-neutrino in 1956 |71], the discovery of the muon neutrino in
1962, and the experimental discovery of Up, Down and strange quarks in 1968 at the SLAC
Electron Collider. The prediction of the SM and experimental measurements agree with
regard to the presence of charged and neutral currents that contributed to the unification
of the electromagnetic and weak forces in a single force, the electroweak force established in
the theory of Abdus Salam, Glashaw and Weinberg in 1973. After the experimental proof
of these currents in CERN [72], the three obtained The Nobel Prize in 1979. The discovery
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of the tau by Martin Perl in 1975 at SLAC, the discovery of gluons, which are the bosons
responsible for the mediation of the strong nuclear force, were discovered in 1979 in the
DESY laboratory in Germany. The discovery of the W and Z bosons was during a series of
experiments made possible by Carlo Rubbia and Simon van der Meer at the SppS collider at
CERN in 1983 [61-63]. While a large number of experimental discoveries agree very well with
the SM, there are several signs that there must be physics beyond the SM. In this section, we
provide brief summaries of a few particle physics unsolved problems that cannot be resolved

within the SM.

1.3.1 Hierarchy problem

This arises from the large discrepancy between the weak and gravitational forces. Specifically,
the weak force is about 10?4 times stronger than gravity, despite the fact that both forces are
thought to arise from the same fundamental interactions between particles. One proposed
solution to the hierarchy problem is the theory of supersymmetry, which posits the existence
of a new class of particles called superpartners. These particles are thought to be associated
with the known particles of the SM, but with different spin values. Supersymmetry predicts
that each known particle has a superpartner, and that these superpartners could explain
the relative weakness of gravity compared to the weak force. Another proposed solution to
the hierarchy problem is the theory of extra dimensions, which suggests that there may be
additional dimensions of space beyond the three dimensions that we observe. In this theory,
the weakness of gravity compared to the weak force could be explained by the fact that
gravity is diluted across these extra dimensions, while the other forces are confined to our
three-dimensional space. Despite these proposed solutions, the hierarchy problem remains
one of the major theoretical challenges facing particle physicists today. It is likely that
future experimental data, as well as advances in theoretical physics, will be needed to fully

understand this issue.

1.3.2 Vacuum Stability in the SM

At tree-level, it can be observed that the scalar potential of the SM, as represented by
eq. (1.22), has just one minimum, up to physically equivalent minima related by gauge
transformations. upon extending the model to high scales, this behaviour may be altered due

to the effect of the running of the quartic Higgs coupling A, as delineated in ref. [73-86,89,90].
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Figure 1.3: Top-quark and Higgs mass plane stability of the SM, from ref. [36]. The regions
around the most recent measured values are shown by the blue ellipses at 1o, 20, and 3o.
The labelled dashed lines roughly depict the logyg of the ratio between the universe’s age and
the EW vacuum’s lifetime.

According to current theoretical predictions and experimental inputs of the top-quark mass,
Higgs boson mass and strong coupling constant the EW vacuum of the SM is no longer the
global minimum of the scalar potential for energy of order 10! GeV. If the EW vacuum is
not the scalar potential’s global minimum, the vacuum may tunnel into a minimum where
the Higgs vev assumes a favourable value in terms of energy. The initial calculations for the
lifetime of such a tunnelling process were made in [387], while the most recent calculations
for the SM found lifetimes of around ~ 1013 yrs [39]. In comparison to the age of the the
universe, this lifetime is incredibly long. As a result, at these energy scales, the EW vacuum
of the SM is metastable, it is not the global minimum, but it has a long enough lifetime
to be practical. According to Fig. (1.3), this result is extremely sensitive to parametric
uncertainties from the top-quark mass, the Higgs mass, and the strong coupling constant.
The current observations are still consistent with the SM being completely stable, i.e. the
EW vacuum being the global minimum of the scalar potential up to the Planck scale, within
the 30 bands for these uncertainties. On the other hand, a short-lived instability of the
SM is incompatible with current measurements. Therefore, vacuum stability is not a major
issue for the SM. Metastability is completely acceptable from an observational perspective.

These results, however, are only valid if there is absolutely no NP below the Planck scale.
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The vacuum stability behaviour in BSM theories that include NP at smaller scales may be

entirely different. Vacuum stability is, therefore, not a critical issue of the SM.

1.3.3 Baryon asymmetry

Why is there more matter than antimatter in the universe? The SM predicts that matter
and antimatter should have been created in equal amounts during the Big Bang?, but obser-
vations of the universe today show that it is made up of matter, with only small amounts
of antimatter. According to the SM, when particles and antiparticles come into contact,
they annihilate each other and release energy. The reason for this baryon asymmetry is not
yet understood, there are several proposed mechanisms for baryogenesis, including the elec-
troweak baryogenesis, leptogenesis, and GUT baryogenesis. These theories involve various
physical processes, such as the decay of heavy particles, the production of baryon number
through interactions between particles and fields, and the violation of CP symmetry, which
describes the behavior of particles and antiparticles under the combined operations of charge
conjugation (C) and parity (P) inversion. The SM predicts that CP symmetry should be
conserved, but experimental observations have shown that this is not the case. By assuming
that all CMB photons are the result of thermal annihilations of baryons, it is possible to
determine the universe’s matter-antimatter asymmetry from the baryon to photon ratio

Ny, — N3 Ny

~ 1

bl B ~6x 10710,
Ny + Ni |11 Gev Ny ltodady

where the numerical value is obtained from CMB measurements [91]. No matter is expected
to survive thermal annihilations in the absence of a baryogenesis theory that results in a
matter-antimatter asymmetry. This ratio needs to be explained by a baryogenesis theory
that satisfies the three Sakharov criteria [92] of baryon number violation, C and CP violation,

and departure from thermal equilibrium in the early universe.

1.3.4 The dark matter

The majority of the universe may not be made of the same type of matter as the Earth.

We infer from gravitational effects the presence of this dark matter, a type of matter that

3Basically, the Big Bang theory suggests that all the matter in the universe, both present and past,
originated simultaneously around 13.8 billion years ago. During this period, all matter was condensed into
an extremely tiny, infinitely dense, and intensely hot sphere known as a Singularity.
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Figure 1.4: Illustration of the scattering processes via a vertex between two SM particles s
and two DM particles x.

we cannot see. There is strong evidence that it might not be made up of protons, neutrons,
and electrons. The Dark Matter (DM) problem is the discrepancy between the observed
mass in the universe and the amount of mass predicted by the laws of physics. DM is a
hypothetical form of matter that is thought to account for approximately 85 % of the matter
in the universe [93]. The existence of DM was first proposed in the 1930s by Swiss American

astronomer Fritz Zwicky, who noticed that the observed mass of galaxy clusters was not

enough to account for the gravitational forces within them [93]. Today, physists indirectly
study DM by using gravitational lensing [9]. The rest of the universe appears to be made of
dark energy (68 % ) and “ordinary” visible matter (5% ) [93,94]. Recent Cosmic Microwave
Background (CMB) observations by the Planck team [95,97,120] yield a dark matter density

(2. that is normalized to the universe’s total energy density of
2:h? = 0.120 £ 0.001, (1.47)

where h is the reduced Hubble parameter. There are various theories about what dark matter
might be made of, such as Weakly Interacting Massive Particles (WIMPs), Axions, and sterile
neutrinos, but so far, none of these proposals have been confirmed through experimental
observation. DM is permitted to interact with SM particles with couplings very comparable
to the weak interaction under the existing constraints. This makes the inclusion of DM
candidates an interesting extension of the SM. There are additional candidates for non-
particle DM, such primordial black holes. The hunt for DM particles is still being done
experimentally. The majority of WIMP searches rely on processes of scattering across a
vertex between two DM particles x and two SM particles s, with the content of the resulting

blob depending on the specified dark matter model. The annihilation of two x into two s
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Figure 1.5: Result taken by the XENONIT experiment from [I121]. Bound on the spin-
independent dark matter nucleon scattering cross section at 90 % confidence level as a function
of the DM mass. The blue and red curves indicate previous bounds by different experiments (
LUX [99] and PandaX-II [100] ) and the inset shows a normalisation of the plot the expected
XENONIT limit.

(as in Fig. (1.4)) can be looked for in cosmic rays and is named indirect detection. Through
searches for initial state radiation and missing energy, pair production of dark matter particles
may be studied at colliders (called mono-X searches, where X € {j, h,7,...} depending on
the radiated particle). Another possibility is called direct detection (scattering a dark matter
particle off a SM particle). Direct detection experiments typically look for scattering of DM
against heavy nucleons, where Xenon is currently the most prominent scattering medium
for WIMPs. The strictest bounds on WIMPs are presently provided by direct detection
experiments. Fig.(1.5) displays the XENONIT experiment’s strongest direct detection bound

as of now on the spin-independent scattering cross section.

1.3.5 Neutrino masses

Neutrinos have no mass according to the SM because there are no right-handed neutrino
fields, however recent observations of neutrino oscillations [96,98] have shown that they have
a tiny mass. The discovery of neutrino masses raised several questions and challenges for
particle physics, including the origin of the masses and their relationship to the masses of

other particles in the SM. Proposed explanations for the origin of neutrino masses include the
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so-called "seesaw mechanism", which involves the existence of heavy, undiscovered particles
that interact with neutrinos, and the idea that neutrinos could be Majorana particles*. The
evidence for neutrino mass requires new physics beyond the SM. This problem may be resolved
by adding right-handed neutrinos v = v, so that neutrinos may get mass through the same
mechanism that generates masses for the quarks and charged leptons. The SM is therefore
extended by adding a gauge-invariant term to the Lagrangian involving only two right-handed

neutrinos, known as a Majorana mass term and contains N sterile neutrinos
—a, « vt BT 1 —a, B
Ly, =PV — ( L V7o + h.c.) - §Maﬁy v, (1.48)

where )\ZB are the neutrino Yukawa couplings, M,g is the Majorana mass matrix, and o =
B8 =1,...,N, where N > 2 so that at least two neutrino states are massive. When electroweak
symmetry is broken, the Higgs field gets a vacuum expectation value. The neutrino mass
eigenstates are then determined by diagonalizing the complete (3 + V) x (3 + N) neutrino

mass matrix

0 Nig < ¢ >
my, = P> (1.49)
Ny <é>  Mag

"Active" neutrinos are defined as linear mass eigenstates that are mostly composed of left-
handed neutrinos, and "sterile" neutrinos are defined as linear mass eigenstates that are
predominately composed of right-handed neutrinos. Light sterile neutrinos are often candi-
dates for dark matter. We denote this neutrino v, with mass ms and mixing angle € defined
by vs = cosOvg + sinfvy, where vg (vr) is a linear combination of right-handed (left-
handed) gauge eigenstates. The precise values of neutrino masses are also not well known,
and measuring them accurately is an active area of research in particle physics. The nature
of dark matter, the origin of the universe, and other unanswered topics in particle physics

may be revealed through precise measurements of neutrino masses.

1.3.6 Unification of forces

One of the major goals of particle physics is to unify the various fundamental forces in a

“Grand Unified Theory (GUT)” or “Theory of Everything” which could offer a more elegant

4Tt is named after the Italian physicist Ettore Majorana, who proposed it in 1937 as a means of describing
fermions that are their own antiparticle [102], i.e if the neutrino is identical to its antineutrino (whether or
not they are is unknown).
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understanding of the structure of the universe. Such a simplification of the SM might well
help to answer our questions and point toward future areas of study. James Maxwell took
a big step toward this goal when he unified electricity and magnetism, and physicists now
understand that at high energies the electromagnetic and weak forces are aspects of the same
force called the electroweak force. This unification was proposed in the 1970s. The strong
nuclear force, which holds protons and neutrons together in the atom’s nucleus, is responsible
for this, although it is still incompletely understood and has not yet been unified with the
electroweak force. Moreover, the SM does not account for gravity, which is the force that
governs how objects behave on vast sizes and is explained by the theory of general relativity.
General relativity is a classical theory, nevertheless, and cannot be reconciled with the ideas
of quantum physics, which explain how subatomic particles behave. As a result, it is still a
challenge for theoretical physics to develop a good theory of quantum gravity that integrates
gravity with the other basic forces. If there is a Grand Unification of all interactions, then
every interaction we see is only a different feature of the same, unified interaction. How,
therefore, can this be the case if the strengths and effects of electromagnetic interactions
(both strong and weak) are so different? Bizarrely enough, data and theory contend that,

for sufficiently high energy, all of these various forces combine into a single force.

