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ABSTRACT

PRODUCTION OF SCALARS AT ELECTRON COLLIDERS IN THE CONTEXT OF

LITTLEST HIGGS MODEL

Çağıl, Ayşe

Ph. D., Department of Physics

Supervisor : Prof. Dr. Mehmet Zeyrek

December 2009, 91 pages

The littlest Higgs model is one of the most economical solution to the hierarchy problem of

the standard model. It predicts existence of new gauge vectors and also new scalars, neutral

and charged.

The littlest Higgs model predicts the existence of new scalars beside a scalar that can be

assigned as Higgs scalar of the standard model. In this thesis, the production of scalars in

e+e− colliders is studied. The scalar productions associated with standard model Higgs boson

are also analyzed. The effects of the parameters of the littlest Higgs model to these processes

are examined in detail.

The collider phenomenology of the littlest Higgs model is strongly dependant on the free

parameters of the model, which are the mixing angles s, s′ and the symmetry breaking scale

f . The parameters of the model are strongly restricted when the fermions are charged under

only one U(1) subgroup. In this thesis, by charging fermions under two U(1) subgroups, the

constraints on the symmetry braking scale and the mixing angles are relaxed.
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In the littlest Higgs model, the existence of charged heavy scalars also displays an interesting

feature. By writing a Majorano like term in the Yukawa Lagrangian, these heavy charged

scalars are allowed to decay in to lepton pairs, violating lepton number and flavor. In this

thesis, the leptonic final states and also the lepton flavor and number violating final signals

are also analyzed.

As a result of these thesis, it is predicted that the scalar production will be in the reach for

a
√

S = 2TeV e+e− collider, giving significant number of lepton flavor violating signals

depending on the Yukawa couplings of the flavor violating term.

Keywords: heavy scalars, little Higgs, littlest Higgs
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ÖZ

KÜÇÜCÜK HIGGS MODELİNDE AĞIR SKALARLARIN ELEKTRON

ÇARPIŞTIRICILARINDA ÜRETİLMESİ

Çağıl, Ayşe

Doktora, Fizik Bölümü

Tez Yöneticisi : Prof. Dr. Mehmet Zeyrek

Aralık 2009, 91 sayfa

Küçücük Higgs modeli, standart model Higgs skalarına ilave olarak yeni ağır skalarların

varlıklarını öngörmektedir. Bu tezde bu skalarların çizgisel e+e− çarpıştırıcılarındaki üretilme

olasılıkları incelendi. Ayrıca yeni skalarların, standart model Higgs bozonu ile birlikte üretilme

olasılıkları da inceledi. Küçücük Higgs model parametlerinin bu üretim süreçlerine etkileri

de ayrıca araştırıldı.

Küçücük Higgs modeli, standart modeldeki hiyerarşi problemine getirilen en ekonomik çözüm-

lerden biridir. Bu model, yeni, ağır, yüklü veya yüksüz skalar bozonların ve ayar vektoörlerinin

varlıklarını öngörmektedir.

Küçücük Higgs modelinin parçacık hızlandırıcılarındaki fenomenolojisi modelin serbest para-

metrelerine doğrudan bağlıdır. Bu parametreler, karışım açıları s, s′ ile simetri kırılma parame-

tresi f olarak tanımlanmışlardır. Modelin parametre uzayı, fermionların sadece bir U(1)

alt grubu altında yüklü oldukları durumda güçlü kısıtlamalara tabiidirler. Biz bu çalışmada

fermionları her iki U(1) grupları altında ayarlı kabul ederek simetri kırılma parametresi üzerin-

deki kısıtlamaları azalttık.
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Küçücük Higgs modelinde yüklü yeni parcacıkların varlıkları ilgi çekici bir ilaveye izin ver-

mektedir. Bu modele fermionlar için lepton çeşnisinin korunumunu kıran Majorano tarzı kutle

terimleri eklenebilmektedir. Bunun sonucu olarakta, bu tezde araştılan üretim süreçleri, son

sistemlerinde lepton çeşnisini ve sayısını kıran parçacıklar bulundurabilmektedirler. Bu tezde

üretim süreçlerine ilave olarak, bu son sistemler de ayrıca işlenmiştir.

Bu tezin sonucunda, ağır skalarların enerji ölçeği 2TeV ve üzeri olan çizgisel e+e− çarpıştırıcı-

larında üretilebileceği, ve lepton sayısını ve çeşnisini korumayan son sistemlerin gözlem-

lenebileceği bulunmuştur.

Anahtar Kelimeler: küçücük Higgs modeli, küçük Higgs modelleri, ağır skalarlar, yüklü

Higgs bozonu, lepton çeşnisi bozunumu
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CHAPTER 1

INTRODUCTION

Standard model (SM) is an effective theory with a cutoff scale around electroweak symmetry

breaking (EWSB) scale. In SM, symmetry is broken by Higgs mechanism giving mass to

fermions and gauge bosons Z and W . From experimental data of Z and W masses vacuum

expectation value of the Higgs field (VEV) is calculated as v ∼ 246GeV indicating that MH ∼

240GeV . However the Higgs mass suffers from loop corrections, which is known as the

hierarchy problem. In order to get a light Higgs mass many theories are proposed, such

as supersymmetry (SUSY), models with dynamical symmetry breaking, extra dimensional

models and little Higgs models.

The little Higgs (LH) models are proposed as an alternative solution to hierarchy problem

as an ultraviolet completion of SM [1, 2, 3, 4]. In LH models collective symmetry breaking

mechanism is used. First a global symmetry at scale Λ ∼ 10TeV is broken and Higgs boson

appears as a pseudo goldstone boson, and than ordinary EWSB occurs. As a consequence

of collective symmetry breaking, LH models contain extra scalar and vector gauge bosons

that cancel out the divergences in Higgs scalar mass. The phenomenology of the little Higgs

models are reviewed in [5, 6, 7], and constraints on little Higgs models are studied in [9, 10,

12, 13, 14, 15]. The little Higgs models are also expected to give significant signatures in

future high energy colliders[16, 17, 18, 22]. The phenomenology of the little Higgs models

are also well studied at the literature [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33].

The Little Higgs models also have significant effects on the observables of flavor physics, due

to the existence of heavy charged bosons and a new T quark [34, 35, 36, 37, 38, 39]

The littlest Higgs model [1] is one of the LH models, in which the global symmetry S U(5)

containing a gauged subgroup (S U(2)⊗U(1))2 is broken to S O(5) by nonlinear sigma model

1



(NLSM), resulting in the appearance of a set of Nambu-Goldstone bosons. At the same time

diagonal subgroup (S U(2) ⊗ U(1))2 is broken to (S U(2) ⊗ U(1)) at a scale f ∼ 2πv around

1TeV . These collective symmetry breaking in the littlest Higgs model results in new neutral

scalars φ0 and φP, and a charged scalar φ±, and a double charged scalar φ±± besides the

SM Higgs scalar. Also the littlest Higgs model contains new heavy (H) vector bosons AH

(heavy photon), ZH and W±
H

, besides the light (L) gauge bosons, AL, ZL and W±
L

which are

the SM gauge bosons. Since there is a large quadratic contribution to Higgs mass from loops

of fermions, especially from t quark loop, a new fermion with charge 2
3 called the T quark

is introduced. As a result extra fermion T quark cancels the quadratic divergences coming

from fermion loops, new gauge bosons cancel the quadratic divergences coming from the

loop corrections of ZL and WL of SM, and new scalars cancel the divergences of Higgs self

loops.

The appearance of new scalars in littlest Higgs model also allows Majorano type mass terms

in Yukawa Lagrangian without need of right handed neutrinos to give mass to neutrinos [40,

41, 42, 43]. These type of interactions result in lepton flavor and number violating processes

which can be distinct signatures in high energy colliders.

In this thesis the productions of new scalars and their decays at future linear e+e− colliders,

namely, International Linear Collider (ILC) [45] and Compact Linear Collider (CLIC) [46] in

the context of littlest Higgs model[1] are studied.

This thesis is organized as follows. In chapter 2, the hierarchy problem in the Standard Model

is discussed. In chapter 3, the littlest Higgs model is reviewed in detail. Also the parameter

space of the littlest Higgs model is discussed. In the last section of this chapter, the littlest

Higgs model with T parity is reviewed briefly. The theoretical explanations of the calculations

done in this thesis are explained in chapter 4. In chapter 5, the ZL associated production

channels are examined. The ZL associated production of charged scalars and their lepton

flavor violating decay modes are discussed in section 5.2. In chapter 6 the direct production

processes of scalars are discussed. Finally, the results are discussed and the thesis is concluded

in chapter 7. The Feynman rules for the littlest Higgs model are presented in appendix A.
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CHAPTER 2

STANDARD MODEL AND THE HIERARCHY PROBLEM

Standard model (SM) has been a successful model explaining the physics up to a cut off scale

Λ ≃ 1TeV . For higher cut off scales Higgs boson mass suffers from quadratically divergent

loop corrections, and needs to be fine tuned.

Standard model is a gauge theory based model. Its group structure consists of S U(3)c ⊗

S U(2)L ⊗U(1)Y . In order to give mass to gauge bosons and fundamental fermions, S U(2)L ⊗

U(1)Y symmetry is spontaneously broken to U(1)Y symmetry by Higgs mechanism.

The Lagrangian for the Higgs scalar in SM is written as:

L(H) = (DµH)(DµH)† − V(H†H), (2.1)

where the covariant derivative is defined as;

Dµ ≡ ∂µ − ig1Aa
µT

a − ig2Bµ. (2.2)

The Aa
µ and Bµ are the gauge fields and g1 and g2 are the coupling constants of corresponding

S U(2) and U(1) groups. The S U(2) invariant Higgs potential is written in the form:

V(HH) = −µ2H†H + λ(H†H)2, (2.3)

where H is the Higgs doublet, λ is the coupling constant and µ2 is the mass term. The coupling

constant λ in Higgs potential (Eq. 2.3) is restricted to have a positive sign to have a stable

vacua. The mass term µ2 naturally has no restrictions on its sign but it is chosen to be negative

to have the spontaneous symmetry breaking.

3



The interactions of the Higgs scalar with fermions are written in Yukawa Lagrangian, as:

LY = gd L̄HRd + guL̄HCRu

+h.c., (2.4)

where L is the left handed doublet, Rd and Ru are right handed singlets of leptons and quarks

and HC = iσ2H∗.

t quark
gauge bosons H

H H

H H H H

Figure 2.1: The diagrams for contributions to Higgs mass in SM.

The hierarchy problem of the Higgs mechanism in SM arises when loop contributions at first

level to bare mass term are calculated. The main contributions are from Higgs self coupling

loop, gauge boson loops and the top quark loop due to the large value of the Yukawa coupling

gt (see Fig.2.1).

The corrections to Higgs mass due to loops are calculated as:

δm2 (t − quark) ∼ − 3

8π2
g2

tΛ
2 ,

δm2(gaugeloops) ∼ 9

64π2
g2Λ2

δm2(sel f loops) ∼ 1

16π2
λ2Λ2 , (2.5)

thus;

m2
H = m2

tree + δm
2
total, (2.6)

whereΛ is a cutoff scale introduced to regularize the divergent loop integrals. These divergent

contributions given in Eq. 2.5 do not cancel each other at a single scale for Λ.
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The theoretical bounds on Higgs mass depends on vacuum stability; meaning that the Higgs

potential should have the Mexican hat shape in order the get symmetry breaking and triviality;

to avoid infinities, the bare Higgs mass should not be too large. The recent experimental data

also constraints the Higgs mass[47, 55]. The current bounds on the Higgs mass are given in

Fig. 2.2. The yellow region in Fig. 2.2 indicates considering both theoretical and experimental

limits mH is valid up to Planck scale with severe fine tuning.

Figure 2.2: The current theoretical and experimental bounds on Higgs mass[48].
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CHAPTER 3

LITTLE HIGGS MODELS

A possible solution to the hierarchy problem is the little Higgs models. In the little Higgs

models collective symmetry breaking mechanism is used to stabilize Higgs mass. In symme-

try breaking mechanism, an enlarged global symmetry with extra gauged subgroups is broken

at a scale higher than EWSB scale.

In this chapter, the littlest Higgs model, one of the little Higgs models, is reviewed.

3.1 The Littlest Higgs Model

The littlest Higgs model has a global symmetry S U(5) and a locally gauged symmetry (S U(2)⊗

U(1))2[1]. At an energy scale f ∼ 1TeV by nonlinear sigma model[8], S U(5) is broken to

subgroup S O(5) spontaneously. This leaves 14(= 24 − 10) broken generators thus 14 Gold-

stone bosons, denoted by Πa(x) (a = 1, 2, ..., 14). The pion matrix (alteratively Goldstone

boson matrix)is defined as

Π(x) =

14
∑

a=1

Πa(x)Xa (3.1)

where Xa are broken generators of S U(5). Vacuum bases can be chosen such that

Σ0 =





































0 0 11

0 1 0

11 0 0





































, (3.2)

and the Σ field is defined as
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Σ(x) = eiΠ/ fΣ0eiΠ/ f = e2iΠ/ fΣ0. (3.3)

Effective theory can be written by expanding the Σ field around its vacuum expectation value

Σ0, such as,

Σ = Σ0 +
2i

f
Σ0Π −

1

f 2
Π†Σ0Π + O(

1

f 2
). (3.4)

Then the leading term of the effective Lagrangian is the so called kinetic term:

LΣ =
f 2

8
Tr|DµΣ|2. (3.5)

The covariant derivative here is defined by the gauged subgroup [S U(2)1⊗U(1)1]⊗[S U(2)2⊗

U(1)2] of S U(5), such as:

DµΣ = ∂µΣ − i

2
∑

j=1

(

g j(W jΣ + ΣWT
j ) + g′j(B jΣ + ΣBT

j )
)

, (3.6)

where Bi and Wi are the gauge fields and g′
i

and gi are the corresponding couplings of U(1)i

and S U(2)i respectively. The gauge fields of U(1)i are given as

B1(2) = Bµ,1(2)Y1(2), (3.7)

where Yi is the generator of Bi, and given as

Y1 =
1

10
diag(−3,−3, 2, 2, 2)

Y2 =
1

10
diag(−2,−2,−2, 3, 3). (3.8)

The gauge fields of S U(2)i are given as

W1(2) =

3
∑

a=1

Wa
µ,1(2)Q

a
1(2), (3.9)

where the generators Qa
i

are given as

Qa
1 =





















σa

2
0

0 0





















, Qa
2 =





















0 0

0 −σ∗a2





















, (3.10)
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with σa being the usual Pauli matrices. The VEV of Σ field in the Lagrangian breaks (S U(2)⊗

U(1))2 symmetry to diagonal subgroup (S U(2) ⊗ U(1)) of SM, and the unbroken generators

are

Qa′ =
1
√

2
(Qa

1 + Qa
2), Y = Y1 + Y2. (3.11)

In this process four of the Goldstone bosons are eaten by gauge bosons, and new vectors gain

mass with mass eigenstates

W = sW1 + cW2,

W ′ = −cW1 + sW2,

B = s′B1 + c′B2,

B′ = −c′B1 + s′B2, (3.12)

and the masses

MW′ =
g

2sc
f , MB′ =

g′

2
√

5s′c′
f , (3.13)

where s, s′1 are the mixing angles such as

s =
g2

√

g2
1
+ g2

2

, s ′ =
g′

2
√

g′2
1
+ g′2

2

. (3.14)

The remaining Goldstone bosons forming the scalar field content consist of a doublet h and a

triplet φ

h =





















h0

h†





















, φ =





















φ++
φ+√

2

φ+√
2
φ0





















. (3.15)

In littlest Higgs model, SM fermions have S U(2)1 group charges but are considered to be

singlets under S U(2)2. Also they are charged under U(1)1 and U(1)2, and their charges are

assigned such as diagonal U(1) group matches SM hypercharge, thus

1 In this work s(s′) will denote the sin θ(θ′) of the mixing angle θ(θ′), and c will be the cosine.
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Y1 = xY , Y2 = (1 − x)Y , (3.16)

where Y is the SM hypercharge. In this work, x is chosen to be 3
5
.

In general fermion scalar interactions are written such that Yukawa Lagrangian is invariant

under [S U(2)1 ⊗ U(1)1] ⊗ [S U(2)2 ⊗ U(1)2] with fermions carrying both U(1) and U(2)

hypercharge, such as:

LY =
λu f

2
ǫi jkǫmnχiΣ jmΣknuc

+
λd f

2
ǫi jkǫmnχiΣ

∗
jmΣ
∗
kndc, (3.17)

where u is the upper and d is the lower components of lepton doublet, with i, j, k = 1, 2, 3 and

m, n = 4, 5.

From this Yukawa Lagrangian top quark coupling to Higgs boson results in a quadratic di-

vergence in MH. To cancel out this divergence a new set of fermion singlets uR and uL are

introduced to model. uR and uL have quantum numbers assigned as (3, 1)Yi
, (3, 1)−Yi

, allowing

them to have bare mass term.

The extra terms of Yukawa Lagrangian preserving [S U(2)1 ⊗ U(1)1] ⊗ [S U(2)2 ⊗ U(1)2]

symmetry can be written as [1];

−λ1 f

2
ǫi jkǫmnχiΣ jmΣknu3R − λ2 f u

†
L
uR, (3.18)

where i, j, k = 1, 2, 3 and m, n = 4, 5, u3R is the third generation singlet and λ1 and λ2 are

arbitrary couplings at this stage.

In the littlest Higgs model, one can also add lepton number violating terms to Yukawa La-

grangian. At low energies LY does not have to preserve full gauge symmetry so the terms

that are invariant under SM S U(2) ⊗ U(1) symmetry can be added to Lagrangian such as a

Majorano type mass term [41, 40];

LLFV = iYi jL
T
i φC−1L j + h.c., (3.19)
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where Li are the lepton doublets





















νl

l





















.

For top quark [S U(2)1 ⊗ U(1)1] ⊗ [S U(2)2 ⊗ U(1)2] symmetry should be preserved for this

kind of term since the interactions between scalars and the top quark result in divergent con-

tributions to Higgs mass. For the third generation of quarks, the lepton number violating term

can be written as;

LLFV = Yi j f ǫαβǫγσ
(

LT
i

)

α
Σ∗βγC

−1
(

L j

)

σ
+ h.c., (3.20)

where α, β = 1, 2. This term in the Lagrangian violates the lepton number for the third

generation of quarks by 2.