Forces Merge at High Energies
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Figure 1.6: Grand Unification Theories propose that at the highest energy levels, which
would have occurred shortly after the Big Bang, the effects of forces of nature is indifferen-
tiable. Image sourced from The Particle Adventure.



Chapter 2

Physics of Lepton colliders

One of the planned future leptonic colliders is the international Linear Collider (ILC). Many
reasons will make a deal for building ILC or any similar collider such as the Compact Lin-
ear Collider (CLIC) which would operate at higher energies than ILC (ILC up to 1TeV
and CLIC up to 37eV). CLIC and the ILC have been unified under the Linear Collider
Collaboration [103].

2.1 Historical view

Over many yeares, as well as the considerable cost of designing, building, and operation
of the technology that serves as the experimental basis for the SM. This strategy runs the
risk of grossly underestimating the cost and sociotechnical challenges faced when building
the ILC and its detectors. The history of particle physics in the 20th century has been a
steady progression toward higher and higher energies for particles with ever smaller particles.
Studying smaller particles requires shorter de Broglie wavelengths A = h/p, which requires
probes of increasing energy. In the early 20th century, probes made from cathodic or ra-
dioactive nuclear decay were sufficient for tabletop discoveries, but as the century progressed,
more complex and expensive technology were required. Tabletop experiments performed by
a single experimentalist with a small number of helpers were adequate for making signifi-
cant findings for the initial generation of SM fermions. With a cathode ray tube, a simple
handheld evacuated glass tube with low voltages for electron emission, acceleration and de-
flection, J.J. Thomson made the discovery of the electron in 1898. The glass tube itself

served as the detector. The experiment of Geiger and Marsden which led Ernest Rutherford

33
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to the discovery of the atomic nucleus in 1911 was a simple setup of a Radium source of
incident alpha particles, a lead collimator, Gold foil for providing heavy nuclei targets and a
phosphorescent screen of Zinc Sulfide for a detector. Similarly, the discovery of the photon as
the gauge boson which mediates the electromagnetic interaction occurred with considerable
theoretical energy on the part of James Clerk Maxwell, Max Planck and Albert Einstein but,
by today’s standards, negligible cost and simple experimental technology. The photoelectric
effect, blackbody spectrum, Compton scattering and Franck-Hertz experiments are easily
demonstrated in beginning undergraduate physics courses.

By the time Niels Bohr and others used the results of low-cost spectroscopy experiments
to figure out how electrons, nuclei and photons make up non-relativistic quantum atoms, the
energies and event rates of tabletop experiments were no longer sufficient for new discoveries.
The tabletop experiments of nuclear beta decay, from which Wolfgang Pauli inferred the
existence of the neutrino in 1930, and of James Chadwick, used to discover the neutron in
1932, were some of the last. A step away from tabletop experiments, physicists are looking
not here on earth for electrons crossing voltage differences or nuclear fragments escaping
decaying nuclei, but for a new source of high-energy particles in the sky: secondary showers
of particles created by collisions of highly energetic cosmic rays (protons or atomic nuclei)
with atoms in the atmosphere. Like the tabletop experiments using radioactive nuclei, cosmic
ray experiments cannot provide a uniform energy or intensity, but the energies could be orders
of magnitude larger than in the tabletop experiments and the event rates were large enough
for new discoveries by sufficiently patient physicists.

The year 1932 was also the year the positron e was discovered among cosmic secondaries
by Carl Anderson in a detector known as a cloud chamber, invented by Charles Wilson in
1911. The positron is the antimatter version of the electron e, first predicted by P.A.M.
Dirac in 1931 using his fully relativistic quantum mechanics. The cloud chamber is a closed
device filled with supersaturated water or alcohol which, when traversed by a charged particle,
exhibits a visible track due to condensation centers made by ions created from the traversing
charged particle. Four years later, in 1936, Anderson discovered the charged muons 7, 7~
and the muons pt, 1~ in the same cloud chambe. The neutral and charged kaons K9 K+, K~
were discovered in cosmic secondaries in 1947 in cloud chambers. The table 2.1 summarizes
the chronological evolution of particle accelerators.

In 1954, war-devastated nations banded together to build the CERN in Geneva, a sig-



CHAPTER 2. PHYSICS OF LEPTON COLLIDERS 35

Year Accelerator ‘ Beam energy
1921 "Kaskadengenerator" (Greinacher)
1924-1928 | Concept and first prototype of linear accelerator (Ising /Wideroe)
1932 First nuclear reaction induced by cascade particle, 400 keV
protons accelerator p”Li — 2a (Cockroft / Walton)
1930 First Van de Graaff accelerator 1.5 MeV
1930-1932 First cyclotron (concept: Lawrence) 1.5 MeV
Upgraded cyclotrons (Synchrocyclotron) 300 — 700 MeV
1953 First synchrotron at Brookhaven lab—Cosmotron 3GeV
(concept: Oliphant / Veksler / McMillan)
1958 Proton Syncrotron (CERN) 28 GeV
1983 Tevatron (Fermilab) 1000 GeV/
1990 HERA (DESY): first and only electron-proton collider 320 GeV
2008 Large Hadron Collider (CERN) up to 7000 GeV/

Table 2.1: Timeline of particle accelerator evolution

nificant new laboratory. The Joint Institute for Nuclear Research (JINR) was founded in
Dubna, Soviet Union, shortly after that in 1956. The Deutsches Elektronen Synchrotron
(DESY) facility was established in Hamburg, West Germany, in 1960. The Institute for
High Energy Physics opened its doors in China in 1973. The KEK was established in Japan
considerably later, in Tsukuba in 1997. In 1947, a group of universities in the US joined
forces with the government to establish a national laboratory at Brookhaven on Long Island.
Other national labs in the western US also had their roots at Stanford University and the
University of California, Berkeley. They later evolved into the Lawrence Berkeley National
Laboratory (LBNL), the Stanford Linear Accelerator Center (SLAC), and the Brookhaven
National Laboratory (BNL) (LBNL). Just west of Chicago, the Fermi National Accelerator
Laboratory (FNAL), usually referred to as Fermilab, was founded in 1967.

2.2 Colliders principle

Among experiments in particle physics, collider experiments which may be classified into
three types: synchrotron colliders, linear accelerators (LINAC) and linear colliders. Where
each collider experiments can be arranged to provide collisions of two types: Fixed-target
accelerators and colliders, as shown in the Fig.( 2.1). In both cases one can study the
resulting interactions with particle detectors.

In a fixed-target accelerator, a charged particle such as an electron e~ or a proton p is
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Figure 2.1: Colliders (up) and Fixed-Target accelerators (down).

accelerated by an electric field and collides with a target, which can be a solid (e.g. lead),
liquid (Hs), or gas. A detector determines the charge, momentum, mass, etc... of the
resulting particles. Advantages of fixed-target accelerators include: (1) Higher event rate
due to the fact that targets are dense. (2) Produced particles in fixed-target accelerators
are boosted, i.e. they have large forward momentum. Therefore they can produce collimated
beams of secondary particles. This is useful for neutrino beams which are aimed at targets
long distances away. In colliders experiment, two beams of high-energy particles are produced
and are steered into each other so that their constituent particles can collide in the opposing
direction. For such colliders both beams have equal energy if the initial particles have identical
mass (e.g. LEP and LHC). This results in a lot more energy going into interesting (new)
physics. For instance if we have two beams of energy £ = 80 GeV, then the centre-of-mass
energy would equal Ecpr = 160 GeV, it would thus be possible to “discover” a particle of a

GC‘ZV. The advantage of colliders is that both beams have significant

mass up tom = CEQ = 160

kinetic energy, so a collision between them is more likely to produce a higher mass particle

than would a fixed-target collision (with the one beam) at the same energy. Since we are
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dealing with particles with a lot of momentum, these particles have short wavelengths! and

make excellent probes. For a fixed target, the momentum 4-vectors (in natural units) are
Pl =(E,7);ph=(m0). (2.1)
So, if s is defined to be the square of the center of mass energy, s is equal to

s:(p’f—}—pg)z:(E+m)2—p2:E2+2mE+m2—p2, (2.2)

using the relativity relation £? —p2c? = m2¢* (with m the mass of both the beam and target

particles) and neglecting the mass of the target, the centre of mass energy is therefore
Vs 2 V2mE, (2.3)

since F represents the energy of the incoming beam, the center of mass energy grows only
with square root of (F). However, for colliders the beams both have momentum and energy,
for simplicity let us suppose that the projectile and target particle are the same, or possibly
particle antiparticle (e.g. proton-proton, proton-antiproton, or electron-positron) so that

their masses, m are the same, so

() ()

In the centre-of-mass frame, where the momenta are equal and opposite the second term
vanishes and we have

s =4F%,; . (2.5)

For symmetric colliders, such as LEP (ete™ collider) and LHC (pp collider), the laboratory
frame is the centre-of-mass frame, outgoing particles are produced uniformly in space with
total momentum equal to zero. For non-symmetric colliders (Fig. 2.2), such as HERA, the

total momentum is not zero, and the lab frame is not the centre of mass frame.

'The spatial resolution increases with beam energy. According to the de Broglie equation, the relation

between momentum \?| and wavelength A\ of a wave packet is given by A\ = %
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Figure 2.2: The non-symmetric colliders

2.2.1 Cross section

In physics the cross-section ¢ is a measure of the probability of interaction, and may be
considered as the effective area available for the reaction by a given target. The cross-section
is the number of reaction events per unit time per unit flux of incident beam (number of
incident particles per unit time per unit area) per unit particles in the target, so it has units
of area(m2), the common unit is barn, 15 = 10728m?2. The total cross-section oy is a sum

of contributions by many final states o;ox = >, 03, We could write

(2.6)

Here f; is the number of observed events per unit time, N is the number of particles in the
target, and J = n.v is the flux of the incident beam, n is the volume density of the incident

particles, v is the speed of the incident particles.

2.2.2 Luminosity

The luminosity £ is the number of particle collisions per unit area per second. The number
of events of a particular type which occur per second is the cross section multiplied by the
luminosity. Cross section is simply an expression for the underlying quantum mechanical

probability that an interaction will occur. So, the general formula for reaction rate

dN
= — =o0. 2.
R o o.L, (2.7)
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while for the integrated luminosity over the time L = [ Ldt, and has units of em™2 (or

fbo=1, pb~lect.), the number of events, N is given by
N=o0.L. (2.8)

The cross sections characterize the scattering process, the luminosity characterizes an accel-
erators performance. The event rate can also be specific to a given channel or can be a total
event rate for any outcome. Because the dimension of the cross section is a surface, the units

2 571, If ny particles in a bunch? are incident on ng targets in a colliding

of luminosity are m™
bunch, and bunches are brought into collision at frequency f, then the time rate of particle

particle interactions is f nineo, then the luminosity is given by

_ Jnang

L
A Y

(2.9)

where A is the cross-sectional area of the bunches. Note that, if there are several bunches
in the beams then f = b x v, where v is the revolution frequency of the bunches and b is
the number of bunches in each of the beams. Considering e. g. an ete™ accelerator with N
particles per beam, revolving f times per second, for bunches with Gaussian populations of
horizontal width o, and vertical width oy, at the interaction point, the bunch cross section
is elliptical with area A = 4wo,0,. In one turn, one electron crosses N/(4mo,0,) positrons.
Because there are N particles revolving in each beam f times per second the number of

collisions per second is

N2
- IV (2.10)
drooy
from eq. (2.7), the number of events per second is
N2
_ 9N (2.11)
drooy

luminosity can be enhanced by reducing the cross-sectional area of the beam, by increasing

the number of particles in the beam or by increasing the revolution frequency.

Zbunch of particles: it is a beam divided into chunks (the beam is not a continuous string of particles).
In accelerators particles are grouped and accelerated in bunches of multiple particles means maximizing the
number of particles brought into collision per unit time, so maximizing the rate of interesting events at a
collider.



CHAPTER 2. PHYSICS OF LEPTON COLLIDERS 40

2.2.3 Classification of colliders

As we mentioned above there are three collider experiments, as shown in Fig.( 2.2.3)

ANV
SN N @
N /1N

Linear accelerator Linear collider Synchrotron collider

Figure 2.3: An illustration of different collider types.