Higgs potential to trigger EWSB can be written by Weinberg-Coleman method[49]. The

Weinberg-Coleman potential includes terms generated by gauge bosons and fermions at one

loop level, and is parameterized as,

VCW = λφ2 f 2Tr(φ†φ) + iλhφh f (Hφ†HT − H∗φH†)

−µ2HH† + λh4(HH†)2

+λhφφhHφ†φH† + λh2φ2 HH†Tr(φ†φ) + λφ2φ2[Tr(φ†φ)]2

+λφ4Tr(φ†φφ†φ), (3.21)

where the coefficients λφ2 , λφ4 , λφ2φ2 , λhφφh, λhφh and λh4 in equation 3.21 are given by

λφ2 =
a

2

[

g2

s2c2
+

g′2

s′2c′2

]

+ 8a′λ2
1,

λhφh = −a

4

[

g2 (c2 − s2)

s2c2
+ g′2

(c′2 − s′2)

s′2c′2

]

+ 4a′λ2
1,

λh4 =
a

8

[

g2

s2c2
+

g′2

s′2c′2

]

+ 2a′λ2
1 =

1

4
λφ2 ,

λhφφh =
−3

4
λφ2 ,

λφ2φ2 = −16a′λ2
1,

λφ4 =
2a

3
(

g2

s2c2
+

g′2

s′2c′2
) +

16a′

3
λ2

1. (3.22)
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If the loop contributions to lepton number violating term LLFV are considered in Coleman

Weinberg potential, λφ2 receives a correction term such that, it becomes:

λφ2 =
a

2

[

g2

s2c2
+

g′2

s′2c′2

]

+ 8a′λ2
1 + a′′Tr(Y†), (3.23)

where a and a′ are parameters of Coleman Weinberg potential depending on ultraviolet com-

pletion of the model. For µ2 > 0, EWSB is triggered and h and φ fields acquire vacuum

expectation values: 〈h0〉 = v/
√

2 and 〈iφ0〉 = v′, with

v2 =
µ2

λh4 − λ2
hφh
/λφ2

, v′ =
λhφh

2λφ2

v2

f
. (3.24)

Diagonalizing the mass matrices for scalar fields mass eigenstates; i.e. physical states, of

scalar bosons are found:

h0 =
(

c0Hm − s0φ
0
m + v

)

/
√

2 + i
(

cPG0 − sPφ
P
m

)

/
√

2,

φ0 =
(

sPG0 + cPφ
P
m

)

/
√

2 − i
(

s0Hm + c0φ
0
m +
√

2v′
)

/
√

2,

h+ = c+G
+ − s+φ

+
m, φ+ =

(

s+G
+ + c+φ

+
m

)

/i

φ++ = φ++m /i. (3.25)

Physical states are these mass eigenstates consisting of the SM Higgs scalar Hm, and new neu-

tral scalar φ0
m and neutral pseudo scalar φP

m, a single charged scalar φ+m and a double charged

scalar φ++m
2. The G+ and G0 are the Goldstone bosons, and will be eaten by SM vector bosons

ZL and WL (it is reviewed in detail in [5, 6, 9]).

The scalar mixing angles appearing in Eq.3.25 are:

sP =
2
√

2v′
√

v2 + 8v′2
≃ 2
√

2
v′

v
, s+ =

2v′
√

v2 + 4v′2
≃ 2

v′

v

s0 ≃ 2
√

2
v′

v
. (3.26)

The masses of scalars H and φ are:

2 The subscript m in Eq.(3.25) is to denote that they are mass eigenstates and will not be used in the rest of

this work. From now on only the physical states will be mentioned.
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M2
φ ≃ λφ2 f 2, M2

H ≃ 2
(

λh4 − λ2
hφh/λφ2

)

v2 = 2µ2, (3.27)

where Mφ is the common mass of φ0, φP, φ+and φ++.

After EWSB, vector bosons get extra mixing due to vacuum expectation values of h doublet

and φ triplet. Again by diagonalizing the mass matrices, final states of vector bosons are

expressed as:

WL = W +
v2

2 f 2
sc(c2 − s2)W ′,

WH = W ′ − v2

2 f 2
sc(c2 − s2)W,

AL = swW3 + cwB,

ZL = cwW3 − swB + xW′
Z

v2

f 2
W ′3 + xB′

Z

v2

f 2
B′,

AH = B′ + xH

v2

f 2
W ′3 − xB′

Z

v2

f 2
(cwW3 − swB),

ZH = W ′3 − xH

v2

f 2
B′ − xW′

Z

v2

f 2
(cwW3 − swB), (3.28)

where

xH =
5

2
g′

scs′c′(c2s′2 + s2c′2)

(5g2s′2c′2 − g′2s2c2)
,

xW′
Z = − 1

2cw
sc(c2 − s2), xB′

Z = −
5

2sw
s′c′(c′2 − s′2). (3.29)

And their masses are given to the order of v2

f 2 :

M2
W±

L
= m2

w

[

1 − v2

f 2

(

1

6
+

1

4
(c2 − s2)2

)

+ 4
v′2

v2

]

,

M2
W±

H

=
f 2g2

4s2c2
− 1

4
g2v2 + O(v4/ f 2) = m2

w

(

f 2

s2c2v2
− 1

)

,

M2
AL
= 0,

M2
ZL
= m2

z

[

1 − v2

f 2

(

1

6
+

1

4
(c2 − s2)2 +

5

4
(c′2 − s′2)2

)

+ 8
v′2

v2

]

,

M2
AH
=

f 2g′2

20s′2c′2
− 1

4
g′2v2 + g2v2 xH

4s2c2
= m2

z s2
w

(

f 2

5s′2c′2v2
− 1 +

xHc2
w

4s2c2s2
w

)

,

M2
ZH
=

f 2g2

4s2c2
− 1

4
g2v2 − g′2v2 xH

4s′2c′2
= m2

w

(

f 2

s2c2v2
− 1 − xH s2

w

s′2c′2c2
w

)

, (3.30)

where mw ≡ gv/2 and mz ≡ gv/(2cw). In these equations sw and cw are the usual weak mixing

angles:
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sw =
g′

√

g2 + g′2
, cw =

g
√

g2 + g′2
, (3.31)

and s and s′ are given in Eq. 3.14.

As a result of EWSB, fermions gain their masses. For top quark and new singlets of littlest

Higgs model, by expanding the Σ matrix and diagonalizing the mass matrix, physical states

and corresponding masses for top quark and the new fermion called T quark can be found as:

tL = cLt3 − sL t̃, tc
R = cRu′c3 − sR t̃′c,

TL = sLt3 + cL t̃, T c
R = sRuc̃

3 + cR t̃′c, (3.32)

where the quark mixing angles are

sR =
λ1

√

λ2
1
+ λ2

2













1 − v2

f 2

λ2
2

λ2
1
+ λ2

2













1

2
+
λ2

1

λ2
1
+ λ2

2

























,

cR =
λ2

√

λ2
1
+ λ2

2













1 +
v2

f 2

λ2
1

λ2
1
+ λ2

2













1

2
+
λ2

1

λ2
1
+ λ2

2

























,

sL = −i
λ2

1

λ2
1
+ λ2

2

v

f













1 − v2

f 2













5

6
− f v′

v2
− 1

2

λ4
1

(λ2
1
+ λ2

2
)2

























,

cL = 1 − v2

2 f 2

λ4
1

(λ2
1
+ λ2

2
)2
. (3.33)

The corresponding masses are:

mt =
iλ1λ2

√

λ2
1
+ λ2

2

v















1 +
v2

f 2













−1

3
+

f v′

v2
+

1

2

λ2
1

λ2
1
+ λ2

2













1 −
λ2

1

λ2
1
+ λ2

2







































,

MT = − f

√

λ2
1
+ λ2

2

[

1 + O(v2/ f 2)
]

. (3.34)

Since top quark mass is known in SM, the bound on the free parameters λ1 and λ2 can be

expressed as:

(λ1λ2)2

(λ2
1
+ λ2

2
)
≈ (

v

Mt

)2. (3.35)

The Feynman rules for the littlest Higgs model are presented in Appendix A.
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3.2 The Constraints on the Littlest Higgs Model Parameters

In the littlest Higgs model the symmetry breaking scale f , and the mixing angles s and s′ are

not restricted by the model. These parameters are constrained by the electroweak observables,

and experimental limits from Tevatron data[11, 12, 13, 14]. Especially direct searches for a

light gauge boson, takes the minimum limits on the mass of AH up to 900GeV[11]. This

results increases the limits of the symmetry breaking scale up to few TeVs, i.e. f ≥ 4TeV,

for the models in which the fermions are gauged under only one U(1) subgroups. When the

fermions are charged in both U(1) groups, the couplings of fermions to AH become very small

and the constraints on the parameter space are relaxed[15]. In this thesis, leptons are charged

under both U(1) groups, with corresponding hypercharge of Y1 and Y2. The restriction for

Y1 and Y2 is that Y1 + Y2 should reproduce U(1)Y hypercharge Y of SM, thus Y1 = xY and

Y2 = (1 − x)Y can be written. Due to gauge invariance, x can be taken as 3/5[6, 15].

0.2 0.4 0.6 0.8 1

c

0.2

0.4

0.6

0.8

1

c’

Figure 3.1: The allowed values of s/s′ for various values of f [15].

The constraints on symmetry breaking scale f , and the mixing angles s and s′ are plotted in

Fig. 3.1. Also for the values of symmetry breaking scale f , the limits on mixing angles s and

s′ are given in table 3.1.

It is seen from Fig 3.1 that, when the value of symmetry breaking scale reaches is large, f ∼ 4

TeV, the mixing angles are less constrained. But for this values of symmetry breaking scale,

14



Table 3.1: The limits on littlest Higgs model parameters f /s/s′[15].

1TeV ≤ f ≤ 2TeV 0.75 ≤ s ≤ 0.99 0.6 ≤ s′ ≤ 0.75

2TeV ≤ f ≤ 3TeV 0.6 ≤ s ≤ 0.99 0.6 ≤ s′ ≤ 0.8

3TeV ≤ f ≤ 4TeV 0.4 ≤ s ≤ 0.99 0.6 ≤ s′ ≤ 0.85

f ≥ 4TeV 0.15 ≤ s ≤ 0.99 0.4 ≤ s′ ≤ 0.9

the Higgs boson mass within the littlest Higgs model needs to be fine tuned, thus the model

goes out of its purpose.

3.3 Littlest Higgs Model with T Parity

The littlest Higgs model with T parity(LHT) is introduced to solve the requirement of high

symmetry breaking scale of the original littlest Higgs model[50, 51, 52]. As mentioned in

section 3.2, the littlest Higgs model is out favored by electroweak constraints and the re-

cent experimental data when fermions are gauged under only one U(1) subgroup. The phe-

nomenology of the LHT model is reviewed in [53, 54]. In this section the littlest Higgs model

with T parity is summarized following reference [5].

The T parity act on the pion matrix given in Eq. 3.1, such as;

T : Π→ −ΩΠΩ (3.36)

where Ω = diag(1, 1,−1, 1, 1). This transformation law ensures that S U(2)L triplet φ is odd

under T parity, where the Higgs doublet H is T even .

In the gauge sector of the model, T parity acts as an automorphism that exchanges [S U(2) ⊗

U(1)]1 and [S U(2)⊗U(1)]2, thus the kinetic Lagrangian in Eq. 3.5 is only invariant if g1 = g2

and g′
1
= g′

2
. In this case, following the same manner of the littlest Higgs model without T

parity, the mass eigenstates are found to be;

W± =
W1 ±W2√

2
, B± =

B1 ± B2√
2
, (3.37)

where W+ and B+ are the standard model gauge bosons and are T-even, whereas W− and B−

15



are the additional, heavy, T-odd states. After EWSB, the T-even states W+ and B+ mix to

produce the SM Z an W and the photon.

In the fermion sector all SM model fermions other than top quark are T even. Thus introducing

T parity automatically eliminates the tree level electroweak precision constraints.
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CHAPTER 4

THEORETICAL FRAMEWORK

The littlest Higgs model with global symmetry S U(5) and extra gauged subgroups [S U(2)1 ⊗

U(1)1] ⊗ [S U(2)2 ⊗ U(1)2], as a consequence of collective symmetry breaking, has extra

charged and neutral scalar gauge bosons, charged and neutral vector gauge bosons and a

neutral pseudo scalar, compared to standard model. In the littlest Higgs model, an extra quark

like fermion is also introduced. These new particles have interactions between themselves and

also interact with SM particles. Due to existence of vacuum expectation value of new scalars

(v′), existing interaction vertices of SM also receive corrections. In this chapter the masses of

the necessary particles , their decay widths and the necessary Feynman rules for calculating

differential cross sections and cross sections of ZL associated production of scalars in littlest

Higgs model at e+e− interactions are presented.

In this thesis, the couplings between e+e− and neutral vector bosons are necessary for all

processes. The couplings of fermions with gauge bosons are written as iγµ(gVi
+gAi
γ5) where

i = 1, 2, 3 corresponds to ZL, ZH and AH respectively. These couplings are given in table 4.1,

where xW′
Z

and xB′
Z

are given in Eq. 3.29, and ye =
3
5 .

It is seen from table 4.1 that vector and axial vector couplings of SM ZLe+e− vertex gets

contributions from littlest Higgs model. As a result total decay widths of SM vector bosons,

receive corrections of the order v2

f 2 , which are written as; Γ(Vi → f f̄ ) = N
24π (g

2
V
+ g2

A
)MVi

where N = 3 for quarks, and N = 1 for leptons.

In this thesis, decay widths of new vectors and scalars are also needed, because they contribute

17



Table 4.1: The vector and axial vector couplings of e+e− with vector bosons. Feynman rules

for e+e−Vi vertices are given as iγµ(gVi
+ gAi

γ5) .

i vertices gVi
gAi

1 e+e−ZL − g

2cw

{

(− 1
2 + 2s2

w) − g

2cw

{

1
2 −

v2

f 2

[

cwxW′
Z

c/2s

− v2

f 2

[

−cw xW′
Z

c/2s +
swxB′

Z

s′c′

(

− 1
5 +

1
2c′2

)

]}

+
swxB′

Z

s′c′

(

2ye − 9
5
+ 3

2
c′2

)

]}

2 e+e−ZH −gc/4s gc/4s

3 e+e−AH
g′

2s′c′

(

2ye − 9
5 +

3
2c′2

)

g′

2s′c′

(

− 1
5 +

1
2c′2

)

to the production processes. The lightest new vector boson in littlest Higgs model is the so

called heavy photon AH . The heavy photon decays to leptons and to hadrons and also to ZLH.

Total decay width of heavy photon is given as [22]:

ΓAH
= 3Γ(AH → ll) + 3Γ(AH → νν) + 3Γ(AH → dd)

+2Γ(AH → uu) + Γ(AH → tt) + Γ(AH → ZLH)

≈ αeMAH

4c2
W

{
85(c′2 − 2

5
)2

18s′2c′2
+

√

1 − 4
M2

t

M2
AH

s′2c′2
{[5

6
(
2

5
− c′2) − 1

5
xL]2(1 + 2

M2
t

M2
AH

)

+[
1

2
(
2

5
− c′2) − 1

5
xL]2(1 − 4

M2
t

M2
AH

)} (4.1)

+
(c′2 − s′2)2

24c′2s′2
λ

1
2 [(1 +

M2
ZL

M2
AH

−
M2

H

M2
AH

)2 + 8
M2

ZL

M2
AH

]},

where λ = 1 + (
M2

ZL

M2
AH

)2 + (
M2

H

M2
AH

)2 + 2(
M2

ZL

M2
AH

) + 2(
M2

H

M2
AH

) + 2(
M2

ZL

M2
AH

)(
M2

H

M2
AH

), and xL = λ
2
1/(λ

2
1 + λ

2
2) is

the t - T mixing parameter, in which λ1 and λ2 are the couplings of the Yukawa Lagrangian

3.18.

The second neutral vector boson named as ZH in the littlest Higgs model decays to leptons

and hadrons and also to ZLH and W+
L

W−
L

. Total decay width of ZH is given by [22]:
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ΓZH
= 6Γ(ZH → qq) + 6Γ(ZH → ll) + Γ(ZH → ZLH) + Γ(ZH → W+W−)

≈ g2(193 − 388s2 + 196s4)

768πs2(s2 − 1)
MZL
. (4.2)

Finally the charged heavy vector W±
H

decays to leptons and hadrons and also to W±
L

H and

W±
L

ZL. The total width of the WH is calculated as:

ΓWH
= 3Γ(W±H → l±ν) + 3Γ(W±H → q̄′q) + Γ(W±H → W±L H) + Γ(W±H → W±L ZL)

≈ g2(97 − 196s2 + 100s4)

384πs2(s2 − 1)
MWH
. (4.3)

The decay widths of heavy vectors for the relevant values of littlest Higgs model parameter

set are presented in table 4.3.

The new scalars and pseudo scalars also contribute to the analysis done in this study. Their

decay modes and decay widths are studied in [40] in detail. Since these new scalars have

lepton number and flavor violating decay modes, their total widths will depend on the Yukawa

couplings Yi j. The decay width of φ++ is given as:

Γφ++ = Γ(φ++ → W+L W+L ) + 3Γ(φ++ → ℓ+i ℓ+j (i = j) + 3Γ(φ++ → ℓ+i ℓ+j (i , j))

≈
v′2M3

φ

2πv4
+

3

8π
|Y |2Mφ +

3

4π
|Y ′|2Mφ (4.4)

For the single charged scalar, the decay width is given by:

Γφ+ = 3Γ(φ+ → ℓ+i ν̄ j(i = j)) + 6Γ(φ+ → ℓ+i ν̄ j(i , j))

+ Γ(φ+ → W+L H) + Γ(φ+ → W+L ZL) + Γ(φ+ → tb̄) + Γ(φ+ → Tb̄)

≈
NcM2

t Mφ

32π f 2

+
v′2M3

φ

2πv4
+

3

8π
|Y |2Mφ +

3

4π
|Y ′|2Mφ. (4.5)

For the neutral scalar φ0, the total decay width is given by:
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Γφ0 = 3Γ(φ0 → νiν j + ν̄iν̄ j(i = j)) + 3Γ(φ0 → νiν j + ν̄iν̄ j(i , j))

+ Γ(φ0 → HH) + Γ(φ0 → ZLZL) + Γ(φ0 → tt̄)

+ Γ(φ0 → bb̄) + Γ(φ0 → T t̄ + tT̄ )

≈
NcMφ

32π f 2
(M2

b + M2
t )

+
v′2M3

φ

2πv4
+

3

8π
|Y |2Mφ +

3

4π
|Y ′|2Mφ. (4.6)

For the pseudoscalar φP, the total decay width is given by:

ΓφP = 3Γ(φP → νiν j + ν̄iν̄ j(i = j)) + 3Γ(φP → νiν j + ν̄iν̄ j(i , j))

+ Γ(φP → ZLH) + Γ(φP → tt̄)

+ Γ(φP → bb̄) + Γ(φP → T t̄ + tT̄ )

≈
NcMφ

32π f 2
(M2

b + M2
t )

+
v′2M3

φ

2πv4
+

3

8π
|Y |2Mφ +

3

4π
|Y ′|2Mφ. (4.7)

It is seen from the decay widths of the scalars that lepton number violation is proportional

to |Y |2 if the final state leptons are from the same family and to |Y ′|2 for final state leptons

are from different generations . The branching ratios of scalars decaying to same family of

leptons is denoted as BR[Y] and to leptons of different flavor as BR[Y ′].