2.2.3.1 Synchrotron colliders

A synchrotron is a particular type of cyclic particle accelerator, descended from the cyclotron,
in the case of the synchrotron, the trajectory radius is kept constant. This is achieved by
dipole magnets see Fig.( 2.4). A charged particle with charge ¢ moving with velocity v in
a magnetic field B experiences a force F', where F' = qu X B, when the magnetic field is

perpendicular to the plane of motion of the charged particle, this force is always towards the

Magnets that keep
+~ charged particles circling

Detector —
\

radio frequency cavities

Figure 2.4: The general design of synchrotron colliders. The bremsstrahlung of photons
produces significant energy loss.
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centre and gives rise to centripetal acceleration, so that at the moment when the particles

are moving in a circle of radius r

v2
F =quB =m—, (2.12)
r

where m is the mass of the particle. the angular velocity w = v/r is constant, so that the
frequency of the alternating electric field remains constant. The maximum energy that the
particles can acquire depends on the radius, R, for which the velocity has its maximum value
Umaz = %, thus the maximum kinetic energy is

1 ) _ 32q2R2

Tmax = §mvmaz -

o (2.13)

In high energy accelerators the particles are accelerated to energies which are extremely rela-
tivistic (the particles are travelling very nearly with the velocity of light). Taking relativistic

effects into account the angular velocity has to be modified

Bq
w=—
’ym

: (2.14)

where v = 1/ \/ﬁ and 8 = v/c. The problem of reducing the cross section to increase
the particle density is solved by using quadrupole magnets. One of the main limiting factors
of synchrotron accelerators is the Synchrotron Radiation. A charged particle moving in a
circular orbit is accelerating (even if the speed is constant) and therefore radiates. The
energy radiated per turn per particle is

_ 47Tq2ﬁ274

AFE
3R

(2.15)

where ~ is the Lorentz factor, v ~ % with F the energy of the particle and m its mass,

and R is the radius of curvature of the circular path. Therefore for a given energy and radius
of curvature, it turns out that the synchrotron radiation that is lost is proportional to m ™.

For relativistic electrons and protons of the same momentum the ratio of energy losses are

very large for electrons versus protons

4
AP _ <mp) ~ 103, (2.16)
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The main advantage of synchrotron colliders is the multi-chances of collisions since the par-
ticles go around the collider millions of times, leading to higher event rate of collisions.
The main disadvantage, however, is that the charged particles are in orbit around circular
paths due to the bending by the magnets. This means that the particles undergo centrifu-
gal accelerations, which by the laws of electrodynamics leads to soft photon bremsstrahlung
(synchrotron radiation), Examples of synchroton colliders: Large Hadron collider (LHC)
pp collider at CERN: European Laboratory for Particle Physics, it can accelerate beams
of protons to an energy of 6.57TeV, where the Higgs boson was discovered. The discovery
was announced on July 4, 2012. Tevatron pp collider at FermiLab - Chicago: was
active until 2011 and was runinng in a 6.28 km ring to energies of up to 1TeV . The main
achievement of the Tevatron was the discovery in 1995 of the top quark. LEP eTe™ col-
lider at CERN - Geneva: was used from 1989 until 2000 and then dismantled in order to
make room in the tunnel for the construction of the LHC. HERA e*p collider at DESY
- Hamburg: was a non-symmetric collider located at DESY. Operating from 1992 to 2007,
HERA was a unique particle accelerator designed to collide electrons and protons at high

energies.

2.2.3.2 Linear accelerators (LINAC)

These are used for fixed-target experiments, as injectors to circular accelerators, or as linear

colliders see Fig.( 2.2.3). Examples include the SLAC collider at Stanford university (USA).

2.2.3.3 Linear colliders

Here two beams collide head on with no circular paths, thus with no synchrotron radiation
(unless there is a small bending in the path, which should not be significant). linear accel-
erators are much easier to build than circular accelerators because they don’t need the large
magnets required to coerce particles into going in a circle. The main disadvantage of linear
colliders is that there is only one chance for collision. In fact, there are currently no linear
colliders, however a plan to construct the “international linear collider” (ILC). There will be

further discussion on ILC in section 2.4.
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2.2.3.4 Linear vs. Circular Colliders

Specificated dipole magnets can bring counterrotating beams into collision at an interation
point in a circular collider. To investigate the outcomes of the collisions, detectors are posi-
tioned all around the collision point (or points). Because bunches of identical charged particles
will refract electromagnetically over time, focusing quadrupole magnets are required to focus
the bunches back into focus in beams composed of them. In a circular collider, focusing
quadrupoles often alternate with bending dipoles. For a circular collider, synchrotron radia-
tion is a significant disadvantage. Photons are emitted by charged particles in circular orbits.
For each orbit, relativistic particles with mass m, charge ¢, and energy FE

Ar ¢* (E 4

Light particles are particularly susceptible to synchrotron radiation since AE o< m™%. Elec-
tron losses are far more severe than proton losses when comparing the two most frequently
accelerated particles in a circular collision, as shown in eq. (2.16). With eTe™ colliders, the
power required can be expensive since energy lost to synchrotron radiation needs to be fed
back into the beams to maintain fixed y/s. The technical difficulty of circular eTe™ colliders
will increase when losses AE o« E*. Higher center of mass energies are needed to explore
novel physics. There is no synchrotron radiation for linear colliders. A basic linear accelera-
tor, or LINAC, uses oscillating electric fields parallel to the beamline to create acceleration
in the spaces between the drift tubes as the beam particles are guided by progressively longer
drift tubes. When an e™ linac beam collides with an e~ linac beam, a linear e™e™ collider is
formed. The collision location is then surrounded by a detector. The parameters of proposed

linear and circular ete™ colliders are listed in table (2.2).

2.2.4 Particle detectors

The general aim of particle accelerators is to collide two particles at high energy and create
new particles from combined energy and quantum numbers or to probe inside one of the
particles to see what it is made of. We need particle detectors to gather data from experiments
carried out at accelerators. Accelerators are disposed around the interaction region and detect

(directly or indirectly) the reaction products. The most measurements performed on final
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ete” Linear ‘ Circular
Collider SLC [ ILC [ CLIC LEP | CEPC | FCCee
Vs, [GeV] 100 250 1500 209 240 350
DorC,[Km] | 2x15 2x15 | 2x25 27 54 100
L, [em 2571 [ 25x10% | 1.5x 103 | 6 x 103" | 1x10%? | 2 x 103 | 2.2 x 10%
Years 1989-1998 - - 1989-2000 - -
Laboratory SLAC ? CERN? CERN ? CERN?

Table 2.2: LEP and The Stanford Linear Collider (SLC) are the immediate predecessors
of the possible future ete™ colliders, with respect to their parameters. adapted from the
PDG [120].

state particles are: spatial coordinates and timing of final state; momentum?; energy?; type
of particle (particle ID). Only stable charged particles can be accelerated: such as electrons,
positrons, protons, anti-proton and some ions. Potentially, the long-lived particles such as
muon (7 ~ 2 x 1075s) were discussed to be used in the future muon collider. and momenta,
and/or distinguishing different particle types. When all these components work together
to detect an event®, individual particles can be singled out from the multitudes for analysis.
Modern detectors consist of many different pieces of equipment which test for different aspects

of an event (see Fig. 2.5). The reason that detectors are divided into many components is

Figure 2.5: A schematic design of a typical modern detector.

3since all particles behave like waves, physicists use accelerators to increase a particle’s momentum, thus
decreasing its wavelength enough that physicists can use it to poke inside atoms.

4the energy of speedy particles is used to create the massive particles that physicists want to study.

5The event: After an accelerator has pumped enough energy into its particles, they collide either with a
target or each other. Each of these collisions is called an event. The physicist’s goal is to isolate each event,
collect data from it, and check whether the particle processes of that event agree with the theory they are
testing.
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that each component tests a specific set of particle properties. These components are stacked
in such a way that all particles pass through the different layers sequentially. A particle will
not be evident until it either interacts with the detector in a measurable fashion, or decays

into detectable particles. Important notes that can be cited from Fig.( 2.6);

Tracking Electromagnetic Hadron hMuon
charmber calorimmeter  calorimeter charmber

Innermost Layer... P ... Cutermost Layer

Figure 2.6: The interaction of various particles with the different components of a detector.

e Charged particles, like electrons and protons, are detected both in the tracking chamber

and the electromagnetic calorimeter.

e Neutral particles, like neutrons and photons, are not detectable in the tracking chamber;
they are only evident when they interact with the detector. Photons are detected by the
electromagnetic calorimeter, while neutrons are evidenced by the energy they deposit

in the hadron calorimeter.
e Each particle type has its own "signature" in the detector.

e Neutrinos are not shown on this chart because they rarely interact with matter, and

can only be detected by missing matter and energy.

+

In the following part of this thesis, we will focus on e™e™ colliders.

2.2.5 Particle Production and Decay

Particle production refers to the formation of new particles as a result of high-energy

collisions or interactions between particles. This mechanism is commonly observed in particle
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accelerators or during natural cosmic-ray interactions. When high-energy particles collide,
they can transmit enough energy to produce new particles. These newly created particles can
be stable and quantifiable or they can be unstable and decay into other particles extremely
quickly. Particle creation can occur via a variety of mechanisms, depending on the energy
and type of particle involved. Common procedures include: Pair Production, Hadronization
and Lepton Production. Decay of an elementary particle is a purely statistical process and
occurs regardless of the particle’s history. Consider the decay rate I' of an unstable particle.

For N particles the small change in d/V in a small amount of time dt is
dN = —NI'dt, (2.18)

implying that N(t) = Noexp(—I't) and the typical lifetime of a single particle is 7 = 1/1".
In general, unstable particles can decay to a number of different final states. Hence the total
decay rate is I' =}, I'y where the sum is across all final states. The branching ratio (BR)
for an unstable particle to a specific final state f is

Iy

BR(i — f) = . (2.19)

The muon p and tau 7 are the only leptons that decay, both through virtual W emission,
the former via p — W*y, — ever, with branching ratio effectively unity%, while for the
T — W*v, with W* — eve, pv,, qugq are accessible for first and second generation quarks.
The top quark decays via t — bW before hadronization with branching ratio unity. All
hadrons except the proton decay, also via virtual W emission from a quark within the hadron.
The partial widths and branching ratios of the bosons W, Z, and H are considered here. The
SM Zff and W f, f; interactions required by gauge invariance, as well as the H ff and HV'V
interactions determined by the Higgs mechanism, are depicted in Fig.( 2.7). The W decays
to either leptons [y, or quark pairs ¢;g;. The decay of the Z is either to lepton pairs 717, 117

or to quark pairs ¢q¢. Using the Feynman principles with the vertex factors from Fig.( 2.7)

5The Heisenberg uncertainty principle establishes a natural link between a particle’s decay rate and the
uncertainty in its mass, AEAt > h/2. A shortlived particle with mass m and mass uncertainty AE/c? may
exist for a short lifetime At = 1/T', therefore at the most AE = hT'/2. The mass will be in the interval
[m — AE/c®, m+ AE/c?], therefore the natural width of the particle is 2AE/c® = hI', or simply in natural
units the width is just I" with units of energy.
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Figure 2.7: Some fundamental interaction vertices of the SM and their couplings to fermions
(represented by solid lines), gauge bosons (depicted as wavy or looped lines), and the Higgs
boson (shown with dashed lines). In the context of the Z boson vertex, Ci; and C’{;. represent
axial and vector coefficients, respectively, while for the W. vertex, V,4 signifies the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element.

provides
V2G Em3
I'wow, i, = # X (1,3|Vij|2> (2.20)
V2G pm3
Dyttt woag =~ * (X1, X,,3X,), (2.21)

with Gp = \/ﬁg‘%v / Sm%,v is the Fermi’s constant, which absorbs the vertex factors, and V;; is
the CKM matrix elements, and the short-hand X; = <C‘J;>2 + (C};)Q where C’j; and C"J;are
axial and vector factors. The extra factors 3 appear for quarks because they carry an extra
three degrees of freedom: strong colour r, g or b. Leptons [;; are colourless. The measured
decay rates and branching ratios for the W and Z are shown in table (2.3). Let consider the
decay rates of the Higgs boson to fermion pairs f f and gauge boson pairs ZZ and WW. The
Feynman diagram has a single vertex for fermion pairs, and the amplitude is just the vertex

factor since there are no internal momenta: M = imy/v. The first order results are

421 2

My

3/2
Grmpgm?> Am?2
Ty y5=Ne Lli-—L) (2.22)
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’ Decay | Iy (GeV) | BR (%) |
W — ly 0.226 10.86 £ 0.09
W — hadrons 1.41 67.41 +£0.27
Z — 1Tl 0.088398 | 3.3658 + 0.0023

Z — invisible 0.4990 20.000 £ 0.055
Z — hadrons 1.744 69.911 4+ 0.056

Table 2.3: W and Z boson partial widths and branching ratios were measured. Uncertainties

for partial width are suppressed. The total widths and branching ratios are tooken from the
PDG [120].

with N, = 1 for leptons and N, = 3 for quarks. The amplitudes of ZZ and WW diagrams
are M = —2im% /v and M = —2im?,/v. At first order the results for V = Z, W are

Grm? 1/2
s — 5 H(1—4)\ ) 1202 — 4hy + 1), 2.23
H—-VV 8\/57( % ( \% Vv ) ( )
m2
where S is the statistical factor, S = 1 for V.= W and S = 1/2 for V = Z. Ay = m—gf

H
Decay rates for gauge bosons ZZ and WW are more difficult since one gauge boson is virtual

due mg < 2myy, the previous decay rates assume they are both on mass shell, therefore
they must be modified by phase space factors before being compared to experiment. The
computed Higgs boson decay rates for myg = 125 GeV at the current highest order, as well

as the currently signal strengths are shown in table (2.4).

Decay I'y (MeV) BR (%) /s
H — bb 2.35 57.7753350 | 1.02 £0.15
H—WW*| 0875 215120 | 1.08*)18
H — gg 0.349 8.57 195,22 -
H—7rr= | 0257 57.7 1321 | 111 £0.17
H — ce 0.118 2.91 1527 .
H— 277 0.107 2.64795% | 11975012
H — 7y 0.00928 | 0.228 7335 | 1.10 7559
H — pFp~ | 0.000891 | 0.021973% | 0.6 +£0.8
Combined 4.07 100.00 | 1.10 £0.11

Table 2.4: Theoretical Higgs boson partial widths and branching ratios for my = 125GeV at
highest current order from the LHC Higgs Cross Section Working Group [101, 122, 123] with

uncertainties are suppressed, and the measured signal strength relative to the SM u/ugas
from the PDG [120)].
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2.3 The LEP collider

LEP is the (Large Electron Positron) collider at CERN in Geneva (1982 -2000). It has
circumference of 27 km (same tunnel as the LHC) and collides e™ and e~. The maximum
beam energy was 209 GeV. At the end of 2000, LEP was shut down and then dismantled
in order to make room in the tunnel for the construction of the LHC. the LEP collider
accelerated the electrons and positrons to a total energy of 45 GeV each to enable production
of the Z boson, which has a mass of 91 GeV. The LEP collider was run on two steps:
(1) LEP 1: 1989-1995 with a maximum beam energy was 50 GeV, and with centre of
mass energy less than 100 GeV. From the measured cross-section for ete™ — hadrons, the
confirmation of the existence of the Z boson with a mass of about 91.2 GeV was achieved.
When the beam energy is about 45.6 GeV for each of the electron and positron, the Z boson
is produced as a real particle (on-mass-shell), and the resonance is achieved in the process

ete” — Z — hadrons, as shown in Fig.( 2.8) (2) LEP 2: 1995-2000 it was not possible

Figure 2.8: The possible diagrams contributing to ete™ — g procees contain both interme-
diate photons and Z.

to produce a W boson at LEP 1 because by conservation of charge, W bosons can only be
produced in pairs, which required more centre of mass energy. The maximum beam energy
reached was about 100 GeV for each of the beams, with a centre of mass energy of about
200 GeV, this second run of the LEP collider was characterised by the production of a pair
of W bosons each with mass 80.4 GeV.

2.4 The International Linear Collider (ILC)

The international leptonic collider (ILC) is a planned linear particle accelerator [104]. It

is proposed to have a collision energy of 200 — 500 GeV initially, with the possibility for a
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later upgrade to 1TeV. According to the ILC Technical Design Report (TDR) [105-107,
111], published in 2013, the accelerator project is technically feasible and construction ready.
Furthermore, the Silicon Detector (SiD) and the International Large Detector (ILD), two
detector types described in the TDR, are ready for construction. Schematic diagram of the
ILC is shown in Fig.( 2.9). The ILC and its detectors serve several purposes and have physics-
related secondary motives that further the ILC’s scientific usefulness. With a comprehensive
ILC program, undiscovered new particles and interactions hypothesized by various theoretical
models can be found, confined, or ruled out. In addition to the primary motivation for the
ILC, the precise study of the Higgs boson, there is also the ILC goals outlined in the TDR,

are summarized below:
e Measuring Higgs boson branching ratios at high precision.

e Constraining new interactions by measuring the W and Z bosons and the top quark at

high precision.
e Searching for new particles, possibly including dark matter and supersymmetry.

We quote from the TDR Volume 1 [105] in more detail these goals: An initial ILC program for
the 125 GeV Higgs boson will be centered at an energy of 250 GeV, giving a peak cross section
for the reaction ete™ — Zh. In this reaction, identifying the Z boson at the appropriate

Damping Rings IR & detectors e+ bunch
compressor

e- source

e- bunch e+ source
compressor positron 2 km
main linac
11 km

central region
5km

electron
main linac
11 km

2 km

ILC Scheme | © voww.form-one de

Figure 2.9: Schematic diagram of the main systems of the ILC assuming the nominal TDR
design (as described in ref. [105]). Shown are the electron linac, the positron linac, the
damping rings and two detectors at the collision point.
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energy to recoil the Higgs boson indicates the presence of the Higgs boson. In this setting,
the rate of all Higgs boson decays -even to invisible or unusual final states- can be measured
with high precision. At 500GeV, the full design energy of the ILC, measurement of the

Te~ — vih will give the absolute normalization of the underlying Higgs coupling

process e
strengths, needed to determine the individual couplings to the percent level of accuracy. A
further increase in energy enables the ILC experiments to precisely measure the Higgs boson
coupleing to the top quarks and to determine the strength of the Higgs boson nonlinear self-
interaction. The ILC will also make important contributions to the search for new particles
related to the Higgs field, dark matter and other problems in particle physics. For many
such particles with only electroweak interactions, searches at the LHC will be limited by low
rates relative to strong interaction induced processes, and by large backgrounds. The ILC
will uniquely identify or reject these particles with a mass at least as high as the ILC’s beam
energy. The ILC will also constrain or discover new interactions at higher mass scales through
the pair production of quarks and leptons, W and Z bosons, and top quarks. Much of our
current detailed understanding of the Standard Model comes from precise measurements of
the properties of the Z boson at ete™ accelerators. The ILC will extend this level of precision
to the W boson and the top quark. The ILC will measure the mass of the top quark in a direct
way that is not possible at hadron colliders. One can see that the TDR outlines several reasons
why the ILC is the tool of choice to achieve these goals: (1) cleanliness At the LHC, a large
number of background events contaminates each collision event, constraining detector design
to increase radiation hardness and moving some detector elements away from the collision
point. At the ILC, the number of background events for false collisions is much smaller, so
detectors are not limited by radiation hardness limits and can be placed very close to the point
of collision. (2) Favorable signal-to-background ratio ILC signal cross sections are not
much smaller than background cross sections since all backgrounds are electroweak in origin.
At the LHC background from strong interaction processes are very high compared to signal
processes. (3) calculability ILC theoretical cross sections are calculated with considerably
greater precision since the related uncertainty on QCD calculations is quite significant; in
contrast to ete™ cross sections, which are computed with extremely high accuracy in order to
make experimental departures from the SM more obvious. (4) detail Due to the clean event
environment and the potential to polarize beams, the detailed spins of initial and final states

can be reconstructed. Understanding the theoretical and experimental methods essential to
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Figure 2.10: Feynman diagrams represent some of the main signals and backgrounds at the
ILC. The s-channel diagrams for fermion pair production (top) and Higgstrahlung (bottom)
are shown on the far left. The subsequent t-channel diagrams depict W Z fusion production
of a single W (top), ZZ fusion production of a single H (bottom), WW fusion production of
a single Z (top) and H (bottom), and diboson production of ZZ (top) and WW (bottom).

high energy physics as well as the software created to model the underlying physics at the

ILC and its detectors will be required to achieve the physics goals of the ILC program.

2.4.1 ILC Signal and Background

All processes at the ILC can be classified based on the number of fermions f in their final
state after boson decay. Thus eTe™ — ff is a 2 f process, but ete™ — ZZ and WW are
4 f processes. If either the e~ or e™ beam splits, or if both beams split, the initial state
may include one or two photons. Therefore, ye — ~e is a 1 f process, but ve — eZ, vW
are 3 f processes. Initial states vy, vy — ff, WW also lead to 2 f and 4 f processes. We
consider final states originating from Higgs bosons as Signal processes, while all other final
states are classified as Background processes. Background: Because the primary signal
Higgs boson production process is 4 f or 6 f, depending on decay, and 2 f backgrounds are
easily suppressed, the 4 f and 6 f backgrounds are the most important to consider. The
Feynman diagrams of some of the major 4 f and 6 f backgrounds at the ILC are shown in
Fig.( 2.10). For their cross sections vs. s assuming unpolarized beams, see Fig.( 2.11).
Signal: At the ILC, the Higgs boson can be produced singly in three ways: Higgstrahlung
ete”™ — ZH, WW fusion ete” — vvH and ZZ fusion ete™ — ete™ H. Also Higgs bosons
can be produced doubly in more rare processes: double Higgstrahlung ete™ — ZHH and

double WW fusion ete™ — vH H. In double Higgstrahlung the triple Higgs coupling H H H



CHAPTER 2. PHYSICS OF LEPTON COLLIDERS 53

is available, while in double WW fusion the HHWW coupling is available. Double Higgs
production is only possible at /s = 500 GeV with cross sections below 1 fb. Higgstrahlung
is an s-channel process in which the H is radiated from a Z. Higgstrahlung occurs around
the threshold at /s &~ mpg + myz , with the eEeZ cross section quickly reaching a maximum
of oz =~ 300 fb near /s ~ 250 GeV. Thereafter, it decreases with the characteristic 1/s
dependence of an s-channel process, reaching approximately ozy ~ 200 fb (100 fb) near
Vs &~ 350 GeV (500 GeV'). Vector boson (ZZ or WW ) fusion production is a t-channel
process in which a Z or a W is exchanged and the large ZZH and WW H couplings produce
a Higgs boson. WW fusion turns on at threshold and the egez cross section rises to o, g ~
16 fb (64 fb, 160 fb) at /s =~ 250 GeV (350 GeV, 500 GeV'). ZZ fusion egez cross section
rises to o, ~ 1 fb (3 fb, 8 fb) at /s =~ 250 GeV (350 GeV, 500 GeV'). The ILC will utilize
polarized beams. Through the polarization of electrons and positrons, represented as ezre]_%
or egez, the activation or deactivation of a process becomes feasible: if the process needs the
W to couple vg or vy, then it does not occur. However, achieving a complete polarization of
100 % for electrons or positrons is unattainable, resulting in a certain portion of the beams
retaining an undesirable polarization component. Subsequently, we present cross sections
values considering positrons with right-handed polarization (30 % polarization) and electrons
with left-handed polarization (80 % polarization), which align with the ILC’s targeted design.
In both signal and background scenarios, cross sections are greater for eze}} compared to
eEeZ, with the distinction being particularly pronounced in the background case. Refer to
table (2.4.1) for the cross sections of 4 f and 6 f background processes involving polarized
ete™ beams at collision energies of /s = 250 GeV, 350 GeV and 500 GeV. The cross-sectional
values provided in table (2.4.1) encompass a significant factor: the influence of initial state
radiation (ISR). Within a Feynman diagram involving the initial state eTe™, a photon can
attach itself to either the electron or the positron. This photon carries off energy, leading
to an effective reduction in the center-of-mass energy of the ete™ system. As a result, the
particles engaged in interaction experience a cross section pertaining to a lower /s compared
to the nominal /s corresponding to the beam energies. Hence, ISR effectively amplifies the
cross section of a process that exhibits a diminishing cross section concerning the beam’s /s.
Conversely, it diminishes the cross section of a process that displays an escalating cross section
with respect to v/s. cross section vs beam +/s, and decreases it for a process with an increasing

cross section vs y/s. In order to optimize a collider’s luminosity, particles are grouped together
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Figure 2.11: Total cross sections for eTe™ to various SM final states vs /s assuming unpo-
larized beams. The cross section for ) qg below /s ~ 100 GeV is the same as Figure 6.
From [112].