The values of Yukawa couplings Y and Y ′ are restricted by the current constraints on the

neutrino masses[44], given as; Mi j = Yi jv
′ ≃ 10−10GeV . Since the vacuum expectation value

v′ has only an upper bound in order to get symmetry breaking (Eq. 3.24); v′ < 1GeV , Yi j can

be taken up to order of unity without making v′ unnaturally small. In this work the values

of the Yukawa mixings are taken to be 10−4 ≤ Y, Y ′ ≤ 1, and the vacuum expectation value

1GeV > v′ > 1eV .

The branching ratios of scalars to final state lepton number violating modes are plotted in

figure 4.1 with respect to Yukawa couplings Y, Y ′.

In this thesis the differential and total cross sections are calculated for the production pro-

cesses. The masses of new heavy bosons for the various values of littlest Higgs parameters

are presented in table 4.2. The double differential cross section is given by:
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Figure 4.1: The Branching Ratio of scalars into leptons plotted with respect to Yukawa cou-

plings in the range 10−2 < Y < 102 and 10−2 < Y ′ < 1 for f = 1TeV (left) and f = 2460GeV

(right).

dσ

dEZd cos θZ
=
|M|2 EZ

128π3S
, (4.8)

where M is the sum of the all amplitudes of the corresponding sub processes for the considered

process and S is the center of mass energy1. The numerical calculation of total and differential

cross sections are performed using CalcHep [56] after implementing all necessary vertices.

In performing the numerical calculations, we take the electromagnetic coupling constant e =
√

4πα = 0.092, the Higgs mass MH = 120GeV and the mass of the SM bosons MZL
=

91GeV , MWL
= 80GeV and the SM mixing angle sW = 0.47 using the recent data[55]. In

the calculations, we ignored v2/ f 2 terms in the couplings, since we are not dealing with the

corrections to a SM process.

1 In literature, usually the abbreviation s is used instead of S for center of mass energy. Since the abbreviation

s is used for expressing the sine of the mixing angle (Eq. 3.14), in this thesis, S is preferred for center of mass

energy.
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Table 4.2: Masses of new particles with respect to littlest Higgs parameters in GeV .

s/s′/ f (GeV) MZH
MAH

MWH
Mφ

0.8/0.6/2460 1678 396 1678 1626

0.8/0.7/2460 1678 380 1678 1626

0.95/0.6/2460 2717 397 2717 1626

0.95/0.4/2460 2717 521 2717 1626

0.5/0.1/2460 2098 1902 1860 1626

0.8/0.6/1000 677 159 678 661

0.8/0.7/1000 678 192 679 661

0.95/0.6/1000 1101 161 1102 661

0.5/0.1/1000 1228 748 752 661

Table 4.3: Decay widths of new heavy vectors with respect to littlest Higgs parameters in

GeV .

s/s′/ f (GeV) ΓZH
ΓAH

ΓWH

0.8/0.6/2460 32.4 6.73 32.9

0.8/0.7/2460 32.4 3.80 32.9

0.95/0.6/2460 13.61 6.75 13.18

0.95/0.4/2460 13.67 3.78 17.2

0.5/0.1/2460 215 1817 191

0.8/0.6/1000 13.08 2.7 13.10

0.8/0.7/1000 13.06 1.8 13.18

0.95/0.6/1000 5.6 2.8 6.96

0.5/0.1/1000 126 714 77
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CHAPTER 5

ZL ASSOCIATED PRODUCTION OF SCALARS

5.1 Production of Neutral Scalars in Littlest Higgs model

The littlest Higgs model implies existence of a heavy neutral scalar, φ0 and a heavy neutral

pseudo scalar, φP, within SM Higgs scalar. In this section ZL associated production of new

neutral scalar and pseudo scalar are examined through processes, e+e− → ZLφ
0, e+e− →

ZLφ
0φ0, e+e− → ZLφ

0φP and e+e− → ZLφ
PφP.

5.1.1 e+e− → ZLφ
0

The single production of φ0 associated with ZL is the one of the most dominant channels in

electron colliders. Since φ0 couples to ZL and new neutral bosons, AH and ZH, this channel

provides a quite deep information about the littlest Higgs model. In the final state, lepton

number and flavor violating signals can be observed in colliders since φ0 have decays into

νiν j + ν̄ jν̄i including all three generations of leptons as mentioned(equations 3.19,3.20 and

4.6). The decays of φ0 into SM particles will provide final states such as ZLZLZL, in which φ0

can be reconstructed and observed [16, 17].

The couplings of φ0 to ZL and vectors are in the form igµνBi, where i = 1, 2, 3 corresponds

to ZL, ZH , AH respectively and given in table 5.1. The Feynman diagrams contributing this

process are given in figure 5.1.

The corresponding amplitude for the Feynman diagrams in figure 5.1 can be written as;

23



Table 5.1: The Feynman rules for φ0ZLVi vertices where µ and ν are Lorentz indices for

vectors and Vi denotes ZL, ZH and AH respectively for i = 1, 2, 3.

vertices igµνBi

1 φ0ZLZL − i
2

g2

c2
w

(vs0 − 4
√

2v′)gµν

2 φ0ZLZH
i
2

g2

cw

(c2−s2)
2sc

(vs0 − 4
√

2v′)gµν

3 φ0ZLAH
i
2

gg′

cw

(c′2−s′2)
2s′c′ (vs0 − 4

√
2v′)gµν

e

ē

Vi(q)

ZL(p3)

(1)

φ0(p4)

(Vi : ZL, ZH , AH)

Figure 5.1: Feynman diagrams contributing to e+e− → ZLφ
0 in littlest Higgs model.

M =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iBig
ναǫα[p3], (5.1)

where Bi are the vertex factors for ViZLφ
0 given in table 5.1.

For this process, the total cross section of the event is examined and the results are presented

in figure 5.2. Value of cross section depends strongly on center of mass energy
√

S , as well

as the free parameters of the littlest Higgs model parameters f , s, s′ and mass of the Higgs

boson. In this work, the mass of the Higgs boson is assumed to be MH = 120GeV[55], in

the range of Higgs mass constraints. Dependence of total cross section to littlest Higgs model

mixing angles s, s′ are presented in the bottom plot of figure 5.2. It is seen that for s′ = 0.6,

the cross section peaks at s = 0.4, and at s = 0.8 it starts to increase for lower values of s′ for
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Figure 5.2: Total cross section vs.
√

S graphs for e+e− → ZLφ
0, for parameters f =

2460GeV(left-up), f = 1000GeV(right-up). The dependance of cross section on mixing an-

gles s(s′)(bottom).

f = 2460GeV .

The first two graphs in figure 5.2 present the total cross section vs. center of mass energy plots

for different parameters s/s′ = 0.8/0.6, 0.95/0.4, 0.95/0.9, 0.7/0.5 at f = 2460GeV , and for

parameters s/s′ = 0.8/0.6, 0.8/0.7, 0.95/0.6 at f = 1000GeV allowed by the electroweak

data. It is seen that for f = 2460GeV , the total cross section reaches to 10−5 pb at
√

S =

3TeV , which would yield one event per year at a luminosity of 100 f b−1. The situation is

more promising for low symmetry breaking scale f = 1000GeV , such that the total cross

section reaches to 8.0 × 10−4 pb for s/s′ = 0.95/0.6 and to 10−4 pb for parameters s/s′ =

0.8/0.6, 0.8/0.7 at
√

S = 1TeV . This would result in 10 ∼ 100 events per year at this

channel for an integrated luminosity of 100 f b−1. The peak of the cross section for parameters
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s/s′ = 0.95/0.6 appears around
√

S = 1100GeV corresponding to heavy vector resonances.

The resonances for the rest of the parameters are not seen since the masses of heavy vectors

are the same order as the scalar mass.

The production of neutral scalar φ0 via e+e− → ZLφ
0 channel is possible for low values of

symmetry breaking scale parameter f ∼ 1TeV for both ILC(
√

S = 1TeV) and CLIC(
√

S =

3TeV), but for higher f values this channel is not promising. The lepton number violating

final states in this channel can be observed at this production process, since the branching

ratio of φ0 to leptons can get values up to 0.5. But the final leptonic states will be in the

form νiν j + ν̄ jν̄i, so the final state signatures of these signals will be missing energy and

experimentally not promising.

5.1.2 e+e− → ZLφ
0φ0

The direct double production of φ0 via e+e− → φ0φ0 process is not possible in littlest Higgs

model at tree level and the loop level production processes are suppressed by terms v3

f 3 . The

double production of neutral heavy scalar associated with ZL via φ0 via e+e− → ZLφ
0φ0 is

examined in this section. This production channel can give contributions of four point vector

scalar couplings besides three point couplings of a vectors and scalars. The Feynman rules

for φ0 couplings to scalars and vectors are given in tables 5.2, 5.5 and 5.3, and the Feynman

diagrams contributing to this process are given in figure 5.3.

Table 5.2: The Feynman rules for four point interaction vertices between scalars and vec-

tors. Their couplings are given in the form iCi jgµν and iCP
i j

gµν respectively for φ0φ0ViV j and

φPφPViV j, where gµν carries the Lorentz indices of vectors.

i/j vertices iCi jgµν vertices iCP
i j

gµν

1/1 φ0φ0ZLZL 2i
g2

c2
w

gµν φPφPZLZL 2i
g2

c2
w

gµν

1/2 φ0φ0ZLZH −2i
g2

cw

(c2−s2)
2sc

gµν φPφPZLZH −2i
g2

cw

(c2−s2)
2sc

gµν

1/3 φ0φ0ZLAH −2i
gg′

cw

(c′2−s′2)
2s′c′ gµν φPφPZLAH −2i

gg′

cw

(c′2−s′2)
2s′c′ gµν

The amplitude corresponding to first diagram in figure 5.3;
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Table 5.3: The Feynman rules for φ0ViV j vertices. Their couplings are given in the form

igµνBi j.

i/j vertices igµνBi j

1/1 φ0ZLZL − i
2

g2

c2
w

(vs0 − 4
√

2v′)gµν

2/2 φ0ZHZH
i
2 g2

(

vs0 +
(c2−s2)2

s2c2

√
2v′

)

gµν

1/2 φ0ZLZH
i
2

g2

cw

(c2−s2)
2sc

(vs0 − 4
√

2v′)gµν

2/3 φ0ZHAH
i
4gg′ 1

scs′c′

(

(c2s′2 + s2c′2)vs0

1/3 φ0ZLAH
i
2

gg′

cw

(c′2−s′2)
2s′c′ (vs0 − 4

√
2v′)gµν

3/3 φ0AHAH
i
2
g′2

(

vs0 +
(c′2−s′2)2

s′2c′2

√
2v′

)

gµν

M1 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iC1ig
ναǫα[p3], (5.2)

where iC1igµν is the vertex factors of ViZLφ
0φ0 given in table 5.2.

The amplitude corresponding to second diagram in figure 5.3;

M2 =

3,3
∑

i, j=1,1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iBi jg
να

(−i)

gαν − q′αqν

M2
j

q′2 − M2
j
+ iM jΓ j

iB1 jgβσǫ
σ[p3], (5.3)

where iBi jgµν and iB1 jgµν are the vertex factors of ViV jφ
0 and V jZLφ

0 respectively, and q′ =

q − p5 given in table 5.3.

The amplitude corresponding to third diagram in figure 5.3;

M3 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iEP
i2Pν

−i

q′2 − M2
φ

iEP
12P′αǫ

α[p3], (5.4)
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φ0(p5)

Vj(q
′)

(Vi, Vj : ZL, ZH , AH)

e

ē
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φP (q′)

(Vi : ZL, ZH , AH)

Figure 5.3: Feynman diagrams contributing to e+e− → ZLφ
0φ0 in littlest Higgs model.

where iEP
i2

Pν and iEP
12

P′α are the vertex factors of Viφ
Pφ0 and ZLφ

Pφ0 given in table 5.5, and

P = q and P′ = q′ − p4 .

In this production process the change of differential cross section with respect to energy of the

ZL boson is analyzed with exploring the effects of variations of littlest Higgs model parameters

s/s′ for f = 1TeV and mass of the SM Higgs boson is taken to be MH = 120GeV at
√

S =

3TeV . The resulting differential cross section vs. EZL
graphs are presented in figure 5.4. The

plot of total cross section vs
√

S of the process is presented in figure 5.13 in comparison with

other associated production processes, and the total cross sections for necessary values of

s/s′ are presented in table 5.4. The peak values for differential cross section are at the order

of 2 × 10−4 ∼ 10−6 pb

GeV
in figure 5.4. Highest value of differential cross section is observed

for parameters s/s′ = 0.5/0.1 at low EZL
values and corresponding cross section for these

parameters are σ ∼ 10−2 pb resulting in 1000 events per year for a luminosity of 100 f b−1

expected for CLIC. But these values of s/s′ do not quite satisfy the electroweak precision

data for f = 1TeV .

For the values of parameters within the range of constraints from electroweak precision ob-

servables such as
MWL

MZL

and couplings of light fermions to gauge bosons at f = 1TeV , dif-

ferential cross sections for this production process reduces to lower values. At
√

S = 3TeV ,

for the parameters s/s′ = 0.8/0.6, 0.8/0.7 and s/s′ = 0.95/0.6 the peak values of differential
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Figure 5.4: Differential cross section vs. EZ graphs for e+e− → ZLφ
0φ0, the behavior of differ-

ential cross section for parameters f = 1000GeV , s/s′ : 0.8/0.6, 0.8/0.7, 0.95/0.6, 0.5/0.1

of littlest Higgs model .

cross sections of process e+e− → ZLφ
0φ0 is about 5 × 10−7 pb

GeV
and the corresponding cross

sections are σ ∼ 10−4 pb. At CLIC(
√

S = 3TeV), the expected luminosity is 100 f b−1 per

year resulting in 10 ∼ 100 production events for these low values free from SM backgrounds.

The lepton number violating signals at the final state of this process depends on the value of

the Yukawa couplings Y and Y ′. For high values of Y ≃ 1, this channel would yield 1 ∼ 10

leptonic final states per year. Since the leptonic final states can only be neutrinos, the signature

will be huge missing energy in the order of two scalar masses.

For ILC (
√

S = 0.5 ∼ 1TeV), this production channel is out of reach because of kinematical

limits coming from large Mφ.

5.1.3 e+e− → ZLφ
PφP

The littlest Higgs model implies the existence of new pseudoscalar φP degenerate in mass

with other heavy scalars. The single production of φP within ZL boson in littlest Higgs model

is absent in tree level, and φP has no decay modes to two vectors, and also the direct double

production without ZL is not allowed in littlest Higgs model. The most dominant vector

29



Table 5.4: The total cross sections in pb for double production of neutral scalars for f = 1TeV

and at
√

S = 3TeV .

s/s′ σZLφ0φ0 σZLφ0φP σZLφPφP

0.8/0.6 1.2 10−4 5.4 10−5 1.2 10−4

0.8/0.7 1.0 10−4 4.8 10−5 1.0 10−4

0.95/0.6 1.0 10−4 4.7 10−5 1.1 10−4

0.5/0.1 5.8 10−2 2.4 10−2 5.9 10−2

associated production of φP is at the channel e+e− → ZLφ
PφP. This channel is sensitive to

four point interaction vertices of φP with itself and two vectors and their couplings are given

in table 5.2. φP also couples to a scalar and a vector, and these three point couplings are given

in table 5.5. It also has lepton flavor violating decays so this channel can provide interesting

signals. The Feynman diagrams contributing to this process are given in figure 5.5.

Table 5.5: The Feynman rules for φPViS j vertices. Their couplings are given in the form

iEP
i j

Pµ, with Pµ is the difference of two scalars momentum, (p j − pφP).

i/j vertices −iEP
i j

(p j − pφP)

1/1 φPHZL
1
2

g

cw
(sP − 2s0) (pφP − pH)µ

1/2 φPφ0ZL − g

cw
(pφP − p

φ0
)µ

2/1 φPHZH − 1
2g

(c2−s2)
2sc

(sP − 2s0)(pφP − pH)µ

2/2 φPφ0ZH g
(c2−s2)

2sc
(pφP − p

φ0
)µ

3/1 φPHAH − 1
2
g′ (c′2−s′2)

2s′c′ (sP − 2s0)(pφP − pH)µ

3/2 φPφ0AH g′ (c′2−s′2)
2s′c′ (pφP − p

φ0
)µ

The amplitude corresponding to first Feynman diagram giving four point interactions can be

written as:
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ē

Vi(q)

ZL(p3)

φP (p5)

φP (p4)
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Figure 5.5: Feynman diagrams contributing to e+e− → ZLφ
PφP in littlest Higgs model.

M1 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iCP
1ig
ναǫα[p3], (5.5)

where iCP
1i

gµν is the vertex factor of ViZLφ
PφP given in table 5.2.

The amplitude corresponding to diagram 2 in figure 5.5 is:

M2 =

3,2
∑

i, j=1,1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iEP
i jPν

−i

q′2 − M2
j
+ iM jΓ j

iEP
1 jP
′
σǫ
σ[p3], (5.6)

where iEP
i j

Pµ and iEP
1 j

P′ν are the vertex factors of ViS jφ
P and ZLS jφ

P respectively given in

table 5.5, and q′ = q − p5, P = q and P′ = p3 .

For this process the differential cross section, and its dependence on the model parameters are

analyzed. The resulting differential cross section vs. energy of the ZL boson for various values

of parameters of littlest Higgs model s/s′ are given in figure 5.6. The total cross section vs

center off mass energy graph is plotted in comparison with other double production channels

in figure 5.13, and the total cross sections of this production channel for various values of

parameters s/s′ are given in table 5.4. Since the pseudo scalar φP have similar features with

heavy scalar φ0, the results for this process is close to results of double production of neutral

heavy scalar associated with ZL presented in previous section.

For parameters s/s′ = 0.5/0.1 at symmetry breaking scale f = 1TeV , differential cross
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Figure 5.6: Differential cross section vs. EZL
graphs for e+e− → ZLφ

PφP, the behavior of

differential cross section with respect to parameters s/s′ : 0.8/0.6, 0.8/0.7, 0.95/0.6, 0.5/0.1

at f = 1000GeV .

section of the process reads 10−4 pb

GeV
, and by integrating out EZL

total cross section is found

σ ∼ 10−2 pb for
√

S = 3TeV . For s/s′ = 0.8/0.6, 0.8/0.7, 0.95/0.6 the differential cross

section takes lower values. For these set of parameters total cross section of the process takes

σ ∼ 10−4 pb at
√

S = 3TeV . And for CLIC (
√

S = 3TeV) these values are in the reach

of φP production resulting in 10 ∼ 100 events per year which can be observed for a yearly

luminosity of 100 f b−1. The final state lepton number violation signal for this process is four

neutrinos, which can be detected as huge missing energy accompanied with ZL.

In the littlest Higgs model, the single ZL associated production of φP is not allowed. Since the

double production is out of the energy limits of ILC
√

S = 0.5 ∼ 1TeV , the pseudo scalar φP

can not be observed associated with ZL at ILC.

5.1.4 e+e− → ZLφ
0φP

In this section the associated production φ0 and φP within ZL boson is investigated. Since

littlest Higgs model allows Viφ
0φP interactions, the neutral scalar and the pseudo scalar can
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be produced through e+e− → ZLφ
0φP process in electron colliders. Feynman diagrams are

given in figure 5.7.

e

ē

ZL(p3)

φ0(p4)

φP (p5)
Vi(q

′)

(q)

(Vi : ZL, ZH , AH)

Figure 5.7: Feynman diagrams contributing to e+e− → ZLφ
0φP in littlest Higgs

The amplitude of the Feynman diagram contributing this process can be written as:

M =

3
∑

i=1

ū[−p2]iγµ(gV1
+ gA1

γ5)ǫµ[p3]
6 q

q2
iγν(gVi

+ gAi
γ5)u[p1]

gνα − q′αqν

M2
i

q′2 − M2
i
+ iMiΓi

iE′i Pα, (5.7)

where iE′
i
Pµ is the vertex factor of Viφ

0φP, P = q − q′, E′
i
= EP

i2
given in table 5.5, and all of

the momentums are defined in Fig.5.7.

For this process the differential cross section versus energy of the ZL boson graphs are pre-

sented in figure 5.8. It is seen that similar to ZLφ
0φ0 and ZLφ

PφP final states, for s/s′ =

0.5/0.1, the differential cross section reaches the highest values ∼ 10−4 pb

GeV
, and for parameter

set s/s′ = 0.8/0.6, 0.95/0.6, 0.8/0.7 allowed by electroweak precision constraints differential

cross section gets values ∼ 10−6 pb

GeV
at
√

S = 3TeV for f = 1TeV . Since CLIC is expected

to work at energies up to
√

S = 3TeV and reach luminosities as much as 100 f b−1, ZLφ
0φP

production can be observed. Since the parameters s/s′ = 0.5/0.1 are not acceptable due

to electroweak precision data, the number of productions for this channel will be limited to

1 ∼ 10 events per year with events production cross section σ ∼ 5 × 10−5 pb for acceptable

parameter set s/s′ = 0.7/0.9 at f = 1TeV . Since the number of production events is slightly
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at f = 1000GeV .

lower than ZLφ
PφP and ZLφ

0φ0 channels, the final number of lepton violating signals will not

be remarkable at this channel.

In the littlest Higgs model, φ0 and φP can also be produced directly in the e+e− → φ0φP

channel. This process will be discussed in chapter 6.
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5.2 Production of Charged Scalars in the Littlest Higgs Model

In the littlest Higgs model, one of the decay modes of the single charged scalar in littlest

Higgs model is a lepton and a neutrino which violates lepton flavor, resulting in signature of

lepton and missing transverse energy of the neutrino. And also for the double charged scalar

in the final state two charged leptons violating the lepton flavor can be observed.

In this section, the ZL associated double production of single and double charged heavy scalars

at electron colliders in littlest Higgs model is discussed. The results of this section is published

in [57].

5.2.1 e+e− → ZLφ
+φ−

In the littlest Higgs model, the masses of all heavy scalars are degenerate and proportional to

symmetry breaking scale f , so for lower values of f double production φ+φ− can be produced

at e+e− colliders via e+e− → ZLφ
+φ− process. At the final state this channel is promising

for lepton flavor and number violating signals such as missing energy of the neutrino and two

leptons of different or same families. In this model φ−φ+ couples to neutral vectors through

four point interactions, so this production channel is sensitive to these couplings given in table

5.6. The couplings of φ− with a neutral vector and a charged vector are given in table 5.8. The

single charged heavy scalars can also be produced via the decay of heavy vectors, because

littlest Higgs model allows these interactions given in table 5.7. The Feynman diagrams

contributing to this associated production process are given in figure 5.9.
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Table 5.6: The four point Feynman rules for φ+φ−ViV j vertices. Their couplings are given in

the form iC
φφ

i j
gµν where gµν carries the Lorentz indices for vectors.

i/j vertices iC
φφ

i j
gµν

1/1 φ+φ−ZLZL 2i
g2

c2
w

s4
wgµν

2/1 φ+φ−ZHZL O(v2/ f 2) ∼ 0

3/1 φ+φ−AHZL 2i
gg′

cw

(c′2−s′2)
2s′c′ s2

wgµν

4/1 φ+φ−ALZL −2ie
g

cw
s2

wgµν

Table 5.7: The three point interaction vertices for φ+(p1)φ−(p2)Vi vertices. Their couplings

are given in the form iE
φφ

i
Pµ, where Pµ = (p1 − p2)µ is the difference of outgoing momentum

of two charged scalars.

i/j vertices i E
φφ

i
Pµ

1 φ+φ−ZL i
g

cw
s2

w(p1 − p2)µ

2 φ+φ−ZH O(v2/ f 2) ∼ 0

3 φ+φ−AH ig′ (c′2−s′2)
2s′c′ (p1 − p2)µ

4 φ+φ−AL −ie(p1 − p2)µ
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ē

AL(q)

φ+(p4)

φ−(p5)

ZL(p3)

φ+(q′)

(9)

e

ē
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ē

AL(q)

ZL(p3)

φ−(p5)

φ+(p4)

(13)

e

ē
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Figure 5.9: Feynman diagrams contributing to e+e− → ZLφ
+φ− in littlest Higgs model
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Table 5.8: The Feynman rules for φ+ViW
−
j

vertices. Their couplings are given in the form

iB
φW

i j
gµν where gµν carries the Lorentz indices of vectors and j = 1, 2 denotes WL,WH respec-

tively.

i/j vertices iB
φW

i j
gµν

1/1 φ+W−
L

ZL −i
g2

cw
v′gµν

1/2 φ+W−
H

ZL i
g2

cw

(c2−s2)
2sc

v′gµν

2/1 φ+W−
L

ZH ig2 (c2−s2)
2sc

v′gµν

2/2 φ+W−
H

ZH −ig2 (c4+s4)
2s2c2 v′gµν

3/1 φ+W−
L

AH − i
2gg′ (c′2−s′2)

2s′c′ (vs+ − 4v′)gµν

3/2 φ+W−
H

AH − i
2
gg′ (c2c′2+s2s′2)

scs′c′ v′gµν

The first four Feynman diagrams contributing to the process e+e− → φ+φ−ZL are sensitive to

e+e−Vi couplings because in them two vectors are created from e+e− annihilation processes,

and one of them decays to scalars. The amplitudes for the first two diagrams in figure 5.9, are

given as:

M1 = ū[−p2]iγµ(gV1
+ gA1

γ5)ǫµ[p3]
i 6 q
q2

iγνgV4
u[p1](i)

gαν

q′2

iE
φφ

4
(p4 − p5)α, (5.8)

M2 =

3
∑

i=1

ū[−p2]iγµ(gV1
+ gA1

γ5)ǫµ[p3]
i 6 q
q2

iγν(gVi
+ gAi

γ5)u[p1]

(i)
gαν − q′νq′α

M2
i

q′2 − M2
i
+ iMiΓi

iE
φφ

i
(p4 − p5)α, (5.9)

where q = p2 − p3, q′ = p4 + p5 and coefficients E
φφ

i
are given in table 5.7.

The amplitudes for diagrams 3 and 4 in figure 5.9, are given as:

M3 = ū[−p2]iγµ(gV4
)
igµν

q2
iE
φφ

4
(p4 − p5)νγα(gV1

+ gA1
γ5)ǫα[p3]u[p1], (5.10)
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M4 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)i
gµν − q′µq′ν

M2
i

q′2 − M2
i
+ iMiΓi

iE
φφ

i
(p4 − p5)ν

i
6 q
q2

iγα(gV1
+ gA1

γ5)ǫα[p3]u[p1], (5.11)

where q = p1 − p3, q′ = p4 + p5 and coefficients E
φφ

i
are given in table 5.7.
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Figure 5.10: Differential cross section vs. EZ graphs for e+e− → ZLφ
+φ−, the variation of

differential cross section with respect to parameters s/s′ : 0.8/0.6, 0.8/0.7, 0.95/0.6, 0.5/0.1

for f = 1000GeV .

The rest of the amplitudes from 5 to 14 in figure 5.9 are s channel processes with q = p1 + p2.

The amplitudes 5 to 8 correspond to diagrams 5 to 8 in figure 5.9, where an electric charge is

carried by a W propagator. These sub processes are proportional to the couplings of a vector

with a charged scalar and a charged vector W j, where j = 1, 2 corresponds to WL and WH

respectively. Their amplitudes are given as:

M5 =

2
∑

j=1

ū[−p2]iγµ(gV4
)u[p1]

igµν

q2
(iB
φW

4 j
)gναi

gαβ − q′αq′β

M2
W j

q2 − M2
W j
+ iMW j

ΓW j

(iB
φW

1 j
)gβσǫ

σ[p3], (5.12)
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M6 =

2
∑

j=1

ū[−p2]iγµ(gV4
)u[p1]

igµν

q2
(iB
φW

4 j
)gναi

gαβ − q′αq′β

M2
W j

q2 − M2
W j
+ iMW j

ΓW j

(iB
φW

1 j
)gβσǫ

σ[p3], (5.13)

M7 =

3,2
∑

i, j=1,1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]i
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(iB
φW

i j
)gνα

gαβ − q′αq′β

M2
W j

q2 − M2
W j
+ iMW j

ΓW j

(iB
φW

1 j
)gβσǫ

σ[p3], (5.14)

M8 =

3,2
∑

i, j=1,1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]i
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(iB
φW

i j
)gνα

gαβ − q′αq′β

M2
W j

q2 − M2
W j
+ iMW j

ΓW j

(iB
φW

1 j
)gβσǫ

σ[p3], (5.15)

where B
φW

i j
are given in table 5.8, and q′ = q − p5 for amplitudes 6 and 8 and q′ = q − p4 for

5 and 7.

The diagrams 9 to 12 in figure 5.9, corresponding to amplitudes 9 to 12, have a heavy scalar

as a propagator, and are proportional to the square of the couplings of two vectors with a

charged scalar. These amplitudes are given as:

M9 = ū[−p2]iγµgV4
u[p1]i

gµν

q2
iE
φφ

4
(p4 − q′)ν

i

q′2 − Mφ2

iE
φφ

1
(−q′ − p3)σǫ

σ[p3], (5.16)

M10 = ū[−p2]iγµgV4
u[p1]i

gµν

q2
iE
φφ

4
(p5 + q′)ν

i

q′2 − Mφ2

iE
φφ

1
(−q′ − p3)σǫ

σ[p3], (5.17)
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M11 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]i
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(iE
φφ

i
)(p4 − q′)ν

i

q′2 − M2
φ

(iE
φφ

1
)(−q′ − p3)σǫ

σ[p3], (5.18)

M12 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]i
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(iE
φφ

i
)(p5 + q′)ν

i

q′2 − M2
φ

(iE
φφ

1
)(−q′ − p3)σǫ

σ[p3], (5.19)

where E
φφ

i
are given in table 5.7, and q′ = q − p5 for amplitudes 10 and 12 and q′ = q − p4

for 9 and 11.

The rest of the diagrams in figure 5.9 are sub processes in which the four point couplings of

vectors and scalars contribute. Their amplitudes are given as:

M13 = ū[−p2]iγµgV4
u[p1]i

igµν

q2
iC
φφ

41
gνσǫ

σ[p3], (5.20)

M14 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]i
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(iC
φφ

i1
)gναǫ

α[p3], (5.21)

where C
φφ

i j
are four point couplings given in table 5.6.

For the double production of single charged heavy scalars associated with ZL , the differ-

ential cross sections versus energy of the ZL boson graphs for different values of mixing

angle parameters s/s′ for symmetry breaking scale f = 1TeV at total center of mass energy
√

S = 3TeV appropriate for CLIC are presented in figure 5.10. The total cross sections for

these process for parameters s/s′ = 0.8/0.6, 0.8/0.7, 0.95/0.6, 0.5/0.1 are given in table 5.9,

and also total cross section versus
√

S graph for this process is presented in figure 5.13, in

comparison with other scalar production channels. The differential cross section gets its max-

imum value of about 10−4 pb

GeV
for s/s′ = 0.5/0.1, corresponding to a remarkable cross section

of 5.9 × 10−2 pb, resulting in thousands of productions per year at high integrated luminosity
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Table 5.9: The total cross sections in pb for double production of single charged scalars

associated with ZL for f = 1TeV and at
√

S = 3TeV .

s/s′ σZLφ+φ−

0.8/0.6 4.2 10−5

0.8/0.7 3.1 10−5

0.95/0.6 4.3 10−5

0.5/0.1 5.9 10−2

of 100 f b−1, but this parameter set is not allowed for low symmetry breaking scales f = 1TeV

by electroweak precision data. So to search this parameter space the center of mass energy

should be increased for parameter space f > 3TeV , where the parameters are less restricted.

For parameters s/s′ = 0.8/0.6, 0.8/0.7, 0.95/0.6, the peak values of differential cross sections

are obtained at the order of 10−7 pb

GeV
for low EZ values, EZ ∼ 100GeV . The total cross section

is calculated as 4×10−5 pb. This result implies 1 ∼ 10 events per year accessible for a collider

luminosity of 100 f b−1.

The lepton number violating signals in the final state will be at the order of one event per year,

for high values of lepton mixing Yukawa couplings Y, Y ′. The final signals are two leptons of

same or different families and missing energy of neutrinos.

5.2.2 e+e− → ZLφ
++φ−−

The littlest Higgs model has global symmetry breaking by nonlinear sigma model resulting

in 14 Goldstone bosons among which a doublet and a triplet remain physical and gain mass

through Coleman Weinberg potential. The doublet is assigned as SM Higgs doublet and the

triplet contains the new scalars and the pseudo scalar of the model. Since the triplet carries

hypercharge 1 under electroweak group, it has charged components.

This feature results in one of the most interesting aspect of the littlest Higgs model; the ex-

istence of double charged heavy scalars φ±± and their lepton number violating decay modes.

These double charged scalars have three point interaction vertices with vector bosons given in
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table 5.11, and four point interaction vertices with vectors given in table 5.10. The couplings

of these vertices strongly depend on the littlest Higgs parameter set f , s, s′.

In this section the associated production of double charged scalars in e+e− → ZLφ
++φ−−

channel is analyzed. In this model, φ++ has decay modes to charged vectors W+
L

W+
L

and also to

leptons l+
i

l+
j

proportional to squares of the values of the Yukawa couplings (Yi j); |Y2| for same

families and |Y ′2| for different lepton families when lepton violating modes are considered.

Hence this channel provides very interesting final signals for φ±± discovery, and four leptons

at the final step violating lepton flavor, such as lilil
+
j
l+

j
, lil jl

+
j
l+

j
and lilil

+
i

l+
j
. The final state

lil jl
+
i

l+
j

in this channel also proceeds through a lepton flavor violating process but does not

give violation signals.

The Feynman diagrams contributing to this process are given in figure 5.12.

Table 5.10: The four point Feynman rules for φ++φ−−ViV j vertices. Their couplings are given

in the form iC
′φφ
i j

gµν where gµν carries the Lorentz indices of vectors.

i/j vertices iC
′φφ
i j

gµν

1/1 φ++φ−−ZLZL 2i
g2

c2
w

(1 − 2s2
w)2gµν

2/1 φ++φ−−ZHZL 2i
g2

cw

(c2−s2)
2sc

(1 − 2s2
w)gµν

3/1 φ++φ−−AHZL −2i
gg′

cw

(c′2−s′2)
2s′c′ (1 − 2s2

w)gµν

4/1 φ++φ−−ALZL 4ie
g

cw
(1 − 2s2

w)gµν

43



Table 5.11: The three point interaction vertices for φ++(p1)φ−−(p2)Vi vertices. Their cou-

plings are given in the form iE
′φφ
i

Pµ, where Pµ = (p1 − p2)µ is the difference of outgoing

momentum of the scalars.

i/j vertices iE
′φφ
i

Pµ

1 φ++φ−−ZL −i
g

cw

(

1 − 2s2
w

)

(p1 − p2)µ

2 φ++φ−−ZH ig
(c2−s2)

2sc
(p1 − p2)µ

3 φ++φ−−AH ig′ (c′2−s′2)
2s′c′ (p1 − p2)µ

4 φ++φ−−AL −2ie(p1 − p2)µ
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Figure 5.11: Differential cross section vs. EZ graphs for e+e− → ZLφ
++φ−−, the variation of

differential cross section with respect to parameters s/s′ : 0.8/0.6, 0.8/0.7, 0.95/0.6, 0.5/0.1

for f = 1000GeV .
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Figure 5.12: Feynman diagrams contributing to e+e− → ZLφ
++φ−− in littlest Higgs model
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In this process the double charged couple is generated by the decay of the neutral scalars at

the s channel. The charged vectors Wi do not contribute to this process because our final

state does not allow these type couplings. The Feynman diagrams contributing to the process

e+e− → φ++φ−−ZL are given in figure 5.12. The amplitudes for the first two diagrams in

figure 5.12 are written as:

M1 = ū[−p2]iγµ(gV1
+ gA1

γ5)ǫµ[p3]
i 6 q
q2

iγνgV4
u[p1](i)

gαν

q′2

iE
′φφ
4

(p4 − p5)α, (5.22)

M2 =

3
∑

i=1

ū[−p2]iγµ(gV1
+ gA1

γ5)ǫµ[p3]
i 6 q
q2

iγν(gVi
+ gAi

γ5)u[p1]

(i)
gαν − q′νq′α

M2
i

q′2 − M2
i
+ iMiΓi

iE
′φφ
i

(p4 − p5)α, (5.23)

where q = p1 − q and q′ = p2 − p3, and the vertex factors E
′φφ
i

are given in table 5.11.