in bunches. This practice brings about a side effect known as beamstrahlung, where photons
are emitted from either an electron or positron within the e*e™ system due to the influence of
an approaching bunch’s electromagnetic field. This phenomenon bears resemblance to ISR: it
causes a modest reduction in the effective /s of the ete™ system. In table 2.4.1 cross section
values for /s = 250 GeV are presented both with and without accounting for beamstrahlung.
Beamstrahlung’s impact is highly contingent on the specifics of the beam parameters, and
the parameters assumed for the staged ILC — 250 [110] are applied in the instance outlined
in table (2.4.1).
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Process Vs = 250 GeV V55 =250 GeV Vs = 350 GeV V/s =500 GeV

P —0.8,+0.3 | +0.8,-0.3 | —0.8,+0.3 | +0.8,—0.3 | —0.8,+0.3 | +0.8,-0.3 | —0.8,+0.3 | +0.8,—0.3
ete - ZH 0.313 0.211 0.297 0.200 0.198 0.134 0.096 0.064
ete” —» voH 0.037 0.015 0.034 0.014 0.072 0.012 0.162 0.014
ete” s ete H 0.011 0.007 0.010 0.007 0.010 0.006 0.012 0.007
ete™ = bb 15.4 8.87 16.3 9.44 7.52 4.34 3.72 2.14
ete™ = ce 15.5 9.64 16.5 10.7 7.76 5.03 3.97 2.42
ete™ — ut, dd, s3 47.0 28.0 49.5 29.9 23.1 13.6 11.3 6.92
ete™ =1t 6.10 4.74 6.36 5.02 3.02 2.43 1.57 1.21
ete™ = ptp~ 6.19 4.63 6.43 5.15 3.00 2.48 1.50 1.20
ete” > WW 37.5 2.58 37.9 2.62 27.1 1.79 17.9 1.15
ete™ = efLWF 10.2 0.109 10.4 0.108 10.1 0.134 10.9 0.215
ete” s ete Z 2.51 2.63 2.38 2.13 2.64 2.23 2.64 3.04
ete™ = 27 1.80 0.827 1.82 0.837 1.20 0.552 0.761 0.348
ete™ > vl 0.354 0.117 0.347 0.117 0.470 0.092 0.780 0.088
ete™ = it 0 0 0 0 0.267 0.117 0.890 0.421
ete” > WWZ 0 0 0 0 0.024 0.002 0.083 0.006
ete =222 0 0 0 0 0.001 0.000 0.002 0.001

Table 2.5: At the ILC, cross sections (in pb) for the Higgs boson signal and some 4 f, 6 f
background processes for /s = 250 GeV, 350 GeV, 500 GeV were measured. ISR is incor-
porated. Beamstrahlung is included for y/s*, but not for other \/s. Beam polarisation for
example: —0.8, +0.3 denotes 80 % negatively polarised electrons and 30 % positively polarised
positrons. Whizard 2.6.4 was used to achieve this [113].

2.4.2 Detectors and the SiD & ILD

Detector in the context of particle physics refers to a complex and sophisticated instrument
designed to identify and measure the properties of particles produced in high-energy collisions.

Typically, the following assessments are carried out on particles in their final state:
e Determination of their spatial coordinates and timing.
e Measurement of their momentum and energy.
e Identification of the particle type (particle ID).

The quantitative signature of stable or quasistable particles crossing a collider detector is
detected by energy transfers from the particle to the detector material mediated by elec-
tromagnetic or nuclear interactions. A particle’s phenomenological signature in a collider
detector can be classified as a resonance (Z, W, t,7°, pi) with lifetimes too short to observe
directly, a displaced vertex (B, D, T,... etc) with lifetimes 7 ~ 1072 s, quasistable (muon,
kaon, neutron,... etc) with 7 =~ 10~%s, or stable (electron or proton) with 7 = co. Thus, the
ranges of relativistic particles are essentially of order c¢r = 0, mm, m, respectively. For macro-
scopic detectors a few meters deep, only quasistable and stable particles are directly detected,
but resonances and displaced vertices can be reconstructed from their quasistable or stable

decay products by four vector addition. Neutrinos, because they only interact weakly, escape
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undetected. Energy loss occurs for electrically charged particles due to induced ionisation of
detector electrons, Coulomb scattering from detector nuclei, electromagnetic radiation (brem-
strahlung) caused by detector nuclei, and nuclear scattering or absorption if the particle is
a hadron. Energy loss happens for electrically neutral particles via photoelectric absorption,
Compton scattering or pair formation (for photons), or nuclear scattering or absorption (for
hadrons). The modern collider detector is a complex, integrated system of interdependent
subdetectors controlled by high-speed electronics. It combines subdetectors like trackers,
which measure the spatial position and, if a magnetic field is applied, momentum of travers-
ing charged particles, with calorimeters, which measure the spatial position and energy of
charged and neutral particles, and a variety of other specialized subdetectors. Regardless
of whether the tracker technology employed is gaseous ionization or semiconductor-based,
the spatial data points recorded by the tracker are processed mathematically to reconstruct
the path taken by charged particles as they pass through. When a uniform magnetic field
is applied within the active tracking region, it becomes possible to extract the parameters
describing the helical path of a charged particle from the fitted track. These parameters are
then used to determine the particle’s momentum. The vertex detector is a specialized tracking
component designed for highly accurate tracking, specifically to identify displaced vertices in
close proximity to the interaction point. A tracker with excellent spatial resolution provides
both precise spatial vertex identification and accurate momentum determination. Trackers
are designed to minimize the energy loss experienced by particles passing through, whereas
calorimeters are designed to maximize this energy loss. In the prevalent calorimeter setup,
known as a sampling calorimeter, it comprises alternating layers of materials. Some of these
layers are designed to induce particle showers and cause energy loss, while others serve as
sensitive elements to measure the energy deposited. The way a calorimeter is divided into
segments, and the size of these sensitive elements, significantly affects its ability to accurately
resolve energy measurements. At the ILC, the International Large Detector (ILD) and the
Silicon Detector (SiD) as shown in Fig.( 2.12) will be operating in a push-pull mode. This
enables one detector to collect data while the other undergoes maintenance. Consequently,
both detectors must be self-shielding to facilitate access to one while the other is operational.

Detailed descriptions of both detectors concepts are available in Ref. [111].
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Figure 2.12: Illustration of the two ILC detector concepts: The ILD [114] (on the left) and
the SiD [115] (on the right).

2.4.2.1 The ILD detector

ILD is conceived as a versatile detector with a specific emphasis on a precision physics pro-
gram. This imposes rigorous criteria on ILD’s performance: a vertex detector with a point
resolution finer than 3 um, outstanding tracking performance equivalent to an asymptotic
transverse momentum resolution of o1 /pr ~ 2 x 107°GeV !, and a jet-energy resolution of
op/E = 3 — 4, enabling the separation of hadronic decays from Z, W and Higgs bosons. An
notable aspect of the ILD detector is its extensive Time Projection Chamber (TPC), creates
approximately O(200) points per track. As depicted in Fig.( 2.13), tracks are discernible by
sight, facilitating efficient pattern recognition with minimal material budget. Moreover, the
TPC enables particle identification based on dE/dz [116]. The particle flow concept achieves
optimal event reconstruction by individually reconstructing all particles, both charged and
neutral. Consequently, the calorimeter is optimized for particle flow, enabling the reconstruc-

tion of individual particles within jets.

2.4.2.2 The SiD detector

A general-purpose experiment to carry out accurate measurements at the ILC is the SiD de-
tector concept. It fulfills the stringent requirements imposed by the diverse spectrum of ILC
physics operations. SiD is grounded in the particle flow paradigm, employing an algorithm
that optimizes the combination of tracking and calorimetry to reconstruct both charged and
neutral particles. The result is an overall di-jet mass resolution that is sufficiently accurate
to distinguish between Ws and Zs, along with a significantly more precise determination of

jet energy compared to traditional methods. Utilizing a powerful silicon pixel vertex de-
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Figure 2.13: A simulated jet within the ILD detector, displaying particle flow objects recon-
structed using the Pandora algorithm and depicted in various colours. From [117]

tector, silicon tracking, silicon-tungsten electromagnetic calorimetry, and highly segmented
hadronic calorimetry, the SiD detector (Fig. (2.12)) is a compact detection system. SiD also
incorporates a muon identification system, an iron flux return, and a high-field solenoid. The
integration of silicon sensors in the vertex, tracking, and calorimetry allows for an exception-
ally specialized tracking system perfectly suited for particle movement. SiD was designed to

fulfill the physics objectives of the ILC [111].

2.4.3 Energy and luminosity

The energy and luminosity of the ILC has been designed to be progressively increased. Table
(2.6) displays the parameters of the next steps that are most crucial to comprehending the
physics studies. Starting at 250 GeV, the ILC will have a moderate design luminosity of
1.35 x 103*em~2sec™!. The ILC will have achieved a total integrated luminosity of 2ab™! in
about 11 years. An energy upgrade that involves extending the linear accelerators to double
their energy will come next. In addition to 200 fb~! of luminosity around 350 GeV, the
500 GeV stage will accumulate 4 ab~! of integrated luminosity at 500 GeV to measure the
top quark mass to the level of theoretical systematic errors. Throughout a 10 year program,

the 1 TeV operator is expected to accumulate 8 ab~! of integrated luminosity. The proposed
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positron beam polarization and the expected high degree of electron beam polarization will

aid in the collection of all this data.

91 GeV 250 GeV 350 GeV 500 GeV 1TeV
JL£(abt) 0.1 2 0.2 4 8
duration (yr) 1.5 11 0.75 9 10
beam polarization (e~ /et) % 80/30 80/30 80/30 80/30 80,20
(—, . +—++) (%) (10,40,40,10) | (5,45,45,5) | (5,68,22,5) | (10,40,40,10) | (10,40,40,10)
S15r(%) 10.8 1.7 12.0 12.4 13.0
dBs(%) 0.16 2.6 1.9 45 10.5

Table 2.6: ILC stage parameters which are most important to physics studies. The percent-
age of the total running time that is spent in each of the four possible beam polarization
orientations is indicated in the fourth line. The average energy loss resulting from beam-
strahlung and initial state radiation, respectively, can be seen in the fifth and sixth lines of
the electron or positron energy spectrum. From [119].

2.4.4 Beam polarization

The polarization of the beam offers profound insights into the chiral makeup of the SM and
may potentially unveil a gateway to physics that extends beyond the SM. Polarizing both
beams creates four possible combinations (eZeE, e]}ez, eZez, e;{e;%). In the SM, during
e~eT annihilation into a vector boson an electron annihilates a positron of the opposite helic-
ity (ez eE and eﬁef). The use of beams with opposite signs of polarization for electrons and
positrons can enhance collision cross-sections for these processes. This approach is valuable in
searches for NP involving scalar particles in the s-channel, where same-sign beam polarization
helps suppress SM background (as we will see at next section..). For example, in searches for
dark matter particle pair production with a photon employing same-sign beam polarization
can reduce backgrounds significantly improving the detectability of the signature. Producing
polarized electrons is relatively simple, while the production of polarized positrons is more
challenging. Positrons, not naturally occurring in ordinary matter, are produced in sufficient
quantities through pair production. This involves directing high-energy photons or electrons
at a target. There are two main technical approaches: the current baseline, which is the
undulator-based source utilizing photons, and an alternative method involving an additional
electron beam to generate positrons [115]. The production of polarized electron beam involves

using the photoelectric effect with polarized photons. This process entails illuminating a pho-

tocathode with a circularly polarized laser, where the helicity of the electron beam, defining
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its polarization, can be altered by changing the laser polarization. The polarized electron
source at SLC (Stanford Linear Collider) demonstrated that this approach meets the criteria

019 electrons [105].

for achieving a beam polarization of > |80 %| and a bunch charge of 2 x 1
After creating polarized electron bunches, they undergo two-stage acceleration to 5 GeV be-
fore entering the damping rings. Within these rings, particle spin precession occurs along
magnetic field lines, reducing longitudinal polarization. To counter this, a superconducting
solenoid reorients the spin vector vertically, creating transverse polarization and eliminating
precession, aligning the spin with the magnetic field. Regarding ILC undulator specifica-
tions and positron bunch charge requirements, we can achieve a maximum positron beam
polarization of 30 % ( with the possibility to upgrade to 60 %) [107]. Following the target,
excess photons and electrons are discarded, and positrons are collected for delivery to the
damping rings. The electron or positron polarization can be defined in terms of the number
of left-handed (Nyr,) and right-handed (Nyp) fermion components. For a given helicity state,
the polarization (P (f)) is given by

_ Nyr— Nyr

= . 2.24
NfR+NfL ( )

P(f)

The polarization ranges from —1 to 1, where P = 1 corresponds to complete left-handed
polarization. P = —1 corresponds to complete right-handed polarization. P = 0 corresponds

to an unpolarized state with an equal number of left-handed and right-handed components.

2.5 Kinematics and data analysis methods

Since all collider observables depend on the momentum and energy of the produced particles,
reconstructing momentum is primarily accomplished through energy and angle information.
This is largely sufficient because most relevant particles are essentially massless. The central
calorimetry system captures the majority of particles, depositing all their energy. Neutrinos

and muons, being exceptions, rarely interact with the detector.
Transverse momentum

transverse momentum is a fundamental concept related to the motion of particles within a

collider or detector. It is a component of momentum that is perpendicular to the direction
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of the particle’s motion

pr = \/p2 +p2 = Psind, (2.25)

where p,, p, are the components of the particle’s momentum in the transverse plane, P is
the total momentum of the particle and 6 = 0., is the angle between the direction of motion

and the chosen axis ( we choose to be z-axis).
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Figure 2.14: Definition of the longitudinal scattering angle (6 = 0.,) .

Pseudorapidity

Pseudorapidity n is a dimensionless variable used to describe the angular distribution of

n=—In [tan (g)} , (2.26)

where 6 is the polar angle (angle measured from the particle’s trajectory to the beamline) of

particles. It’s defined as:

the particle in a particle detector.

Pseudorapidity has some important characteristics:

e Pseudorapidity differences between particles are approximately invariant under Lorentz
boosts (relativistic transformations), which is advantageous in many high-energy physics

applications.



CHAPTER 2. PHYSICS OF LEPTON COLLIDERS 62

n=0

-~

06=90° /f’

0=45°

N=0.88

oor0e—1=2.44
=02 » Tl=°°

Figure 2.15: Pseudorapidity for various values of 6.

e [t’s independent of a particle’s energy, i.e. unlike rapidity where experimental particle

physicists often use a modified definition of rapidity relative to a beam axis

1 E+p,
=1 2.2
y Qn(E_p), (2.27)

where p, is the component of momentum along the beam axis (the longitudinal mo-

mentum, this is also commonly denoted pr,).

Morever, the linear momentum could expressed as P = (pr,n, ¢), where ¢ is the azimuthal
angle. To derive Cartesian momenta (pz, py, p-) with the z-axis aligned along the beam axis,

the following transformations are applied

Pz =PT COS (2.28)
Py =pTSin ¢ (2.29)
p. =pr sinh 7. (2.30)

Since the azimuthal angle is confined to planes perpendicular to the beam axis (z-axis) A¢
is invariant under boosts along the z-axis. So in the plane n — ¢ plane we define the quantity
(d=AR)

d=\/(8n) + (29)%, (2.31)

this represents the distance between two directions or particles (or jets) in the n — ¢ plane

and is called the angular separation. Note that d is invariant under a boost transformation
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along the beam line.
Energy and transverse energy

Transverse energy E7 is a component of the total energy that is perpendicular to the beamline

direction. It is related to the transverse momentum (pr) of a particle through the equation

Er = \/p% +m2, (2.32)

where pr is the transverse momentum and m is the particle’s rest mass. For massless particles
the last equation will be Epr = pp.
Missing transverse momentum ?T is a common observable that is built from the

particles’ momenta

Pr=— Z v, (2.33)

missing transverse momentum is a 2-vector. Missing transverse energy F is a corre-
sponding quantity

Er =Pl (2.34)

missing transverse energy (MET) is a scalar. Another quantity is Hy. Although there isn’t
a single definition for Hrp, it often refers to the scalar sum of the transverse momentum that

is lacking from some objects. For instance, we may see

Hy = Z?]T’ or HT:Z ‘?jT, or Hpr= Z ‘?ﬂ (2.35)

jetsj jetsj leptons j

The transverse mass is the best option when we are unable to determine all three

components of momentum

2 2
mr =/ (B + E3)” — (oh + 73)” (2.36)
where E7 is the transverse energy.

2.5.1 Missimg mass method

A collision is defined by its initial total energy and momentum, denoted as (Ejy, ?m) Fol-

lowing the collision the system transitions to a final state where n particles emerge each
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contributing to a new total energy and momentum configuration. This transformation is
crucial for understanding the outcomes and dynamics of the collision process in terms of the

resulting particle distribution and their associated energy-momentum states

E = En: E;, (2.37)

7=2 7 (239)

in certain experiments it is possible for the measured total energy (E) to be E < E;;, while
the measured momentum (?) to be ? # ?m This discrepancy suggests that one or
more particles involved in the collision have gone undetected. This scenario is particularly
common with neutral particles, such as neutrinos, as well as neutrons, 7° particles, or K%
particles. Neutrinos interact weakly with matter and can pass through detection systems
without leaving a significant trace. To quantitatively analyze and account for undetected
particles, we introduce the concept of "missing mass," providing a means to understand and
incorporate the contributions of these elusive particles in the overall energy and momentum

conservation analysis

missing mass X ¢? = \/(Em —E? — (Pin—TP) 2, (2.39)

for each collision the missing mass is calculated and its spectrum is shown. If there is a

distinct peak in the spectrum one particle has escaped our detector.

2.5.2 Invariant mass method

The invariant mass, a property reflecting the combined energy and momentum of an object
or a system of objects, remains constant regardless of the reference frame. When the entire
system is at rest, the invariant mass equals the total energy of the system divided by ¢?. In
the case of a single particle system, this invariant mass is alternatively referred to as the rest

mass

m2ct = E? — %2, (2.40)
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for a system of N particles, we possess the following

W2t = <i EZ> — (i ?c> , (2.41)

where W represents the invariant mass of the particle undergoing decay. In the case of a

particle with mass M decaying into two particles, M — 1+ 2, so

M** = (By + E)? — (71 + Pl = mict + m3ct + 2 (ErEy — ?1-?202) = (p1 4 p2)?.
(2.42)

The statistical significance The statistical significance for each bin is calculated by
employing the formula associated with the background-with-signal hypothesis. This involves
assessing the significance of a signal within the context of an expected background. The
significance measurement serves as an indicator of the strength and reliability of the signal

in each specific bin of the data distribution. The formula for the significance ( Z-score) can

Z=4/2((S+B)In 142 -5, (2.43)
(e 5) )

where S = Lint X € X og is the number of events from a signal model, B = Liyt X € X op is

be expressed as [105]

the number of events from background processes, Lintis the integrated luminosity, ogp) is

the signal /background cross section and e denotes the detection efficiency.

2.6 Madgraph and Root

MadGraph [125] is an event generator software package used for the generation of parton-
level processes at the leading order (LO) and next-to-leading order in QCD. It is particularly
well-known for its capabilities in calculating cross-sections and generating events for a wide
range of processes involving strong force (QCD) and electroweak interactions. MadGraph
plays a crucial role in simulating events that can be compared with experimental data from
particle colliders such as the Large Hadron Collider (LHC). Its output is in the form of a
Les Houches file [109], and can consequently be processed by a general purpose Monte Carlo
for showering and hadronization. Pythia [127] is a multi-purpose simulator that can model
two-to-two processes at LO but it is mainly employed for parton showering, including the

the underlying event, hadronization and pile-up events. After the parton-level events are
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generated by MadGraph, undergo parton showering, hadronization, and decay (by Pythia
for example), the next step in the simulation chain is often the simulation of the detector
response. Delphes [130] is a software framework commonly used for simulating the response of
a generic particle detector to the final-state particles. Once the simulated events pass through
Delphes, the output format is typically in a ROOT [129] file containing detailed information
about the detected particles and their properties. ROOT (Remote Object Oriented Tools)
is a powerful software framework developed at CERN for data analysis, statistical analysis
and visualization. It provides a versatile and powerful environment for storing, manipulating,
and analyzing large datasets. ROOT is particularly well-suited for experiments at particle
accelerators like the LHC. It offers a wide range of functionalities, including tools for statistical
analysis, histogramming, curve fitting, and 2D /3D visualization. ROOT also features a
flexible and efficient data storage system, allowing users to store complex data structures,
such as trees and histograms, in a ROOT file format. The framework is widely adopted in
the high-energy physics community and has become an integral part of the software toolkit

for experimental and theoretical researchers alike.



Chapter 3

Exploring the Higgs-Gauge Couplings
at Leptonic Colliders, Analysis &
Results

3.1 The Higgs-Gauge Bosons Couplings

In the SM, the global custodial SU(2) symmetry in the Higgs and gauge sectors after the
EWSB, ensures that the electroweak p parameter at tree level satisfies [120]
m2
W = 1.00039 £ 0.00019, (3.1)

P= s —apn.
m3, cos? Oy

with Oy is the Weinberg mixing angle and myz and myy are the Z and W gauge boson
masses. For generic SM extensions, the Higgs-gauge couplings could be modified either via
mixtures or via significant radiative corrections, and the general Lagrangian that describes

the Higgs-gauge interactions can be written as!

1 2 h v 3 h v
Livy = g\ hVIV, + ggQV;w Vi + g,(LV)V;w Vi, (3.2)

with v = 246.22 GeV is the Higgs vev, V# = ZF W* is the gauge field, V" is the field

strength and VA = %ew/aﬁv&ﬁ its dual field. For the SM, we have g,(ll&v = gf{}/fv = 2mi /v,

!There exist other high-dimensional operators that are suppressed by powers of the new physics energy

scale A, like the operator 7" V,,aV, 8187 h [27]. In this work, we consider the case of only non-vanishing

(1)
Ihvv-

67
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and g}(f‘;v = gﬁ}v = 0 at tree-level. Here, we consider only possible modification of the first

interaction term in eq. (3.2); where any BSM modification with respect to the SM can be

parametrized by
(1) (1)

Inww Ihzz
Rw = SM 7 = SM ° (33)
Iww Ihzz

where ky and Ky are the scale factors [101], and the ratio of these factors Az = kw/kz
could be a useful quantity that may give crucial information on the nature of EWSB and
the electroweak properties of the hio5 resonance. It also may help to derive the necessary
information about the Higgs triple coupling [124]. While recent measurements by ATLAS
and CMS of h - W*W and h — Z*Z decay rates or production for the hio5 resonance
are sensitive to the overall sign and magnitude of Ay z [17]. This has been shown that the

combined measurements of the Higgs couplings and the ratio Ay z using the LHC Run-I

gives [8]
0.69 < || < 1.13, 0.78 < |rz| < 1.18, 0.58 < |ry| < 1.04,
110 < Az < 073 or 0.72 < Az < 1.10. (3.4)
While the LHC Run-II [20,21,39,51], gives with 20 C.L. 2

0.84 < || < 1.38, 0.77 < |kz] S 1.21, 0.88 < |ky| < 1.44,

~1.39 <Awz < =097 or 0.92 < Awz < 1.37. (3.5)

Here, kg is defined as in eq. (3.3). In what follows, we assume both Yukawa and Higgs-gluon
couplings are not modified with respect to the SM (i.e., Ky = K4y = 1), while the Higgs-gauge
couplings could take any value the ranges defined in eq. (3.5). Within these ranges, we will

investigate possible excess or lack of events in some final states at leptonic colliders.

2These values are considered within the assumption that there are no additional BSM contributions to
the Higgs boson width, i.e., Besam(h) = Binv(h) + Bunda(h) = 0, where Bin,(h) denotes the invisible Higgs
branching ratio decay to DM or long lived particles that can escape detection inside the detectors, and Byna(h)
denotes the decay to detectable BSM particles.
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3.2 The HVV Couplings Signs

In order to identify the Higgs-gauge couplings signs, we propose the final states at the
leptonic colliders: hvv @250 GeV [Fig. 3.1-a,b,c|, hW+TW = @500 GeV [Fig. 3.1-d,e,f| and
ZWHW~@1TeV [Fig. 3.2] (with h — bb, Z — jj and W~ — £~ 7); at the corresponding
luminosity at a leptonic collider such as the International Linear Collider (ILC) for both cases

with and without polarized beams.