The amplitudes for diagrams 3 and 4 in figure 5.12 are given by:

M3 = ū[−p2]iγµ(gV4
)
igµν

q2
iE
′φφ
4

(p4 − p5)νγα(gV1
+ gA1

γ5)ǫα[p3]u[p1], (5.24)

M4 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)i
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iE
′φφ
i

(p4 − p5)ν

i
6 q
q2

iγα(gV1
+ gA1

γ5)ǫα[p3]u[p1], (5.25)

where q = p1 − p3 and q′ = p2 − q, and the vertex factors E
′φφ
i

are given in table 5.11.

The diagrams 5 to 8 in figure 5.12 corresponds to sub processes in which double electric

charge is mediated by a double charged scalar, so they will have a double charged scalar

propagator. The amplitudes for these diagrams are given by:

M5 = ū[−p2]iγµgV4
u[p1]i

igµν

q2
iE
′φφ
4

(p5 + q′)ν
i

q′2 − Mφ2

iE
′φφ
1

(−q′ − p3)σǫ
σ[p3], (5.26)
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M6 = ū[−p2]iγµgV4
u[p1]i

igµν

q2
iE
′φφ
4

(p4 − q′)ν
i

q′2 − Mφ2

iE
′φφ
1

(−q′ − p3)σǫ
σ[p3], (5.27)

M7 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]i
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(iE
′φφ
i

)(p5 + q′)ν
i

q′2 − M2
φ

(iE
′φφ
1

)(−q′ − p3)σǫ
σ[p3], (5.28)

M8 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]i
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(iE
′φφ
i

)(p4 − q′)ν
i

q′2 − M2
φ

(iE
′φφ
1

)(−q′ − p3)σǫ
σ[p3], (5.29)

where q = p1 + p2 , q′ = q − p4 for diagrams 5 and 7 and q′ = q − p5 for diagrams 6 and 8.

The last two diagrams in figure 5.12 correspond to the contributions coming from four point

interactions of vectors and double charged scalars. These amplitudes are given by:

M9 = ū[−p2]iγµgV4
u[p1]i

igµν

q2
iC
′φφ
41

gνσǫ
σ[p3], (5.30)

where.

M10 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]i

gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(iC
′φφ
i1

)gναǫ
α[p3], (5.31)

where q = p1 + p2 and C
′φφ
i j

are four point couplings given in table 5.10.

The differential cross sections for the double associated production of double charged scalars

associated with ZL are examined in this section, and their plots with respect to EZ are given in

figure 5.11 for different value of mixing angles at
√

S = 3TeV , for symmetry breaking scale

f = 1TeV . The total cross section of this production process is plotted in figure 5.13 with
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Figure 5.13: Total cross section vs.
√

S graphs for double associated production of neutral

and charged scalars with parameters f /s/s′ : 1000GeV/0.8/0.6.

respect to center of mass energy, and the numerical values of total cross sections are given

in table 5.12 for parameters of interest. It is seen from figures 5.13 and 5.11 that the process

is not sensitive to gauge boson resonances since they are out of the energy reach, due to the

heavy mass of scalars presented in table 4.2.

The differential cross section of the production process reaches its maximum value of 10−4 pb

GeV

for model parameters s/s′ = 0.5/0.1 for EZ ∼ 100GeV . For this parameters the total cross

section is 8.4 × 10−2 pb. This will give about 8000 events per year for high luminosities such

as 100 f b−1, and also at least ten events for very low luminosities such as 10pb−1. But to get

this remarkable number of events(see Fig. 5.14), the total energy of the colliders should be

increased to cover f > 3TeV for this production process, since s/s′ = 0.5/0.1 is out favored

by electroweak precision data for f = 1TeV .

For the electroweak allowed parameters s/s′ = 0.8/0.6, 0.8/0.7, 0.95/0.6 for f = 1TeV at
√

S = 3TeV , the differential cross section gets lower values at the order of 10−7 pb

GeV
. The

resulting cross sections are calculated by integrating over EZ , and found to be about 4 ∼

8 × 10−4 pb (table 5.12) resulting in 40 ∼ 80 events per year for integrated luminosity of
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100 f b−1. For
√

S < 3TeV , this production channel is not reachable.
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Figure 5.14: Total cross section vs.
√

S graphs for ZL associated pair production of charged

scalars at (left) f = 2.5TeV , and at (right) f = 3.5TeV when parameters s/s′ : 0.8/0.7.

This channel is free of SM backgrounds due to lepton number violating decays of doubly

charged scalar at the final state. If the lepton mixing term in the Yukawa Lagrangian is con-

sidered, the most interesting decay mode of double charged scalar is to leptons, violating

lepton number by two. The total number of lepton number violating final states in this chan-

nel depends on the branching ratio of the leptonic decays of doubly charged scalar (equation

4.4). The decays into final states from same lepton family is dependant on the Yukawa cou-

pling Y , and to different lepton families to Y ′. Since the values of Y ′ are expected to be small,

and Y can get values up to order one, the most promising final state for observing lepton

number violation in this process will be lilil
+
j
l+

j
plus reconstructed ZL; four leptons violating

lepton flavor by four.

For f = 1TeV the leptonic branching ratio of double charged scalars can reach values close

to 1 for Y → 1, independent from Y ′. If the value of the Yukawa coupling Y is high enough,

the number of final state lepton number violating signal can reach 50 events per year, which

can be directly detected free from background.

Finally, the behavior of the production processes for higher values of f is also analyzed. The

dependence total cross section on
√

S when s/s′ = 0.8/0.7 for f = 2.5TeV, 3.5TeV, 5TeV

are plotted in figures 5.14(left), 5.14(right) and 5.15(left), respectively. It is seen that the
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Figure 5.15: Total cross section vs.
√

S graphs for ZL associated pair production of charged

scalars at f = 5TeV when parameters (left)s/s′ : 0.8/0.7 and (right)s/s′ : 0.6/0.4.

maximum value of total cross sections, production rates and final lepton flavor violating sig-

nals for these f values for both processes remain same, but the required energy is shifted

to
√

S = 3.8TeV(5.5TeV){7.5TeV} for f = 2.5TeV(3.5TeV){5TeV}, due to the increase in

heavy scalar masses. For f = 5TeV , we have also analyzed the case s/s′ = 0.6/0.4, since

the parameters are less constrained. The dependence of total cross sections for associated

production of both single and doubly charged pairs are plotted in figure 5.15(right). It is seen

that the total cross sections are increased by order one. For the single charged pair, the pro-

duction cross section is calculated as 0.9 f b for
√

S & 10TeV , resulting in 90 production

Table 5.12: The total cross sections in pb for double production of doubly charged scalars

associated with ZL for f = 1TeV and at
√

S = 3TeV .

s/s′ σZLφ++φ−−

0.8/0.6 4.8 10−4

0.8/0.7 4.4 10−4

0.95/0.6 7.8 10−4

0.5/0.1 8.4 10−2
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events for luminosities of the order of 100 f b−1. For the double charged scalar pair, the total

cross section is 5 ∼ 9 f b for
√

S & 10TeV , giving 500 ∼ 900 productions at luminosities

100 f b−1. In this case the final number of four lepton signals (lilil
+
i

l+
j
) will be around 600 for

higher values of Yukawa coupling (Y ∼ 1). If the values of Yukawa coupling is smaller, in

the region 0.1 ≤ Y ≤ 0.3, the double charged pair will decay into semi leptonic modes, such

as W+
L

W+
L

lili, resulting in 200 ∼ 400 signals accessible for luminosities of 100 f b−1. Finally,

if the energy of the colliders can be increased to cover the region f > 3TeV where the pa-

rameters are less constrained, the total number of lepton number violation events per year can

reach up to thousands for Y close to one. In this case for even low Y values, the lepton number

violations can be observed.
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5.3 The ZL Associated Production of Higgs Boson in the Littlest Higgs Model

In this section the production of SM Higgs boson within ZL via e+e− → ZLH and e+e− →

ZLHH processes at high energy electron colliders is discussed in the framework of littlest

Higgs model. These production processes are in the reach for both ILC (
√

S = 1TeV) and

CLIC (
√

S = 3TeV), since the final state masses are light compared to the new heavy scalars

of the littlest Higgs model. Due to the heavy vector propagations in these processes, the

productions will be sensitive to the effects of the littlest Higgs model.

5.3.1 e+e− → ZLH

e

ē

ZL(q)
ZL(p3)

H(p4)

SM

e

ē

Vi(q) : (ZL, ZH , AH) ZL(p3)

H(p4)

L.H.

Figure 5.16: Feynman diagram contributing e+e− → ZLH, SM (right) and littlest Higgs

model(right).

In standard model the single associated production of Higgs boson associated with ZL occurs

via emitting by a Higgs boson from ZL in the s channel. The Feynman diagram for this process

is given in figure 5.16, and the corresponding amplitude is given by:

M = ū[−p2]iγµ(gV + gAγ5)u[p1](−i)

gµν − qµqν

M2
ZL

q2 − M2
ZL
+ iΓZL

i
gMZL

cW

gναǫ
α[p3] , (5.32)

where gA =
−g

2cW
(−1/2 + s2

W
), gV =

−g

4cW
and q = p1 + p2.

In littlest Higgs model, this process receives contributions from other heavy neutral scalars

propagating (fig.5.16 (right)). The amplitude for this process is the sum of the contributions

from all sub processes and is given by:
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Table 5.13: The Feynman rules for three point ZLHH and four point ZLZLHH vertices in SM

.

λZZHH
ig2gµν

2c2
W

λZHH
ig2vgµν

2c2
W

M =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

(i)BH
i1gναǫ

α[p3] , (5.33)

where q = p1 + p2, and BH
i j

are couplings given in table 5.14.
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Figure 5.17: For e+e− → ZLH total cross section(pb) vs.
√

S (GeV) graphs, variations with

respect to s/s′ for f = 2460GeV(left), and for f = 1000GeV(right).

For the process e+e− → ZLH the total cross section in the framework of littlest Higgs model

is examined. In SM, the cross section of the process is about 0.48pb at
√

S = 250GeV . For

the littlest Higgs model total cross section versus energy graphs are presented in figure 5.17,

for symmetry breaking scales f = 1000GeV and for f = 2460GeV , for electroweak allowed

parameter sets of s/s′. For low
√

S values, total cross section calculated in the littlest Higgs

model is slightly below the SM values. But for
√

S > 400GeV for f = 1000GeV , and for
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Table 5.14: The three point Feynman rules for HViV j vertices. Their couplings are given in

the form igµνB
H
i j

where gµν carries the Lorentz indices of vectors.

i/j vertices iBH
i j

gµν

1/1 HZLZL
i
2

g2

c2
w

vgµν

(

1 − v2

3 f 2 − 1
2

s2
0
+ 4
√

2s0
v′

v

− 1
2

(

(c2 − s2)2 + 5(c′2 − s′2)2
)

v2

f 2

)

2/2 HZHZH − i
2g2vgµν

1/2 HZLZH − i
2

g2

cw

(c2−s2)
2sc

vgµν

2/3 HZHAH − i
4gg′ (c2s′2+s2c′2)

scs′c′ vgµν

1/3 HZLAH − i
2

gg′

cw

(c′2−s′2)
2s′c′ vgµν

3/3 HAHAH − i
2g′2vgµν

√
S > 1TeV for f = 2460GeV , the contributions from littlest Higgs gets larger, while the

value of the cross section for SM gets very small. This is due to the gauge boson resonances

corresponding to the mass of ZH .

For f = 2460GeV , at s/s′ = 0.5/0.1 highest values of cross sections are achieved for this

process at the order of 10pb, but this set is not allowed by electroweak observable tests.

For values s/s′ = 0.8/0.6, there appears a resonance in the cross section at
√

S = 1.5TeV

corresponding to the ZH resonance for MZH
≃ 1.6TeV given in table 4.2, reaching to a value

of 1pb. For 0.95/0.6 this resonance occurs at
√

S ≃ 2.5TeV widely due to larger decay width

of heavy ZH.

For f = 1TeV the peak value of cross section at the order of 1pb is reached at
√

S = 700GeV ,

hitting the heavy ZH pole for parameters s/s′ = 0.8/0.6. The resonance for parameters s/s′ =

0.95/0.6 and s/s′ = 0.5/0.1 appears at
√

S = 1TeV at a peak value of 0.5pb.

It is seen that for this process the total number of production events will reach up to 105 events

per year at high luminosities such as 100 f b−1. Even at ILC the effects of the littlest Higgs

model can be observed for low symmetry breaking scale values.

If the Higgs boson is observed at LHC, this production channel will determine the mass of ZH

by reconstructing the invariant mass of ZLH pair. If the mass of ZH is determined at the LHC,
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the results obtained from this channel will determine the parameter space of littlest Higgs

model.

5.3.2 e+e− → ZLHH
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H(p4)

q′

e

ē

ZL(q)

(4)

ZL(p3)

H(p5)

H(p4)
q′

Figure 5.18: Feynman diagrams contributing to e+e− → ZLHH in SM

In standard model, double production of Higgs boson associated with ZL has contributions

from four point ZLZLHH vertex, from three point ZLZLH vertex and also from three point

HHH vertex and the Feynman diagrams contributing to this process are given in figure 5.18.

The amplitude corresponding to first diagram in figure 5.18 is given by:

M1 = ū[−p2]iγµ(gV + gAγ5)u[p1](−i)

gµν − qµqν

M2
ZL

q2 − M2
ZL
+ iΓZL

iλZZHHgναǫ
α[p3] . (5.34)

The amplitude corresponding to second and third diagrams in figure 5.18 are given by:
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M2 = ū[−p2]iγµ(gV + gAγ5)u[p1](−i)

gµν − qµqν

M2
ZL

q2 − M2
ZL
+ iΓZL

iλZZHgνα

(−i)

gαβ − q′αq′β

M2
ZL

q′2 − M2
ZL
+ iΓZL

iλZZHgβσǫ
σ[p3] , (5.35)

M3 = ū[−p2]iγµ(gV + gAγ5)u[p1](−i)

gµν − qµqν

M2
ZL

q2 − M2
ZL
+ iΓZL

iλZZHgνα

(−i)

gαβ − q′αq′β

M2
ZL

q′2 − M2
ZL
+ iΓZL

iλZZHgβσǫ
σ[p3] , (5.36)

where q′ = q − p4 for diagram 3 and q′ = q − p5 for diagram 2.

The amplitude corresponding to last diagram in figure 5.18 is given by:

M4 = ū[p2]iγµ(gV + gAγ5)(−i)

gµν − qµqν

M2
ZL

q2 − M2
ZL
+ iΓZL

iλZZHgνα(−i)ǫα[p3]
i

q′2 − M2
H

iλHHH , (5.37)

where q′ = p4 + p5. For all these four amplitudes q = p1 + p2 and the SM couplings λZZH ,

λZZHH and λHHH are given in tables 5.13 and 5.16.
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Figure 5.19: Feynman diagrams contributing to e+e− → ZLHH in littlest Higgs model.
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Table 5.15: The four point Feynman rules for HHViZL vertices. Their couplings are given in

the form iCigµν.

i vertices Ci

1 HHZLZL
i
2

g2

c2
w

gµν + O(v2/ f 2)

2 HHZHZL − i
2

g2

cw

(c2−s2)
2sc

gµν

3 HHAHZL − i
2

gg′

cw

(c′2−s′2)
2s′c′ gµν

4 HHALZL 0

Table 5.16: The three point Feynman rules for HHH vertices for SM (λHHH) and littlest Higgs

model (λ′
HHH

).

λHHH
−i3M2

H

v

λ′
HHH

−i3M2
H

v
(1 − 11v2(4 f v′/v2)

4 f 2(1−(4 f v′/v2)2)
)

In littlest Higgs model, the double Higgs production associated by a ZL boson gets contribu-

tions from propagation of new neutral vectors besides ZL and also new pseudo scalar besides

H. The Feynman diagrams contributing to this production process are given in figure 5.19.

The amplitude corresponding to first diagram in figure 5.19 is due to four point couplings of

vectors and Higgs bosons and given by:

M1 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iCig
ναǫα[p3], (5.38)

where Ci is the vertex factor for ZLViHH given in table 5.15 and i = 1, 2, 3.

The amplitudes for the second and third Feynman diagrams in figure 5.19 are given by:
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Figure 5.20: For e+e− → ZLHH differential cross section vs. EZ graphs, variation with respect

to the littlest Higgs model parameters s/s′ for f = 2460GeV(left) and f = 1000GeV(right) at√
S = 1TeV .

M2 =

3,3
∑

i, j=1,1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iBH
i jg
να

(−i)

gβα − q′αq′β

M2
j

q′2 − M2
j
+ iM jΓ j

iBH
1 jg
βσǫσ[p3], (5.39)

where BH
i j

is the vertex factor for ViV jH and q′ = q− p5. M3 = M2 with replacing q′ = q− p4.

The amplitudes for diagrams 4and5 in figure 5.19 are due to contributions from the propaga-

tion of pseudo scalar φP and they are given by:

M4 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

i(EP
i1Pν)

−i

q′2 − M2
φ

(EP
11P′σ)ǫσ[p3], (5.40)

where EP
i1

and EP
11

are the vertex factors of ViHφ
P and ZLHφP respectively given in table 5.5,

and Pν = (pH − pφP)ν = (p5 − q′)ν and P′ = p4 + q′. M5 can be obtained by exchanging p4

and p5.

The amplitude for the last diagram in figure 5.19 is given by:

59



M6 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

i(BH
i1)gναǫ

α[p3]
−i

q′′2 − M2
H

(iλ′HHH), (5.41)

where BH
i1

is the vertex factor for ZLHVi and λ′
HHH

for HHH given in tables 5.14 and5.16.
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Figure 5.21: Total cross section vs.
√

S graph for e+e− → ZLHH, for SM and littlest Higgs

model for parameters f /s/s′ : 2460GeV/0.8/0.6(left), same graph for low f value f /s/s′ :

1000GeV/0.8/0.6(right).

For the production of two Higgs boson within ZL, the differential cross sections of the pro-

cess, the total cross sections of the process and their dependence on the littlest Higgs model

parameters are examined. The differential cross sections are plotted with respect to energy of

the ZL boson for f = 1TeV and f = 2.46TeV at center of mass energy
√

S = 1TeV , and

presented in figure 5.20 for SM and also for different values of parameters s/s′. The total

cross sections of the process for f = 1TeV and f = 2.46TeV are plotted with the SM total

cross sections in figure 5.21.