Due to the branching ratio values B(h — bb) = 58.09%, B(W — (v) = 21.34% and

2
; N //)
\'\/)

(d) (e '/ (f)

Figure 3.1: Some representative Feynman diagrams for the processes hvv @ 250 GeV (a,b)
and hWTW = @500 GeV (d,e) are shown. Diagrams (c) and (f) illustrate examples of back-
ground contributions for the hv and hW W™ channels, respectively. The black and green
vertices denote the AW W and hZZ interactions, respectively.

B(Z — jj) = 69.91% [120], and the ILC b-tagging efficiency 80 %, the choice of final states
bb+ Er, bb+ 070~ + Fp and jj + 010~ + Fp: is the best option, especially with the cross

section values at the chosen CM energies as will be shown in Fig. 3.3. By changing the center-

(a)

Figure 3.2: The Feynman diagram for the signal process ZW W~ (a), where the Higgs boson
decays as h — bb and the Z boson decays hadronically as Z — jj. Diagrams (b) and (c)
represent examples of background contributions. The black and green vertices indicate the
hAWW and hZZ interactions, respectively.

of-mass energy /s from 250 GeV to 3 TeV, we get the cross section of hviz, hWW W™ and
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ZWTW ™ processes with and without polarized beams as shown in Fig. 3.3. From Fig. 3.3,

1000 | T .
///’ ---------- e -
100 F - ST
z o
2 g'e’ ->bb+E™SS
o o eet->hWWwW" —
10 _/ e ee' >ZWW ——

500 1000 1500 2000 2500 3000
Vs [GeV]
Figure 3.3: The cross section of e”e™ — hvi , e"e™ — hWWTW ™ and e"e™ — ZWTW ™
processes as a function of /s, where the solid (dashed) line represents P,- .+ = [0,0]
(Pe- e+ = [-0.8,40.3]). Here, the cross section values are multiplied with the branching

ratios of h — bb, W — (v and Z — jj.

one notices that cross section with polarized beams P,- .+ = [-0.8,40.3] is greater than
the case with unpolarized ones; by about twice, for the three processes. The reason is that
the left-handed part of the vertex electron-positron-gauge bosons is always larger than the
right-handed part, which increase the cross section up to 30 %. Indeed, if one considers the
inverse polarization (P,- .+ = [+0.8,—0.3]), the cross section values get decrease by 30 %.
Therefore, this justifies the considered optin P,- .+ = [-0.8,+0.3]. These possible interesting
features for future lepton colliders like ILC [13] allow us to consider each final state at the
corresponding CM energy as: (1) e"et — hvi process at 250 GeV; even its cross section is
larger for large CM energies, where the reason is to avoid the huge tt background. (2) the

process e"eT — hWTW ™ at 500 GeV; at which the cross section reaches its maximal value;

and (3) similarly for the process e et — ZWTW ™ at 1 TeV. These three final states have
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the following backgrounds:

hv@ 250 GeV : WW, ZZ, jj + Er
RWHTW=@500GeV : ti, tth, ZZh, WWZ, WWWW (3.6)
ZWTW~-@1TeV : L, tth, ZZh, WWh, WWWW.

Parametrization of processes cross sections

The final states under consideration arise from multiple Feynman diagrams, some of which
involve the Higgs-gauge boson couplings hWW and hZZ (as shown in Fig. 3.1 and Fig. 3.2).
Consequently, their total cross sections can be expressed as a polynomial in the coupling

modifiers Ky and kz:

o(kw,K2) = Y Ofnm) K K- (3.7)

In the SM limit, corresponding to Ky = kz = 1, the cross section reduces to:

oM =0(1,1) =D opm)- (3.8)

n,m

To probe the effects of potential deviations from the SM values of the Higgs-gauge couplings
(kw,kz # 1), we define the amplitudes for each process and express the total cross sections

as explicit functions of these parameters.

e~ et — bbvi Process

The total amplitude is decomposed as:
Miotal = kw Mw + iz Mz + Mo, (3.9)

where:
e Myy: amplitude from diagrams involving the SM AW W vertex (Fig. 3.1-b),
e My: amplitude from diagrams involving the SM hZZ vertex (Fig. 3.1-a),

e Mj: SM background amplitude (diagrams without KWW or hZZ couplings).
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Squaring the amplitude yields:

|Miotal® = K3y |Mw |2 + k5| Mz > + Mol + 2kwrz Re(My M)

+ 26w Re( My Mp) + 26z Re(MzMp). (3.10)
Accordingly, the total cross section is:
U(Kiw, Kz) = KVIQ/VUW + HZZUZ + KWKz U%/II]}Z + Kw U%/Iil/to + Kz U%l(g + 09p. (3.11)

Here, oy and oz are the contributions from pure Higgs-mediated diagrams, og is the pure
background, and the remaining terms represent interference between the different contribu-

tions.

e"et = hIWTW~ Process

At tree level, this process proceeds only through diagrams involving the hWW and hZZ

couplings. The total amplitude is:
Miotal = kw Mw + kz Mz. (3.12)
Squaring this yields:
|Miotall® = Ky M |2 + k5| Mz|* + 26wk 7z Re(My M). (3.13)
Thus, the total cross section is:
o(kw,kz) = Kiyow + K50z + kwkz oy (3.14)

e“et — ZWTW~ Process

In this case, only one tree-level diagram involves both hWW and hZZ vertices simultane-

ously—the so-called Higgs-strahlung diagram. We write the total amplitude as:

Miotal = kwkz Mwz + Mo, (3.15)
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where Myy 7z is the amplitude from the unique Higgs diagram, and M is the SM background

amplitude. Squaring gives:
‘Mtotal|2 = ’112/1/'“52Z ’sz‘Q + 2KWw Kz Re(./\/lwz./\/lg) + ‘M0|2. (3.16)

Hence, the cross section is:
o(kw,kz) = Kiyky owz + 2w Kz 0y + 00. (3.17)

Using Madgraph5 [125] at the partonic level, we generate each process for both unpo-
larized and P,- .+ = [-0.8,+0.3], where the effects from initial state radiation (ISR) and
beamstrahlung are not included. The cross section values is estimated by considering the

following preselection criteria, that are applied at partonic level
ARy > 0.4, |14 < 2.5(a, 8 =1b,7,0), pi) > 20CeV, pyr > 10GeV, Er > 10GeV. (3.18)

By using both polatrized and unpolarized e~ e™ beams, we estimate different cross section
contributions oy, ,, used in eq. (3.7), for the three processes®. In table (3.1), we give the

non-vanishing cross section contributions oy, ,,), for unpolarized and polarized beams.

hv T W TW - AW W ZWTW- ZWFW-
Pt =[0,0] | Poor =[-08,403] | Pt =[0,0] | P v =[-08,403] | P v =[0,0] | P =[-08,+0.3]
T00] 60.783 109.207 - - 59.268 134.931
7o) -1.549 1.262 - - -
TL0] -1.565 2661 - - - -
T 2.358 2.682 -1.194 2.458 -1.388 -1.934
T20] 7.221 15.821 5.927 13.380 - -
T2 35.853 52.873 0.582 1.073 - -
T2 - - - - 0.584 0.792

Table 3.1: The contributions to the cross section according to eq. (3.7); for the considered
final states at the correspondings CM energies without and with polarized beams. Here, all
cross section values are given in fb.

One sees from table. (3.1) that in the case where the processes occur a Feynman diagram
that does not involve hWWWor hZZ vertices then the cross sections (o7jgg)) is dominated
by this contribution (for e”e™ — hvi and e"e™ — ZWTW ™). The SM cross section val-
uesfor unpolarized /polarized beams are 65.98 fb/113.12 fb, (e~ e™ — hvw) 5.31 fb/11.99 fb
(e"et — hWHW ™) and 58.46 b/ 133.79 fb (e" et — ZWTW ™). One notices also that the

3Here, the b-tagging efficiency is considered to be the ILC value , e, = 0.8.
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interferences are destructive in all processes except the contribution oy q) of e“et = bb+ Hr
process. By varying both sy and kz within the range in eq. (3.5), and using eq. (3.7) we
found the cross sections for unpolarized/polarized beams (Fig. 3.4/Fig. 3.5) and its relative

difference for unpolarized/polarized beams with respect to the SM (Fig. 3.6/ Fig. 3.7). In
e 5 bb+ B @5 = 250 GeV, Ple’, ') = [0.] g e" > hW W @V5=500GeV, Ple’, &) = [0.0] eet->ZW W @s=1TeV, P, ") =[0,0]
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Figure 3.4: The cross sections (in the palette) of the three processes in the ky — Kz plan
without polarization. The triangle (A) refers to the SM case.

Fig.( 3.4 and 3.5) we display the total cross sections for the three processes e et — hv (left),
e“et = hWTW™ (middle) and e~ et — ZWTW ™ (right) without and with beam polariza-
tion as function of Ky and kz surviving (from constraints of eq. (3.5)). The cross section
of emet — hWTW ™ process have the most large sensitivity to hWWW and hZZ couplings
(almost all palette colours are present polarized case) because all its Feynman’s diagrams
involve hWW and/or hZZ vertices. While e~et — hvi process although its cross section is
the largest (from ~ 50 fb to 90 fb and from ~ 90 fb to 170 fb for the cases unpolarized and
polarized beams, respectively) where we see less sensitivity and this is due to the presence of
several Feynman diagrams that do not contain any contribution.

€ 6" 505+ E;™ @5 =250 Gev, P(e’, ) = [0.8,40.3] €6 ->hW W @15=500 GeV, P(¢, 6") = [-0.8,+0.3] 66 >ZWW @1s=1TeV. P’ ¢") =[0.8,+03]
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Figure 3.5: The cross sections (in the palette) of the three processes in the ky — Kz plan
with polarization. The triangle (A) refers to the SM case.
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Moreover, the e”et — ZWTW ™ process is almost insensitive to ky and ryz (same
colour), and this is that the process has only one Feynman’s diagram including the hAWW and
hZ Z vertices at the same time. It can also be observed, in all processes, that when xy and Kz
have a different sign the sensitivity of the two couplings are greater than when they have the
same sign. Besides the results of cross sections shown in Fig.( 3.4 and 3.5), we can also present

¢ >bb+ ;™ @< 250 GeV, Ple’, ) = [0.0] #'6" > h W W* @5 =500 GeV, Ple’, e") =[0,0] g6’ >ZWW @s=1TeV, Pe, ") = [0,0]
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Figure 3.6: The cross section relative difference with respect to the SM (kw = kz = 1)
(shown in the palette) for the three processes in the ky — Kz plan without polarization.

the cross section relative difference with respect to the SM ([o(kw, kz) —o(1,1)]/0(1,1)) in
the ky —kz plan for the three processes as it is depicted in Fig.( 3.6 and 3.7). One could notice
that the largest ratio was recorded for a different sign of ky and ky in the e"e™ — KWW~
and e”e™ — ZWTW ™ processes and this is what will appear in the kinematic distributions.

While the effect of the sign is almost the same on e~e™ — hv process. As a confirmation of

¢e .>b5+|:_r'“i*@\§= 250 GeV, P(e, €") = [0.8,+03] ge ->hW W @s=500GeV, P(e’, ¢") = [-08,+0.3] e >ZWW @45=1TeV.Ple, e*) =[-0.8,40.3]
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Figure 3.7: The cross section relative difference with respect to the SM (ky = kz = 1)
(shown in the palette) for the three processes in the ky — k7 plan with polarization.

the previous result, the effect of xky and kz on the "W W™ production is the greatest (the
ratio is up to 200 %), then on the hvv final state (approximately 50 % ) however it does not
exceed 10 % for the ZW W~ production.
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3.3 Analysis & Results

The possible precision in the measurments of xky and k7 at the HL-LHC with an integrated
luminosity of 3 ab™!, are expected to be dkw /sy < 5%, dkz/rkz < 4%, respectively [40].
Then, in order to derive any useful information from such colliders particularly promising
leptonic colliders, it is crucial to consider modified hV'V couplings just below the LHC reach,
ie., |ky| — 1 = £0.04, whith many possible signs. However, since the expected deviation
is not large, one needs first to find probable optimal cuts using the SM case ky = 1 sig-
nal (SM-signal) process where the signal event number is Ny = o(kw = kz = 1) x L,
with o(kw, kz) is the cross section and L is the integrated luminosity. Here we gener-
ate both signals and backgrounds using the package Madgraph5 [125], while the packages
Pythia8.2 [127, 128] and Delphes-root [129, 130] are adopted for parton shower and detec-
tor simulation, respectively. The jets are reconstructed by performing FastJet3.3 [131, 132]
with the anti-kt algorithm [133]. Table (3.2) resume cross section values for the consid-
ered processes and thier backgrounds. one could remarks the relevant backgrounds for
each process, which are W¥W~ — bbvy (the dominant one), ZZ (Z —bb, Z — yﬂ)
and jj + Py for hvo — bb + Ep final state; t¢ (the dominant one), tth, WtW =2,
ZZh and WWWW for the final state hW W~ (h — bB) while W bosons decay semi-
leptonically; t¢ (the dominant one), tth, W W ~h, ZZh and WWWW for the final state
ZWYW = (Z — jj) with W bosons decay semi-leptonically. The dominant decay channel
for h (my, = 125.09 GeV) in the signal process is h — bb, with a 58.09% [126] branching
fraction and the b-tagging efficiency is 80 % and the relevant cross section at the center of
masses 250 GeV-ILC; 500 GeV-ILC and 1TeV-ILC [106] making these final states interest-
ing. The pre-cuts in (3.18) are imposed at the generator level and we perform the analysis
by considering the above mentioned integrated luminosity for each process.

We may see also the hV'V sign effect on the kinematic distributions as an excess or a lack
in the events, for the three final states hvv — bb + Fp @250 GeV, hWWTW ™~ — bb 4+ (14~ +
Fr@500GeV; and ZWTW ™ — jj+41¢~ 4+ Fp@1TeV. In order to have an idea about the
thier shape (distributions), we show in Fig. 3.8 and Fig. 3.9 some kinematic variables distri-
butions versus number of events for each final states bb + Fp, h(WTW ™ — bb + 410~ + Frp,
and ZWHtW~— — jj 4+ €74~ + P, among the produced kinematic variables distributions
which bear a clear indication of the final states, we mention:

e J)r; The missing transverse energy.
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! o [f0] \

W-W+ 3.313 x 10°
A 42.588
ji+ Er 73.315

hviv 102.401

tt 22.712

tth 9.203 x 1073

ZZh 7.402 x 1073
WWZ 1.009

WWWW 2.850 x 1073
AW+tW-— 0.168
tt 7.306

tth 7.783 x 1072

ZZh 1.056 x 102
WWh 0.142

WWWW 6.348 x 1072
ZWtW-— 1.458

Table 3.2: The cross section values for hvz, W W= and ZW+W ~ final states at the ILC
luminosity 250 f6=1, 500 fb=! and 1000 fb~'respectively. Here, the The bold lines represent
the signal and the other lines represent the different background contributions.

N\

° pgﬁ’ pjTj >; The transverse momentum for leading and sub-leading b-jet (jet).

° E%b (Egpj ); The transverse energy for leading and sub-leading b-jet (jet).

o My, (Mj;) (Mpe); The invariant mass of the leading b-jet and sub-leading b-jet (jet) (lep-
ton).

o ARy, (ARj,j,.) (ARy,4,.); Relative distance between two particles, leading and sub-leading
b-jet (jets) (leptons) and their combinations, n and m stands from 1 to 2.

It is clear and in all cases that the SM-signal, represented by the black line, stands out from
the backgrounds in events number, the greatest prominence is represented in ZW+tW =~ —
jj + 074~ + P process and for all kinematic variables distributions shown. In hvv —
bb + F process, the appearance of the SM-signal is less, while in the process AW W~ —
bb+ (T ¢~ + Fr, the prominence is very tiny. Also one could note that the SM-signal promi-
nence is similar, that is, the same increase in all variables, and this is for the three processes,
its means that new physics could be reached by considering AV V modified couplings with
respect to the SM at particles colliders, especially where new upgrade/construct in the center

of mass energies and high luminosity will be offered.
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Figure 3.8: Some kinematic variables distributions as function of number of events for signals
and backgrouds of the final states hvv — bb + Fp @250GeV, h"WTW ™ — bb + £T0~ +
Fr@500GeV; and ZWTW ™ — jj+£Y¢~+ Fp@1TeV. Here all distributions are produced

from root-delphes output files.
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Figure 3.9: Other kinematic variables distributions as function of number of events for signals
and backgrouds of the final states hv — bb + Ep @250GeV, hW W™ — bb + (10~ +
Fr@500GeV; and ZWTW ™ — jj+£1¢~+ Fp@1TeV. Here all distributions are produced
from root-delphes output files.



Summary and Conclusions

The independent determination of the Higgs boson couplings to W and Z bosons is es-
sential for scrutinizing the properties of the Higgs boson—thus, for precision tests of the
Standard Model and the search for potential new physics. In this study, we have in-
vestigated three relevant processes at e~ e’ colliders—with and without polarized beams

P.- .+ = [-0.8,40.3]—to probe the A(WW and hZZ couplings:
o e et bbb+ Fr at /s =250GeV,
e e et = AWHTW ™= — bb+ €10~ + Ep at /s = 500 GeV,
eec et 5 ZWTW™ = jj+ 410~ + Fp at /s =1TeV.

As a first result, we present the cross sections for the three considered processes as a
function of center-of-mass energy for both unpolarized and polarized beams. These channels
involve Feynman diagrams that depend on the hWW and/or hZZ couplings, making their
total cross sections sensitive to the coupling modifiers ky and k7. We parametrize the total
cross section of each process using the corresponding powers xi;, and K7

By taking into account the recent combined measurements from the LHC Run-II on sy
and Kz, we identified a range of allowed values for both the magnitude and sign of Ky and
kz. However, current measurements cannot determine the sign of A\yyz = kw/kz. It is worth
mentioning that extracting these allowed k values has not always been straightforward.

We then presented the cross sections in the ky—kz plane and highlighted their relative
deviations from the SM expectation. Among the three processes, the hWTW = — bb +
(0~ + P final state demonstrated the highest sensitivity to such deviations.

Kinematic distributions (observables) were analyzed under the SM-like scenario ky =

rz = 1 at different projected luminosities for the International Linear Collider (ILC): 250 fb~1,

500fb~!, and 1000fb~!. These observables exhibit strong discriminating power even when
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the total rates appear SM-like, emphasizing the importance of high-precision measurements.
Future work can greatly benefit from the incorporation of advanced multivariate tech-
niques and machine learning algorithms such as Boosted Decision Trees (BDTs) [135] and
Deep Neural Networks (DNNs) [136], implemented within the Toolkit for Multivariate Data
Analysis (TMVA) [134]. These techniques are expected to significantly enhance signal-background
separation, particularly in complex final states.
Furthermore, this analysis framework can be enriched by considering Beyond the Standard

Model (BSM) theories. For example:

e The Standard Model Effective Field Theory (SMEFT) [137], which introduces higher-

dimensional operators that modify Higgs-gauge couplings.

e Higgs sector extensions, such as the Two-Higgs-Doublet Model (2HDM) [135], where

additional scalar states and altered couplings can lead to observable deviations.

Finally, these studies will be highly relevant at future and upgraded colliders such as the
ILC, FCC-ee, CEPC, and CLIC, which aim to perform precision Higgs measurements and

probe BSM phenomena through deviations in Higgs-gauge interactions.



Appendix A

MadGraph codes

A.1 The cross section of e et — hviv , e et — AW W and

e et — ZWTW ™ processes as a function of /s

This is the code used to calculate the cross section versus center-of-mass energy for the
processes ete™ — bbvi, ete”™ — hRWTW ™, and ete™ — ZWTW ~, considering both unpo-

larized /polarized beams.

import model smm

generate e- e+ > b b” vl vl~™

output eebb-pcm

launch

set aa 1 ! represent kappa_W

set bb 1 ! represent kappa_Z

set nevent 1000 ! the number of events

set ebeaml 250 ! beam 1 energy in GeV

set ebeam2 250 ! beam 2 energy in GeV

set polbeaml 0.0 ! beam polarization for beam 1 unpolarized/-0.8 polarized
set polbeam2 0.0 ! beam polarization for beam 2 unpolarized/0.3 polarized
launch

set ebeaml 350

set ebeam2 350

launch

set ebeaml 450

set ebeam2 450
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launch
set ebeaml
set ebeam?2
launch
set ebeaml
set ebeam?2
launch
set ebeaml
set ebeam2
launch
set ebeaml
set ebeam?2
launch
set ebeaml
set ebeam?2
launch
set ebeaml
set ebeam?2
launch
set ebeaml
set ebeam?2
launch
set ebeaml
set ebeam?2
launch
set ebeaml
set ebeam2
launch
set ebeaml
set ebeam2
launch
set ebeaml

set ebeam?2

500
500

600
600

700
700

800
800

900
900

1000
1000

1100
1100

1200
1200

1300
1300

1400
1400

1500
1500
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A.2 Run cards for processes

Here we present the run card used by MadGraph during the generation of event files. It

contains the modified couplings xy and k.

HESHHBHFHHHHHH A FH R H B H R H AR R R R R R R R R
## PARAM_CARD AUTOMATICALY GENERATED BY MG5 FOLLOWING UFO MODEL  ####
HUR R R
## ##

## Width set on Auto will be computed following the information ##

## present in the decay.py files of the model. ##
## See arXiv:1402.1178 for more details. #it
## #i#

B G e i i S S R S S S S s

B S
## INFORMATION FOR MASS
HHHH
Block mass
5 4.700000e+00 # MB
6 1.730000e+02 # MT
15 1.777000e+00 # MTA
23 9.118800e+01 # MZ
25 1.250000e+02 # MH
## Dependent parameters, given by model restrictionms.
## Those values should be edited following the
## analytical expression. MG5 ignores those values
## but they are important for interfacing the output of MG5
## to external program such as Pythia.
1 0.000000 # d : 0.0
2 0.000000 # u : 0.0
3 0.000000 # s : 0.0
4 0.000000 # c : 0.0
11 0.000000 # e- : 0.0
12 0.000000 # ve : 0.0
13 0.000000 # mu- : 0.0
14 0.000000 # vm : 0.0



APPENDIX A. MADGRAPH CODES

16 0.000000 # vt : 0.0
21 0.000000 # g : 0.0
22 0.000000 # a : 0.0

24 80.419002 # w+ : cmath.sqrt(MZ__exp__2/2. + cmath.sqrt(MZ__exp__4/4. \\

- (aEWxcmath.pi*MZ__exp__2)/(Gf*sqrt__2)))

B
## INFORMATION FOR SMINPUTS
R
Block sminputs

1 1.325070e+02 # aEWM1

2 1.166390e-05 # Gf

3 1.180000e-01 # aS

4 0.000000 # aa

5 0.000000 # bb

HESHH R R R R R
## INFORMATION FOR YUKAWA
HHHHHH
Block yukawa

5 4.700000e+00 # ymb

6 1.730000e+02 # ymt

15 1.777000e+00 # ymtau

B S

## INFORMATION FOR DECAY
A

DECAY 6 1.491500e+00 # WT

DECAY 23 2.441404e+00 # WZ

DECAY 24 2.047600e+00 # WW

DECAY 25 6.382339e-03 # WH

## Dependent parameters, given by model restrictioms.
## Those values should be edited following the

## analytical expression. MG5 ignores those values
## but they are important for interfacing the output of MG5

## to external program such as Pythia.
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DECAY
DECAY
DECAY
DECAY
DECAY
DECAY
DECAY
DECAY
DECAY
DECAY
DECAY
DECAY
DECAY

1 0.000000 #
2 0.000000 #
3 0.000000 #
4 0.000000 #
5 0.000000 #
11 0.000000
12 0.000000
13 0.000000
14 0.000000
15 0.000000
16 0.000000
21 0.000000
22 0.000000

d: 0.0
u: 0.0

s : 0.0
c: 0.0

b : 0.0
#e- : 0.0
# ve : 0.0
# mu- : 0.0
# vm : 0.0
# ta- : 0.0
# vt : 0.0
# g : 0.0
#a: 0.0
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