As in the case of process e+e− → ZLH, the differential cross sections for f = 2460GeV and

s/s′ being in the range of electroweak observables is slightly smaller in littlest Higgs model

than SM values for low energies of ZL (EZ ≤ 220GeV). For higher energies of ZL the littlest

Higgs model contributions dominates the process.

For symmetry breaking scale f = 2460GeV , the differential cross section reaches a max-
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imum value of order 10−6 pb

GeV
at EZL

≃ 460GeV for parameters s/s′ = 0.95/0.6, 0.8/0.6.

For f = 1TeV the differential cross section is maximum within the parameter space allowed

by electroweak data, with a peak value of 5 × 10−6 pb

GeV
for EZL

≃ 460GeV for parameters

s/s′ = 0.95/0.6. For mixing angles s/s′ = 0.8/0.6 the differential cross section is maximum

at EZL
≃ 460GeV with a value of 10−6 pb

GeV
. It is seen from figure 5.20 that this channel is

sensitive to littlest Higgs model effects, since the difference in the differential cross section of

the SM and the littlest Higgs model is in the range ±%30 in the parameter space allowed by

the electroweak precision data.

The total cross section of the process is calculated by integrating out EZ for symmetry break-

ing scales f = 1TeV and f = 2.46TeV at s/s′ = 0.8/0.6. For f = 2.46TeV the total

cross section has a maximum at
√

S = 0.5TeV with a value of 1.5 × 10−4 pb below the SM

value of the total cross section which is 1.8 × 10−4 pb. The littlest Higgs model dominates for
√

S > 0.8TeV while the value for SM decreases. For f = 1TeV the total cross section for the

littlest Higgs model dominates the production process. At
√

S ≃ 0.6TeV , the littlest Higgs

model value of cross section gets a resonance from ZH pole with a value of 10−2 pb which is

two orders higher than the SM value. This will give thousands of events per year observable

at ILC and CLIC.
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5.4 Production of Higgs Boson Associated with New Neutral Scalars of Littlest

Higgs Model

5.4.1 e+e− → ZLHφ0

In this section the production of new heavy scalar, φ0, standard model Higgs scalar and ZL is

investigated. The Feynman diagrams contributing to the production of Higgs and heavy scalar

associated with ZL are given in figure 5.22.
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ē

Vi(q)

(3)
ZL(p3)

H(p5)

φ0(p4)
Vj(q

′′)

(Vi, Vj : ZL, ZH , AH)

e

ē
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Figure 5.22: Feynman diagrams contributing to e+e− → ZLHφ0 in littlest Higgs model.

The amplitude for the first diagram in figure 5.22 is given by:

M1 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iC
Hφ

i1
gναǫα[p3], (5.42)

where iC
Hφ

i1
gµν is the vertex factor of ViZLHφ0 given in table 5.18.

The amplitude for the second diagram in figure 5.22 is given by:
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Table 5.17: The total cross sections in pb for production of neutral scalars associated with

Higgs boson and ZL for f = 1TeV and at
√

S = 2TeV .

s/s′ σZLHφ0 σZLHφP

0.8/0.6 3.4 10−3 6.8 10−7

0.95/0.6 3.0 10−3 8.9 10−7

0.5/0.1 1.8 3.5 10−4

M2 =

3,3
∑

i, j=1,1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

i(B
φ

i j
)gναi

gαβ − q′αq′β

M2
j

q2 − M2
j
+ iM jΓ j

(i(BH
1 j))gβσǫ

σ[p3], (5.43)

where iB
φ

i j
gµν and iBH

1 j
gµν are the vertex factors of ViV jφ

0 and V jHZL respectively given in

tables 5.3 and5.14, and q′ = q − p5.

The amplitude for the third diagram in figure 5.22 is given by:

M3 =

3,3
∑

i, j=1,1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

i(BH
i j )g
ναi

gαβ − q′′αq′′β

M2
j

q2 − M2
j
+ iM jΓ j

(i(B1 j))gβσǫ
σ[p3], (5.44)

where iBH
i j

gµν and iB1 jgµν are the vertex factors of ViV jH and V jφ
0ZL respectively given in

tables 5.14 and 5.3, and q′′ = q − p4.

The amplitude for diagram 4 in figure 5.22 is given by:

M4 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iEP
i2

Pν
−i

q′2 − M2
φ

iEP
11Pαǫ

α[p3], (5.45)
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where iEP
i2

Pν and iEP
11

P′ν are vertex factors of Viφ
Pφ0 and φPHZL respectively given in table

5.5 and P = p5 + q′.

The amplitude for diagram 5 in figure 5.22 is given by:

M5 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1](−i)
gµν − qµqν

M2
i

q2 − M2
i
+ iMiΓi

iEP
i1Pν

−i

q′′2 − M2
φ

iEP
12Pαǫ

α[p3], (5.46)

where iEP
i1

Pν and iEP
12

P′α are vertex factors of Viφ
PH and φPφ0ZL respectively given in table

5.5, and P′ = p4 + q′′.

Table 5.18: The four point Feynman rules for Hφ0ViV j vertices. Their couplings are given in

the form iC
Hφ0

i j
gµν.

i/j vertices iC
Hφ0

i j
gµν

1/1 Hφ0ZLZL
3i
2

g2

c2
w

s0gµν

1/2 Hφ0ZHZL − 3i
2

g2

cw

(c2−s2)
2sc

s0gµν

1/3 Hφ0AHZL − 3i
2

gg′

cw

(c′2−s′2)
2s′c′ s0gµν

1/4 Hφ0ALZL 0

For this process the differential cross sections with respect to energy of the ZL boson for

different values of s/s′ are plotted in figure 5.23 at
√

S = 2TeV for symmetry breaking scale

f = 1TeV and mass of the Higgs boson is MH = 120GeV . The total cross sections for this

process for the parameters of interest are presented in table 5.17. For the parameters s/s′ =

0.5/0.1 the differential cross section is maximum at the order of 10−3 pb

GeV
for EZL

> 200GeV .

The corresponding cross section is found as 1.8pb.

For the values of mixing parameters s/s′ = 0.8/0.6, 0.8/0.7, 0.95/0.6, the differential cross

section have nearly same behavior for EZL
> 180GeV with a constant value of 5 × 10−6 pb

GeV

up to cut off determined by the kinematical constraints. The corresponding total cross section

for these parameters sets are at the order of 3 × 10−3 pb.
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Figure 5.23: Differential cross section vs. EZ graph for e+e− → ZLφ
0H, variations with

respect to s/s′ for f = 1000GeV at
√

S = 2000GeV .

These results imply that for electroweak allowed parameters up to hundreds of events can be

produced per year at
√

S = 2GeV . For parameters s/s′ = 0.5/0.1 the number of events will

be around 105 events per year, but this number can only be reached if the symmetry breaking

scale is high enough to cover this parameter set, and the energy of the colliders should be high

enough to cover region f > 3TeV .

In the final state this channel will provide signals such as ZLHHH for the dominant decay

of neutral scalar to Higgs couple. If the lepton number violating Yukawa coupling is high

enough Y ≃ 1, the dominant decay of φ0 will be to neutrinos such as; νiν j + ν̄iν̄ j. This will

result in a signal of huge missing energy of the order of scalar mass.

5.4.2 e+e− → ZLHφP

In this section the production of heavy pseudo scalar φP associated with standard model Higgs

boson and heavy vector ZL is analyzed. The production occurs due to the three point vector

Higgs pseudo scalar vertices in the littlest Higgs model. Since the values of these couplings
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are quite low, the final production rates are expected to be small.

e

ē

ZL(p3)

H(p4)

φP (p5)
Vi(q

′)

(q)

(Vi : ZL, ZH , AH)

Figure 5.24: Feynman diagrams contributing to e+e− → ZLHφP in the littlest Higgsmodel.

The Feynman diagram contributing to process e+e− → ZLHφP is given in figure 5.24 (right),

and the corresponding amplitude is given by:

M =

3
∑

i=1

ū[−p2]iγµ(gV1
+ gA1

γ5)ǫµ[p3]
6 q

q2
iγν(gVi

+ gAi
γ5)u[p1]

gνα − q′αqν

M2
i

q′2 − M2
i
+ iMiΓi

iEP
i1Pα, (5.47)

where iEP
i1

Pµ is the vertex factor of ViHφ
P given in figure 5.5 and P = q − q′.

For this production process the differential cross sections are plotted with respect to energy of

the ZL boson and presented in figure 5.25. The values of total cross sections for the parameters

of interest for symmetry breaking scale f = 1TeV are given in table 5.17. It is seen that even

for s/s′ = 0.5/0.1, the differential cross section is at the order of 10−7 pb

GeV
corresponding to

the cross section of 3.5 × 10−4 pb. For values of s/s′ allowed by electroweak precision data,

the total cross section is only at the order of 10−7 pb. This results implies that this production

channel is out of reach for near future electron colliders.
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respect to s/s′ for f = 1000GeV at
√

S = 2TeV .
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CHAPTER 6

DIRECT PRODUCTION OF SCALARS AT e+e− COLLIDERS

In this section, the direct production of scalars without a vector in electron colliders is ana-

lyzed. In the littlest Higgs model, the direct productions of all scalars are not allowed at e+e−

collisions at tree level. The only possible productions are; HφP, φ0φP and the double pro-

ductions of charged scalars. These production processes are due to existence of vector scalar

vertices.

In the littlest Higgs model the neutral scalar and pseudo scalar φ0 and φP behaves similar,

having same masses, same decay modes and decay widths. One way to distinguish them

experimentally is observing φP with H since H associated production of φ0 is not allowed in

the model. The direct production of charged scalars is also important, because they provide

direct lepton number and flavor violating signals free from any backgrounds.

6.1 Neutral scalars

6.1.1 e+e− → HφP

In the littlest Higgs model the direct production of φPH couple is significant because it will

provide signals to distinguish φP from φ0 . It will be presented here that, for low symme-

try breaking scales this channel would be accessible even for ILC. The Feynman diagrams

contributing to this process are presented in figure 6.1.

The amplitude corresponding to Feynman diagram in figure 6.1 contributing to Higgs associ-

ated φP production at the s channel is written as:
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e

ē
Vi(q) : ZH , ZL, ZH , (AL)

S1(p3)

S2(p4)

Vi(q)

Figure 6.1: Feynman diagrams contributing to e+e− → S 1S 2 processes in littlest Higgs model.

S 1 − S 2 : H −φP, φ0 −φP, φ+ −φ−, φ++ −φ−− and AL contributes to charged productions only.

M =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]

i

gµα − qαqµ

M2
i

q2 − M2
i
+ iMiΓi

iEP
i1Pα, (6.1)

where iEP
i1

Pµ is the vertex factor of ViHφ
P given in figure 5.5 and P = p3 − p4.

For this process, total cross section versus energy graphs are presented in 6.2 for f = 1TeV .

Production process is significant even for low energies such as
√

S = 0.9 ∼ 1TeV accessible

for ILC. For parameters s/s′ = 0.8/0.6, the cross section receives a maximum value of 10−4 pb

resulting in 10 events per year. For parameters s/s′ = 0.8/0.7 the cross section exhibits a peak

due to heavy vector resonances at a value of 8 × 10−4 pb at
√

S = 1.1TeV . This will result

hundred of events produced per year accessible for both ILC and CLIC.

At the final state, the pseudo scalar will decay into neutrinos giving a high missing energy

accompanying the Higgs boson.

6.1.2 e+e− → φ0φP

In the littlest Higgs model the scalar φ0 and the pseudo scalar φP are degenerate in mass, and

their properties are similar. They can also be produced via e+e− → φ0φP process in electron

colliders. The Feynman diagrams contributing to this process are given in figure 6.1.
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Figure 6.2: Total cross section vs.
√

S graphs for e+e− → HφP, for parameters f = 1000GeV

and s/s′.

The amplitude corresponding to Feynman diagram in figure 6.1 contributing to φ0φP produc-

tion is written by:

M =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]

gµα − qαqµ

M2
i

q2 − M2
i
+ iMiΓi

iE′i Pα, (6.2)

where iE′
i
Pµ is the vertex factor of Viφ

0φP, P = p3 − p4, and E′
i
= EP

i2 are given in table 5.5.

The total cross section versus energy graphs for this production channel are presented in figure

6.3. For f = 1TeV and mixing angles s/s′ = 0.8/0.6, 0.95/0.6, the total cross section of the

process reaches up to 10−2 pb implying that there will be 100 ∼ 1000 production events per

year for luminosities 100 f b−1 at electron colliders at energies
√

S > 1.5TeV .

The lepton violating decay modes of pseudo scalar and scalar are the same as they decay into

neutrinos violating lepton number. But these violations cannot be observed at high energy

colliders, since the only signature they can leave is the missing energy.
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Figure 6.3: Total cross section vs.
√

S graphs for e+e− → φ0φP, for parameters f = 1000GeV

and s/s′.

If the lepton number violation is not considered, or Yukawa coupling Y is not sufficient to

produce violation signals, φ0 dominantly decays into HH pair and φP to ZH pair. However

the final state ZHHH is dominated by a high background from standard model, and even if

the Higgs is discovered and can be reconstructed, the final state analysis will be challenging.

6.2 Charged scalars

6.2.1 e+e− → φ+φ−

In the littlest Higgs model neutral gauge bosons, including photon, have three point interaction

vertices with charged scalars, enabling the production of charged scalars via e+e− → φ+φ−

process at electron colliders. These process is strongly dependent on the littlest Higgs model

parameter set f /s/s′ due to the vector single charged scalar couplings given in table 5.7.

The Feynman diagrams for s channel double production of single charged scalars are pre-

sented in figure 6.1. The amplitudes corresponding to these Feynman diagrams are written
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as:

M1 = ū[−p2]iγµgV4
u[p1](i)

gαµ

q2

iE
φφ

4
(p3 − p4)α, (6.3)

M2 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]

(i)
gαµ − qµqα

M2
i

q2 − M2
i
+ iMiΓi

iE
φφ

i
(p3 − p4)α, (6.4)

where q = p1 + p2 and coefficients E
φφ

i
are given in table 5.7 and M1 for the photon propa-

gating diagram.
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Figure 6.4: Total cross section vs.
√

S graphs for e+e− → φ+φ−, for parameters f = 1000GeV

and s/s′(left), and cross section vs. s(s′) graphs (right).

For this process the calculated cross sections are plotted in figure 6.4 with respect to center of

mass energy. The dependence of total cross section on model parameters s/s′ at f = 1TeV

are also presented in figure 6.4(right). It is seen that the change in the total cross section with

respect to s is significant. On the other hand, the total cross section is strongly dependent on

s′, increasing up to order to two orders f magnitude at f = 1TeV .
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Within the range of electroweak precision data, the direct production cross section gets a value

of 8 × 10−3 pb for s/s′ = 0.8/0.6, 0.95/0.6 and f = 1TeV for energies
√

S > 1.5TeV . This

will give up to 800 productions per year for luminosities of 100 f b−1. For higher values of

symmetry breaking scale parameter ( f > 1TeV), the production process is not accessible for

ILC and CLIC because of the kinematical constraints of high scalar mass.

At the final state, the lepton flavor violating signals of this channel will be l−
i
νil
+
j
ν̄ j, two leptons

of same or different families plus missing energy of the neutrinos. If the leptons are from same

generation such as e+e−, µ−µ+, the final state is not observed as a lepton number violating

signal, even if it occurs by violating lepton number. The promising final state signatures are

two leptons of different families plus missing energy, such as; e−µ+, µ−e+. The branching ratio

of such signals are calculated as 2
3 BR[Y]2, which is strongly dependent on Yukawa coupling

Y . For high values of Y → 1, this can give events up to a hundred lepton number violating

final signatures.

If the lepton number violation is not considered, or the value of Y is close to zero, the

charged couple of scalars will decay into SM vectors W±
L

ZL dominantly, giving a signal of

W+
L

ZLW−
L

ZL. At the final state the charged scalars can be reconstructed from W±
L

ZL invariant

mass distributions.

6.2.2 e+e− → φ++φ−−

In the littlest Higgs model, as a consequence of new scalar triplet, there exist double charged

scalars with interesting features. The existence of vector double charged scalar vertices in the

model enables the charged scalars produced via e+e− → φ++φ−− process in electron colliders.

The Feynman diagrams for s channel double production of double charged scalars are pre-

sented in figure 6.1. The amplitudes corresponding to these Feynman diagrams are written

as:

M1 = ū[−p2]iγµgV4
u[p1](i)

gαµ

q2

iE
′φφ
4

(p3 − p4)α, (6.5)
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M2 =

3
∑

i=1

ū[−p2]iγµ(gVi
+ gAi

γ5)u[p1]

(i)
gαµ − qµqα

M2
i

q2 − M2
i
+ iMiΓi

iE
′φφ
i

(p3 − p4)α, (6.6)

where q = p1 + p2 , and the vertex factors E
′φφ
i

are given in table 5.11.

 1⋅10
-3

 1⋅10
-2

 1⋅10
-1

 1500  1750  2000  2250  2500

σ
 [

p
b

]

√S [GeV] 

e
+
, e

-
 ->Φ

++
 ,Φ

--

’LH: s/s’=0.8/0.6’
’LH: s/s’=0.8/0.7’

’LH: s/s’=0.95/0.6’

boss

 1⋅10
-2

 1⋅10
-1

 0.2  0.3  0.4  0.5  0.6  0.7  0.8

σ
 [

p
b

]

s and s’  

e
+
, e

-
 ->Φ

++
 ,Φ

--

’wrt s, s’=0.6’
’wrt s’, s=0.8’

Figure 6.5: Total cross section vs.
√

S graphs for e+e− → φ++φ−−, for parameters f =

1000GeV and s/s′(left), and cross section vs. s(s′) graphs (right).

For this process the total cross section of the production event at f = 1TeV are analyzed.

The dependence of the total cross section on the model parameters s/s′ at
√

S = 3TeV are

presented in figure 6.5 (right). It is seen that the cross section is less sensitive to changes

in s, but for changes in s′ the total cross section increases rapidly with low values of s′ by

two orders of magnitude. The cross section versus total center of mass energy graphs are

presented in figure 6.5(left) for parameters allowed by electroweak precision observables.

The cross section of the production process gets remarkable values of the same order for

parameters s/s′ = 0.8/0.6, 0.8/0.7, 0.95/0.6 for energies
√

S > 1.5TeV accessible in CLIC.

The maximum value of cross section reaches to 3 × 10−2 pb for the considered parameter sets

resulting up to 3000 events produced per year for integrated luminosities of 100 f b−1.

If the lepton number violating final states are considered, for large values of Yukawa coupling

Y ≃ 1, φ++φ−− couple will decay into lilil
+
j
l+

j
; four leptons violating lepton number by four,
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and into lilil
+
i

l+
j

and lil jl
+
j
l+

j
four leptons violating lepton number by two. The branching

ratio of the final states violating lepton number by four such as e−e−µ+µ+ is calculated as

BR
lilil
+
j
l+

j (i , j) = 2
3 BR[Y]2 ≃ 04. This will result in 120 events per year for a luminosity of

100 f b−1 violating lepton number by four free from any backgrounds directly accessible for
√

S > 1.5TeV . The final states such as e−e+e−e+ also happens by violating lepton number

by two at each scalar vertex, but can not be lepton number violation signals. Their branching

ratio is calculated as BRlilil
+
i

l+
i = 1

3
BR[Y]2.

For the final states violating lepton number by two such as e−e+e−µ+, the branching ratios are

dependent on the flavor mixing Yukawa coupling Y ′, and calculated as BR
lilil
+
i

l+
j = BR[Y] ×

BR[Y ′]. For Y ′ ≥ 0.01 the branching ratios will reach up to 2% resulting tens of accessible

events per year.

The final states lil jl
+
i

l+
j

occur by violating lepton number by two at each scalar decay, but can

not be observed as violation signals. Also these kind of events are not accessible due to the

strong dependence on Y ′.

This channel will also provide lepton number violation by two for even low values of Yukawa

coupling Y , such as Y ≃ 0.1. For these values the charged scalars decay into W±
L

W±
L

domi-

nantly with a branching ratio of 0.9 and to leptons with a branching ratio of 0.1. At the final

state tens of signals such as W+
L

W+
L

e−e− can be achieved per year for Y ≃ 0.1 and 50 signals

per year for Y ≃ 0.4 accessible at energies
√

S > 1.5TeV .

If the lepton number violation is not considered, or the Yukawa coupling Y is not sufficient to

produce violation (Y < 0.1), the double charged scalar will decay in to W+
L

W+
L

W−
L

W−
L

. The

scalars in this case can be reconstructed from invariant mass of same sign WL bosons.

Finally, this direct production process is in the reach for observing double charged scalars.

And for 0.1 ≤ Y ≤ 1 lepton number violations by number four and two are accessible for

energies
√

S > 1.5TeV accessible at CLIC.
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CHAPTER 7

CONCLUSION

In this thesis, the scalar phenomenology of the littlest Higgs model at e+e− colliders is studied.

The dependance of cross sections and number of production events on model parameters s, s′

and f are analyzed. Also possible lepton flavor violating signals are examined.

For the processes that exist at the SM, such as e+e− → ZLH(H), it is found that the effects

of the model, so called the resonances of the new heavy gauge bosons can be seen in decays

into SM Higgs boson. The littlest Higgs model can be well understood if these effects can be

observed at future colliders.

For the associated production of new heavy scalars with SM Higgs bosons, with or without

SM vector boson ZL, it is shown that the cross sections and the event rates are not remarkable.

For the production of neutral heavy scalars associated with ZL, the production rates are depen-

dant on the mass of the scalar and so on the symmetry breaking scale f , and the mixing angles

s, s′. The production of φ0 via e+e− → ZLφ
0 shows a vector resonance at

√
S ≃ 1TeV for

f = 1TeV and s/s′ = 0.95/0.6 corresponding to heavy gauge boson ZH. In this channel, the

production is achieved for
√

S > 0.75TeV for f = 1TeV with a cross section of order 10−3 pb,

and for
√

S > 1.8TeV for f = 2.64TeV with a cross section of order 10−4 pb. For the pro-

duction of scalar and pseudo scalar pairs, the processes can happen at energies
√

S > 2TeV

for low symmetry breaking scale values, f = 1TeV , and reach production cross sections up

to the order of 10−4 pb for electroweak allowed values of mixing angles. The value of the

rates for the production of φ0φP associated with ZL are reduced by one order. The expected

number of production events is about 10 ∼ 100 for single φ0, and pairs of φ0φ0 and φPφP at

luminosities 100 f b−1, and at the order of one for φ0φP couple. At the final state, the scalar
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and the pseudo scalar decays in to neutrino couples violating lepton flavor, if the value of the

Yukawa coupling Y is close to one, else to SM Higgs and ZL pairs.

The most interesting results are found in the charged sector. For the production of charged

couple associated with ZL, it is found that at an e+e− collider of
√

S ≥ 2TeV with a luminosity

of 100 f b−1, the ZL associated production of charged scalars will be in the reach, being the

single charged pair is quite challenging due to low production rates, and the production of

doubly charged scalar pair is more promising for the electroweak allowed parameters at f =

1TeV . The final states will contain lepton flavor violating signals if the value of Yukawa

coupling Y is close to unity. For larger values of f the mixing angles s/s′ are less constrained,

e.g. for f = 5TeV and s/s′ = 0.6/0.4, the production rates increases allowing remarkable

final lepton number violating events for 0.1 ≤ Y ≤ 1, but for these set of parameters the center

of mass energy of the colliders should be increased.

For the direct production of charged scalars, the cross sections for pair production of charged

and doubly charged Higgs bosons exhibits strong dependence on the value of s′, and for

s′ ≤ 0.5 the cross section increases up to order two when values of s′ is decreasing. For the

process e+e− → φ+φ−, the cross section reaches a value of 8 × 10−3 pb, and therefore around

800 per year are expected at a luminosity of 100 f b−1. Depending on the values of Y and Y ′,

the final states can be leptonic such as liνi l̄iν̄i and liνi l̄ jν̄ j. For Y ≃ 1 the branching ratio to

leptonic modes is as high as 0.6 giving hundreds of final leptonic signals for
√

S ≥ 1.7TeV .

The pair production of doubly charged scalars via e+e− → φ++φ−−, the maximum of the cross

section is 3 × 10−2 pb for s/s′ : 0.95/0.6, and results in 3000 events are expected for per year

at luminosities of 100 f b−1 for
√

S ≥ 1.7TeV . The final state decay modes of the doubly

charged pair is leptonic, semi leptonic or bosonic, depending on Y and Y ′. For Y ≃ 1 final

signal will be four leptons; two leptons and two anti leptons dominantly. It is found that the

most interesting modes are the semi leptonic signals; liliW
+
L

ZL(W+
L

H), produced when Y ≃ 0.2

violating the lepton number by two giving 600 events per year. Finally, the pair production

of charged scalars can occur in future e+e− colliders at
√

S ≥ 1.7TeV . At the final state final

lepton flavor and number violating modes are reachable if the Yukawa coupling Y > 0.1.

In conclusion, the littlest Higgs model, can be detected at e+e− colliders. The neutral heavy

scalars will be produced but the final states will be challenging to analyze, since they do not

carry charge. For charged scalars, the productions will be achieved, and they will provide
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unique collider signals.

The results of this thesis are either published or to be published as following articles:

1. A. Çağıl and M. T. Zeyrek, ”ZL associated pair production of charged Higgs bosons in

the littlest Higgs model at e+e− colliders”, Phys.Rev.D80(2009)055021, arXiv/hep-ph:0908.3581.

2. A. Çağıl and M. T. Zeyrek, ”Analyzing the neutral scalar productions associated with

ZL in the littlest Higgs model at ILC and CLIC”, to be submitted.

3. A. Çağıl, ”Pair production of charged scalars in the littlest Higgs model at e+e− col-

liders”, to be submitted.
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APPENDIX A

FEYNMAN RULES FOR THE LITTLEST HIGGS MODEL

The Feynman rules are taken from reference [6]. In these Feynman rules, all particles are the

mass eigenstates, and are assumed to be outgoing.

The three point interaction vertices are given in tables A.1 and A.2. The four point interaction

vertices are given in tables A.3 and A.4. The scalar-fermion couplings are listed in Table A.8.

The gauge boson self-couplings are given as follows, with all momenta out-going. The three-

point couplings take the form:

V
µ

1
(k1)Vν2(k2)V

ρ

3
(k3) : −igV1V2V3

[

gµν(k1 − k2)ρ + gνρ(k2 − k3)µ + gρµ(k3 − k1)ν
]

. (A.1)

The four-point couplings take the form:

W
+µ

1
W+ν2 W

−ρ
3

W−σ4 : −igW+
1

W+
2

W−
3

W−
4
(2gµνgρσ − gµρgνσ − gνρgµσ)

V
µ

1
Vν2W

+ρ

1
W−σ2 : igV1V2W+

1
W−

2
(2gµνgρσ − gµρgνσ − gνρgµσ). (A.2)

The coefficients gV1V2V3
, gV1V2W+

1
W−

2
and gW+

1
W+

2
W−

3
W−

4
are given in Table A.5.

The couplings between gauge bosons and fermions are given in Tables A.6 and A.7. The

charged gauge boson couplings to fermions in Table A.6 are all left-handed. It is defined as;

xL ≡ λ2
1
/(λ2

1
+ λ2

2
) to shorten the notation.

For the neutral gauge bosons in Table A.7, we write the couplings to fermions in the form

iγµ(gV +gAγ
5). The fermions are charged under the two U(1) groups . The additional require-

ment that the two U(1) groups be anomaly-free fixes yu = −2/5 and ye = 3/5.
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Table A.1: Three-point couplings of two gauge bosons to one scalar. All particles are the

mass eigenstates.

particles vertices particles vertices

W+
LµW

−
LνH

i
2
g2vgµν

(

1 − v2

3 f 2+ W+
HµW

−
HνH − i

2
g2vgµν

1
2
(c2 − s2)2 v2

f 2 − 1
2

s2
0 − 2

√
2s0

v′

v

)

ZLµZLνH
i
2

g2

c2
w

vgµν
(

1 − v2

3 f 2 − 1
2

s2
0 + 4

√
2s0

v′

v
ZHµZHνH − i

2
g2vgµν

− 1
2

(

(c2 − s2)2 + 5(c′2 − s′2)2
)

v2

f 2

)

AHµAHνH − i
2
g′2vgµν

W+
LµW

−
HνH − i

2
g2 (c2−s2)

2sc
vgµν ZLµZHνH − i

2
g2

cw

(c2−s2)
2sc

vgµν

ZLµAHνH − i
2

gg′

cw

(c′2−s′2)
2s′c′ vgµν ZHµAHνH − i

4
gg′ (c2 s′2+s2c′2)

scs′c′ vgµν

W+
Lµ

W−
Lν
Φ0 − i

2
g2(s0v − 2

√
2v′)gµν W+

Hµ
W−

Hν
Φ0 i

2
g2(s0v − 2

√
2v′)gµν

W+
LµW

−
HνΦ

0 i
2
g2 (c2−s2)

2sc
(s0v − 2

√
2v′)gµν

ZLµZLνΦ
0 − i

2
g2

c2
w

(vs0 − 4
√

2v′)gµν ZHµZHνΦ
0 i

2
g2

(

vs0 +
(c2−s2)2

s2c2

√
2v′

)

gµν

ZLµZHνΦ
0 i

2
g2

cw

(c2−s2)
2sc

(vs0 − 4
√

2v′)gµν ZLµAHνΦ
0 i

2
gg′

cw

(c′2−s′2)
2s′c′ (vs0 − 4

√
2v′)gµν

AHµZHνΦ
0 i

4
gg′ 1

scs′c′

(

(c2s′2 + s2c′2)vs0 AHµAHνΦ
0 i

2
g′2

(

vs0 +
(c′2−s′2)2

s′2c′2

√
2v′

)

gµν

+2
√

2(c2 − s2)(c′2 − s′2)v′
)

gµν

W+
Lµ

ALνΦ
− 0 W+

Hµ
ALνΦ

− 0

W+
Lµ

ZLνΦ
− −i

g2

cw
v′gµν W+

Hµ
ZLνΦ

− i
g2

cw

(c2−s2)
2sc

v′gµν

W+
Lµ

AHνΦ
− − i

2
gg′ (c′2−s′2)

2s′c′ (vs+ − 4v′)gµν W+
Hµ

AHνΦ
− − i

2
gg′ (c2c′2+s2 s′2)

scs′c′ v′gµν

W+
LµZHνΦ

− ig2 (c2−s2)
2sc

v′gµν W+
HµZHνΦ

− −ig2 (c4+s4)
2s2c2 v′gµν

W+
LµW

+
LνΦ

−− 2ig2v′gµν W+
HµW

+
HνΦ

−− 2ig2 (c4+s4)
2s2c2 v′gµν

W+
Lµ

W+
Hν
Φ−− −2ig2 (c2−s2)

2sc
v′gµν
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Table A.2: Three-point couplings of one gauge boson to two scalars. The momenta are as-

signed according to VµS 1(p1)S 2(p2). All particles are the mass eigenstates and all momenta

are out-going.

particles vertices particles vertices

W+
Lµ

HΦ− − ig

2

(√
2s0 − s+

)

(p1 − p2)µ W+
Hµ

HΦ− ig

2
(c2−s2)

2sc

(√
2s0 − s+

)

(p1 − p2)µ

W+
Lµ
Φ0Φ− − ig√

2
(p1 − p2)µ W+

Hµ
Φ0Φ− ig√

2

(c2−s2)
2sc

(p1 − p2)µ

W+
LµΦ

PΦ− g√
2
(p1 − p2)µ W+

HµΦ
PΦ− − g√

2

(c2−s2)
2sc

(p1 − p2)µ

W+
LµΦ

+Φ−− −ig(p1 − p2)µ W+
HµΦ

+Φ−− ig
(c2−s2)

2sc
(p1 − p2)µ

ALµHΦ
P 0 AHµHΦ

P − 1
2
g′ (c′2−s′2)

2s′c′ (sP − 2s0)(p1 − p2)µ

ALµΦ
0ΦP 0 AHµΦ

0ΦP g′ (c′2−s′2)
2s′c′ (p1 − p2)µ

ALµΦ
+Φ− −ie(p1 − p2)µ AHµΦ

+Φ− ig′ (c′2−s′2)
2s′c′ (p1 − p2)µ

ALµΦ
++Φ−− −2ie(p1 − p2)µ AHµΦ

++Φ−− ig′ (c′2−s′2)
2s′c′ (p1 − p2)µ

ZLµHΦ
P 1

2
g

cw
(sP − 2s0) (p1 − p2)µ ZHµHΦ

P − 1
2
g

(c2−s2)
2sc

(sP − 2s0)(p1 − p2)µ

ZLµΦ
0ΦP − g

cw
(p1 − p2)µ ZHµΦ

0ΦP g
(c2−s2)

2sc
(p1 − p2)µ

ZLµΦ
+Φ− i

g

cw
s2

w(p1 − p2)µ ZHµΦ
+Φ− O(v2/ f 2)

ZLµΦ
++Φ−− −i

g

cw

(

1 − 2s2
w

)

(p1 − p2)µ ZHµΦ
++Φ−− ig

(c2−s2)
2sc

(p1 − p2)µ
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Table A.3: Four-point gauge boson-scalar couplings.

particles vertices particles vertices

W+
Lµ

W−
Lν

HH i
2
g2gµν + O(v2/ f 2) W+

Hµ
W−

Hν
HH − i

2
g2gµν

ZLµZLνHH i
2

g2

c2
w

gµν + O(v2/ f 2) ZHµZHνHH − i
2
g2gµν

AHµAHνHH − i
2
g′2gµν

W+
LµW

−
HνHH − i

2
g2 (c2−s2)

2sc
gµν ZLµZHνHH − i

2
g2

cw

(c2−s2)
2sc

gµν

ZLµAHνHH − i
2

gg′

cw

(c′2−s′2)
2s′c′ gµν ZHµAHνHH − i

4
gg′ (c2 s′2+s2c′2)

scs′c′ gµν

W+
LµW

−
LνHΦ

0 i
2
g2s0gµν W+

HµW
−
HνHΦ

0 − i
2
g2s0gµν

ZLµZLνHΦ
0 3i

2
g2

c2
w

s0gµν ZHµZHνHΦ
0 i

2
g2

[

1 + (c2−s2)2

s2c2

]

s0gµν

AHµAHνHΦ
0 i

2
g′2

[

1 + (c′2−s′2)2

s′2c′2

]

s0gµν

W+
LµW

−
HνHΦ

0 − i
2
g2 (c2−s2)

2sc
s0gµν ZLµZHνHΦ

0 − 3i
2

g2

cw

(c2−s2)
2sc

s0gµν

ZLµAHνHΦ
0 − 3i

2
gg′

cw

(c′2−s′2)
2s′c′ s0gµν ZHµAHνHΦ

0 i
4
gg′ 1

scs′c′

[

(c2s′2 + s2c′2)

+2(c2 − s2)(c′2 − s′2)
]

s0gµν

W+
LµALνHΦ

− − i
2
eg(s+ −

√
2s0)gµν W+

HµALνHΦ
− i

2
eg

(c2−s2)
2sc

(s+ −
√

2s0)gµν

W+
Lµ

ZLνHΦ
− i

2
g2

cw

[

s+s2
w W+

Hµ
ZLνHΦ

− − i
2

g2

cw

(c2−s2)
2sc

[

s+s2
w

−
√

2s0(1 + s2
w)

]

gµν −
√

2s0(1 + s2
w)

]

gµν

W+
LµAHνHΦ

− − i
2
gg′ (c′2−s′2)

2s′c′ (s+ − 2
√

2s0)gµν W+
HµAHνHΦ

− − i
4
gg′ 1

scs′c′

[

(c2s′2 + s2c′2)s+

+
√

2(c2 − s2)(c′2 − s′2)s0

]

gµν

W+
LµZHνHΦ

− i
2
g2 (c2−s2)

2sc
s0gµν W+

HµZHνHΦ
− − i

2
g2 (c4+s4)

2s2c2 s0gµν

W+
LµW

+
LνHΦ

−− √
2ig2s0gµν W+

HµW
+
HνHΦ

−− √
2ig2 (c4+s4)

2s2c2 s0gµν

W+
LµW

+
HνHΦ

−− −
√

2ig2 (c2−s2)
2sc

s0gµν

W+
Lµ

W−
Lν
Φ0Φ0 ig2gµν W+

Hµ
W−

Hν
Φ0Φ0 −ig2gµν

ZLµZLνΦ
0Φ0 2i

g2

c2
w

gµν ZHµZHνΦ
0Φ0 2ig2 (c2−s2)2

4s2c2 gµν

AHµAHνΦ
0Φ0 2ig′2 (c′2−s′2)2

4s′2c′2
gµν

W+
Lµ

W−
Hν
Φ0Φ0 −ig2 (c2−s2)

2sc
gµν ZLµZHνΦ

0Φ0 −2i
g2

cw

(c2−s2)
2sc

gµν

ZLµAHνΦ
0Φ0 −2i

gg′

cw

(c′2−s′2)
2s′c′ gµν ZHµAHνΦ

0Φ0 2igg′ (c2−s2)(c′2−s′2)
4scs′c′ gµν

W+
Lµ

ALνΦ
0Φ− − i√

2
eggµν W+

Hµ
ALνΦ

0Φ− i√
2
eg

(c2−s2)
2sc

gµν

W+
LµZLνΦ

0Φ− − i√
2

g2

cw
(1 + s2

w)gµν W+
HµZLνΦ

0Φ− i√
2

g2

cw

(c2−s2)
2sc

(1 + s2
w)gµν

W+
LµAHνΦ

0Φ−
√

2igg′ (c′2−s′2)
2s′c′ gµν W+

HµAHνΦ
0Φ− − i

2
√

2
gg′ (c2−s2)(c′2−s′2)

scs′c′ gµν

W+
Lµ

ZHνΦ
0Φ− i√

2
g2 (c2−s2)

2sc
gµν W+

Hµ
ZHνΦ

0Φ− − i√
2
g2 (c4+s4)

2s2c2 gµν

W+
Lµ

W+
Lν
Φ0Φ−−

√
2ig2gµν W+

Hµ
W+

Hν
Φ0Φ−−

√
2ig2 (c4+s4)

2s2c2 gµν

W+
Lµ

W+
Hν
Φ0Φ−− −

√
2ig2 (c2−s2)

2sc
gµν
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Table A.4: Four-point gauge boson-scalar couplings, continued.

particles vertices particles vertices

W+
LµW

−
LνΦ

PΦP ig2gµν W+
HµW

−
HνΦ

PΦP −ig2gµν

ZLµZLνΦ
PΦP 2i

g2

c2
w

gµν ZHµZHνΦ
PΦP 2ig2 (c2−s2)2

4s2c2 gµν

AHµAHνΦ
PΦP 2ig′2 (c′2−s′2)2

4s′2c′2
gµν

W+
LµW

−
HνΦ

PΦP −ig2 (c2−s2)
2sc

gµν ZLµZHνΦ
PΦP −2i

g2

cw

(c2−s2)
2sc

gµν

ZLµAHνΦ
PΦP −2i

gg′

cw

(c′2−s′2)
2s′c′ gµν ZHµAHνΦ

PΦP 2igg′ (c2−s2)(c′2−s′2)
4scs′c′ gµν

W+
LµALνΦ

PΦ− 1√
2
eggµν W+

HµALνΦ
PΦ− 1√

2
eg

(c2−s2)
2sc

gµν

W+
Lµ

ZLνΦ
PΦ− 1√

2

g2

cw
(1 + s2

w)gµν W+
Hµ

ZLνΦ
PΦ− − 1√

2

g2

cw

(c2−s2)
2sc

(1 + s2
w)gµν

W+
LµAHνΦ

PΦ− −
√

2gg′ (c′2−s′2)
2s′c′ gµν W+

HµAHνΦ
PΦ− 1

2
√

2
gg′ (c2−s2)(c′2−s′2)

scs′c′ gµν

W+
LµZHνΦ

PΦ− − 1√
2
g2 (c2−s2)

2sc
gµν W+

HµZHνΦ
PΦ− 1√

2
g2 (c4+s4)

2s2c2 gµν

W+
LµW

+
LνΦ

PΦ−− −
√

2g2gµν W+
HµW

+
HνΦ

PΦ−− −
√

2g2 (c4+s4)
2s2c2 gµν

W+
LµW

+
HνΦ

PΦ−−
√

2g2 (c2−s2)
2sc

gµν

W+
Lµ

W−
Lν
Φ+Φ− 2ig2gµν W+

Hµ
W−

Hν
Φ+Φ− 2ig2 (c2−s2)2

4s2c2 gµν

ZLµZLνΦ
+Φ− 2i

g2

c2
w

s4
wgµν ZHµZHνΦ

+Φ− −2ig2 1
4s2c2 gµν

ALµALνΦ
+Φ− 2ie2gµν AHµAHνΦ

+Φ− 2ig′2 (c′2−s′2)2

4s′2c′2
gµν

ALµZLνΦ
+Φ− −2ie

g

cw
s2

wgµν AHµZHνΦ
+Φ− O(v2/ f 2)

W+
Lµ

W−
Hν
Φ+Φ− −2ig2 (c2−s2)

2sc
gµν ALµAHνΦ

+Φ− −2ieg′ (c′2−s′2)
2s′c′ gµν

ZLµZHνΦ
+Φ− O(v2/ f 2)

ALµZHνΦ
+Φ− O(v2/ f 2) ZLµAHνΦ

+Φ− 2i
gg′

cw

(c′2−s′2)
2s′c′ s2

wgµν

W+
LµALνΦ

+Φ−− 3ieggµν W+
HµALνΦ

+Φ−− −3ieg
(c2−s2)

2sc
gµν

W+
LµZLνΦ

+Φ−− i
g2

cw
(1 − 3s2

w)gµν W+
HµZLνΦ

+Φ−− −i
g2

cw

(c2−s2)
2sc

(1 − 3s2
w)gµν

W+
LµAHνΦ

+Φ−− 2igg′ (c′2−s′2)
2s′c′ gµν W+

HµAHνΦ
+Φ−− − i

2
gg′ (c2−s2)(c′2−s′2)

scs′c′ gµν

W+
Lµ

ZHνΦ
+Φ−− − 1√

2
g2 (c2−s2)

2sc
gµν W+

Hµ
ZHνΦ

+Φ−− 1√
2
g2 (c4+s4)

2s2c2 gµν

W+
Lµ

W−
Lν
Φ++Φ−− ig2gµν W+

Hµ
W−

Hν
Φ++Φ−− −ig2gµν

ZLµZLνΦ
++Φ−− 2i

g2

c2
w

(1 − 2s2
w)2gµν ZHµZHνΦ

++Φ−− 2ig2 (c2−s2)2

4s2c2 gµν

ALµALνΦ
++Φ−− 8ie2gµν AHµAHνΦ

++Φ−− 2ig′2 (c′2−s′2)2

4s′2c′2
gµν

ALµZLνΦ
++Φ−− 4ie

g

cw
(1 − 2s2

w)gµν AHµZHνΦ
++Φ−− −2igg′ (c

2−s2)(c′2−s′2)
4scs′c′ gµν

W+
Lµ

W−
Hν
Φ++Φ−− −ig2 (c2−s2)

2sc
gµν ALµAHνΦ

++Φ−− −4ieg′ (c′2−s′2)
2s′c′ gµν

ZLµZHνΦ
++Φ−− 2i

g2

cw

(c2−s2)
2sc

(1 − 2s2
w)gµν

ALµZHνΦ
++Φ−− 4ieg

(c2−s2)
2sc

gµν ZLµAHνΦ
++Φ−− −2i

gg′

cw

(c′2−s′2)
2s′c′ (1 − 2s2

w)gµν
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Table A.5: Gauge boson self-couplings.

particles gWWV particles gWWV

W+
L

W−
L

AL −e W+
L

W−
L

ZL −ecw/sw

W+
L

W−
L

AH
e
sw

v2

f 2 cwxB′

Z
W+

L
W−

L
ZH

e
sw

v2

f 2

(

cwxW′

Z
+ sc(c2 − s2)

)

W+
L

W−
H

AL 0 W+
L

W−
H

ZL − e
sw

v2

f 2 xW′

Z

W+
L

W−
H

AH − e
sw

v2

f 2 xH W+
L

W−
H

ZH −e/sw

W+
H

W−
H

AL −e W+
H

W−
H

ZL −ecw/sw

W+
H

W−
H

AH
e
sw

v2

f 2

(

xH
(c2−s2)

sc
+ cwxB′

Z

)

W+
H

W−
H

ZH
e
sw

(c2−s2)
sc

particles gW+
1

W+
2

W−
3

W−
4

particles gW+
1

W+
2

W−
3

W−
4

W+
L

W+
L

W−
L

W−
L

−g2 W+
L

W+
L

W−
L

W−
H

−g2sc(c2 − s2)v2/4 f 2

W+
L

W+
L

W−
H

W−
H

−g2 W+
L

W+
H

W−
L

W−
H

−g2/4

W+
H

W+
H

W−
L

W−
H

g2(c2 − s2)/2sc W+
H

W+
H

W−
H

W−
H

−g2(c6 + s6)/s2c2

particles gV1V2W+1 W−2
particles gV1V2W+1 W−2

ALALW+
L

W−
L

−g2s2
w ALALW+

H
W−

H
−g2s2

w

ZLZLW+
L

W−
L

−g2c2
w ZLZLW+

H
W−

H
−g2c2

w

ALZLW+
L

W−
L

−g2swcw ALZLW+
H

W−
H

−g2swcw

ALAHW+
L

W−
L

g2swcwxB′

Z
v2/ f 2 ALAHW+

H
W−

H
g2swcwxB′

Z
v2/ f 2

+g2sw xH
v2

f 2 (c2 − s2)/sc

ALZHW+
L

W−
L

g2swcwxW′

Z
v2/ f 2 ALZHW+

H
W−

H
g2sw(c2 − s2)/sc

−g2sw sc(c2 − s2)v2/2 f 2

ZLZHW+
L

W−
L

g2(c2
w − s2

w)xW′

Z
v2/ f 2 ZLZHW+

H
W−

H
g2cw(c2 − s2)/sc

ZLAHW+
L

W−
L

g2c2
wxB′

Z
v2/ f 2 ZLAHW+

H
W−

H
g2c2

wxB′

Z
v2/ f 2

+g2cwxH
v2

f 2 (c2 − s2)/sc

AH AHW+
L

W−
L

O(v4/ f 4) AH AHW+
H

W−
H

O(v4/ f 4)

ZHZHW+
L

W−
L

−g2 ZHZHW+
H

W−
H

−g2(c6 + s6)/s2c2

ZH AHW+
L

W−
L

−g2xHv2/ f 2 ZH AHW+
H

W−
H

−g2xH
v2

f 2 (c6 + s6)/s2c2

−g2cwxB′

Z
v2

f 2 (c2 − s2)/sc

ALALW+
L

W−
H

0 AH AHW+
L

W−
H

O(v4/ f 4)

ZLZLW+
L

W−
H

−2g2cwxW′

Z
v2/ f 2 ZHZHW+

L
W−

H
g2(c2 − s2)/sc

ZLALW+
L

W−
H

−g2swxW′

Z
v2/2 f 2 ZH AHW+

L
W−

H
g2xH

v2

f 2 (c2 − s2)/sc

+g2cwxB′

Z
v2/ f 2

ALAHW+
L

W−
H

−g2sw xHv2/ f 2 ALZHW+
L

W−
H

−g2sw

ZLAHW+
L

W−
H

−g2cwxHv2/ f 2 ZLZHW+
L

W−
H

−g2cw
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Table A.6: Charged gauge boson-fermion couplings. They are purely left-handed, and the

projection operator PL = (1 − γ5)/2 is implied.

particles vertices particles vertices

W
+µ

L
ūLdL

ig√
2

[

1 − v2

2 f 2 c2(c2 − s2)
]

γµVSM
ud

W
+µ

H
ūLdL − ig√

2

c
s
γµVSM

ud

W
+µ

L
t̄LbL

ig√
2

[

1 − v2

f 2

(

1
2

x2
L
+ 1

2
c2(c2 − s2)

)]

γµVSM
tb

W
+µ

H
t̄LbL − ig√

2

c
s
γµVSM

tb

W
+µ

L
T̄LbL

g√
2

v
f
xLγ

µVSM
tb

W
+µ

H
T̄LbL − g√

2

v
f
xL

c
s
γµVSM

tb
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Table A.7: Neutral gauge boson-fermion couplings. Anomaly cancelation requires yu = −2/5

and ye = 3/5.

particles gV gA

AL f̄ f −eQ f 0

ZLūu − g

2cw

{

( 1
2
− 4

3
s2

w) − v2

f 2

[

cwxW′

Z
c/2s − g

2cw

{

− 1
2
− v2

f 2

[

−cwxW′

Z
c/2s

+
swxB′

Z

s′c′

(

2yu +
7
15
− 1

6
c′2

)

]}

+
sw xB′

Z

s′c′

(

1
5
− 1

2
c′2

)

]}

ZLd̄d − g

2cw

{

(− 1
2
+ 2

3
s2

w) − v2

f 2

[

−cwxW′

Z
c/2s − g

2cw

{

1
2
− v2

f 2

[

cwxW′

Z
c/2s

+
swxB′

Z

s′c′

(

2yu +
11
15
+ 1

6
c′2

)

]}

+
swxB′

Z

s′c′

(

− 1
5
+ 1

2
c′2

)

]}

ZLēe − g

2cw

{

(− 1
2
+ 2s2

w) − v2

f 2

[

−cwxW′

Z
c/2s − g

2cw

{

1
2
− v2

f 2

[

cwxW′

Z
c/2s

+
swxB′

Z

s′c′

(

2ye − 9
5
+ 3

2
c′2

)

]}

+
swxB′

Z

s′c′

(

− 1
5
+ 1

2
c′2

)

]}

ZLν̄ν − g

2cw

{

1
2
− v2

f 2

[

cwxW′

Z
c/2s − g

2cw

{

− 1
2
− v2

f 2

[

−cwxW′

Z
c/2s

+
swxB′

Z

s′c′

(

ye − 4
5
+ 1

2
c′2

)

]}

+
swxB′

Z

s′c′

(

−ye +
4
5
− 1

2
c′2

)

]}

ZL t̄t − g

2cw

{

( 1
2
− 4

3
s2

w) − v2

f 2

[

−x2
L
/2 + cwxW′

Z
c/2s − g

2cw

{

− 1
2
− v2

f 2

[

x2
L
/2 − cwxW′

Z
c/2s

+
sw xB′

Z

s′c′

(

2yu +
9
5
− 3

2
c′2 +

(

7
15
− 2

3
c′2

)

λ2
1

λ2
1
+λ2

2

)]}

+
swxB′

Z

s′c′

(

1
5
− 1

2
c′2 − 1

5

λ2
1

λ2
1
+λ2

2

)]}

ZLT̄T 2gs2
w/3cw O(v2/ f 2)

ZLT̄ t igxLv/4 f cw −igxLv/4 f cw

AH ūu
g′

2s′c′

(

2yu +
17
15
− 5

6
c′2

)

g′

2s′c′

(

1
5
− 1

2
c′2

)

AH d̄d
g′

2s′c′

(

2yu +
11
15
+ 1

6
c′2

)

g′

2s′c′

(

− 1
5
+ 1

2
c′2

)

AH ēe
g′

2s′c′

(

2ye − 9
5
+ 3

2
c′2

)

g′

2s′c′

(

− 1
5
+ 1

2
c′2

)

AH ν̄ν
g′

2s′c′

(

ye − 4
5
+ 1

2
c′2

)

g′

2s′c′

(

−ye +
4
5
− 1

2
c′2

)

AH t̄t
g′

2s′c′

(

2yu +
17
15
− 5

6
c′2 − 1

5

λ2
1

λ2
1
+λ2

2

)

g′

2s′c′

(

1
5
− 1

2
c′2 − 1

5

λ2
1

λ2
1
+λ2

2

)

AH T̄T
g′

2s′c′

(

2yu +
14
15
− 4

3
c′2 + 1

5

λ2
1

λ2
1
+λ2

2

)

g′

2s′c′
1
5

λ2
1

λ2
1
+λ2

2

AH T̄ t
g′

2s′c′
1
5
λ1λ2

λ2
1
+λ2

2

g′

2s′c′
1
5
λ1λ2

λ2
1
+λ2

2

ZH ūu gc/4s −gc/4s

ZH d̄d −gc/4s gc/4s

ZH ēe −gc/4s gc/4s

ZH ν̄ν gc/4s −gc/4s

ZH t̄t gc/4s −gc/4s

ZH T̄T O(v2/ f 2) O(v2/ f 2)

ZH T̄ t −igxLvc/4 f s igxLvc/4 f s
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Table A.8: Scalar-fermion couplings.

particles vertices particles vertices

Hūu −i mu

v

(

1 − 1
2

s2
0 +

v
f

s0√
2
− 2v2

3 f 2

)

Hd̄d −i
md

v

(

1 − 1
2

s2
0 +

v
f

s0√
2
− 2v2

3 f 2

)

Ht̄t −i mt

v

[

1 − 1
2

s2
0
+ v

f

s0√
2
− 2v2

3 f 2 HT̄T −i
λ2

1√
λ2

1
+λ2

2

(

1 +
λ2

1

λ2
1
+λ2

2

)

v
f

+ v2

f 2

λ2
1

λ2
1
+λ2

2

(

1 +
λ2

1

λ2
1
+λ2

2

)]

HT̄t
mt

v
v
f

(

1 +
λ2

1

λ2
1
+λ2

2

)

PR +
λ2

1√
λ2

1
+λ2

2

PL Ht̄T −mt

v
v
f

(

1 +
λ2

1

λ2
1
+λ2

2

)

PL −
λ2

1√
λ2

1
+λ2

2

PR

HHt̄t i 2mt

f 2

[

1 − 2 f v′

v2 − 1
2

λ2
1

λ2
1
+λ2

2

]

HHT̄T − i
f

λ2
1√
λ2

1
+λ2

2

HHT̄t − 2v
f 2

λ2
1√
λ2

1
+λ2

2

[

1 − 2 f v′

v2 − 1
2

λ2
1

λ2
1
+λ2

2

]

PL HHt̄T 2v
f 2

λ2
1√
λ2

1
+λ2

2

[

1 − 2 f v′

v2 − 1
2

λ2
1

λ2
1
+λ2

2

]

PR

+
mt

v f
PR −mt

v f
PL

Φ0ūu − imu√
2v

(

v
f
−
√

2s0

)

Φ0d̄d − imd√
2v

(

v
f
−
√

2s0

)

ΦPūu − mu√
2v

(

v
f
−
√

2sP

)

γ5 ΦPd̄d md√
2v

(

v
f
−
√

2sP

)

γ5

Φ+ūd − i√
2v

(muPL + mdPR)
(

v
f
− 2s+

)

Φ−d̄u − i√
2v

(muPR + mdPL)
(

v
f
− 2s+

)

Φ0T̄ t − imt√
2v

(

v
f
−
√

2s0

)

λ1

λ2
PL Φ0 t̄T − imt√

2v

(

v
f
−
√

2s0

)

λ1

λ2
PR

ΦPT̄ t mt√
2v

(

v
f
−
√

2s0

)

λ1

λ2
PL ΦP t̄T mt√

2v

(

v
f
−
√

2s0

)

λ1

λ2
PR

Φ+T̄ b − imt√
2v

(

v
f
− 2s+

)

λ1

λ2
PL Φ−b̄T − imt√

2v

(

v
f
− 2s+

)

λ1

λ2
PR
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