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ABSTRACT

PRODUCTION OF SCALARS AT ELECTRON COLLIDERS IN THE CONTEXT OF
LITTLEST HIGGS MODEL

Cagil, Ayse
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.

v



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 V§ = 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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KUCUCUK HIGGS MODELINDE AGIR SKALARLARIN ELEKTRON
CARPISTIRICILARINDA URETILMESI

Cagil, Ayse
Doktora, Fizik Bolimii

Tez Yoneticisi : Prof. Dr. Mehmet Zeyrek

Aralik 2009, 91 sayfa

Kiiciictik Higgs modeli, standart model Higgs skalarina ilave olarak yeni agir skalarlarin
varliklarin1 éngormektedir. Bu tezde bu skalarlarin ¢izgisel e*e™ carpistiricilarindaki tiretilme
olasiliklar1 incelendi. Ayrica yeni skalarlarin, standart model Higgs bozonu ile birlikte iiretilme
olasiliklar1 da inceledi. Kiiciiciik Higgs model parametlerinin bu iiretim siire¢lerine etkileri

de ayrica arastirildi.

Kiiciictik Higgs modeli, standart modeldeki hiyerarsi problemine getirilen en ekonomik ¢6ziim-
lerden biridir. Bu model, yeni, agir, yiiklii veya yiiksiiz skalar bozonlarin ve ayar vektoorlerinin

varliklarinit 6ngdrmektedir.

Kiiciictik Higgs modelinin pargacik hizlandiricilarindaki fenomenolojisi modelin serbest para-
metrelerine dogrudan baglidir. Bu parametreler, karigim agilari s, s” ile simetri kirilma parame-
tresi f olarak tanimlanmiglardir. Modelin parametre uzayi, fermionlarin sadece bir U(1)
alt grubu altinda yiiklii olduklari durumda giiclii kisitlamalara tabiidirler. Biz bu calismada
fermionlart her iki U(1) gruplar altinda ayarli kabul ederek simetri kirilma parametresi iizerin-

deki kisitlamalar1 azalttik.

Vi



Kiiciictik Higgs modelinde yiikli yeni parcaciklarin varliklari ilgi ¢ekici bir ilaveye izin ver-
mektedir. Bu modele fermionlar i¢in lepton ¢esnisinin korunumunu kiran Majorano tarzi kutle
terimleri eklenebilmektedir. Bunun sonucu olarakta, bu tezde arastilan iiretim siirecleri, son
sistemlerinde lepton ¢esnisini ve sayisini kiran parcaciklar bulundurabilmektedirler. Bu tezde

tiretim siire¢lerine ilave olarak, bu son sistemler de ayrica islenmistir.

Bu tezin sonucunda, agir skalarlarin enerji 6l¢e8i 2T eV ve iizeri olan ¢izgisel e*e™ carpistirici-
larinda iiretilebilecegi, ve lepton sayisini ve ¢esnisini korumayan son sistemlerin gozlem-

lenebilecegi bulunmusgtur.

Anahtar Kelimeler: kiiciiciik Higgs modeli, kiiciik Higgs modelleri, agir skalarlar, yiikli

Higgs bozonu, lepton ¢esnisi 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 My ~
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 A ~ 107TeV 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))? is broken to S O(5) by nonlinear sigma model



(NLSM), resulting in the appearance of a set of Nambu-Goldstone bosons. At the same time
diagonal subgroup (S U(2) ® U(1))? is broken to (S U(2) ® U(1)) at a scale f ~ 2zv around
1TeV. These collective symmetry breaking in the littlest Higgs model results in new neutral
scalars ¢° and ¢, and a charged scalar ¢*, and a double charged scalar ¢** besides the
SM Higgs scalar. Also the littlest Higgs model contains new heavy (H) vector bosons Ay
(heavy photon), Zy and W;;, besides the light (L) gauge bosons, Az, Z; and W; which are
the SM gauge bosons. Since there is a large quadratic contribution to Higgs mass from loops
of fermions, especially from ¢ quark loop, a new fermion with charge % called the T quark
is introduced. As a result extra fermion 7" quark cancels the quadratic divergences coming
from fermion loops, new gauge bosons cancel the quadratic divergences coming from the
loop corrections of Z; and W, 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 Z; associated production
channels are examined. The Z; 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.



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
A =~ 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 SU3). ®
SU2),®U(1)y. In order to give mass to gauge bosons and fundamental fermions, S U(2), ®

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) = (D,H)(D'H)" - V(H'H), .1

where the covariant derivative is defined as;

Dﬂ = 8# - iglAZTa - ingﬂ. (2.2)

The A, and By, are the gauge fields and g; and g» are the coupling constants of corresponding

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

V(HH) = —1*H'H + A(H H)?, (2.3)

where H is the Higgs doublet, A is the coupling constant and z is the mass term. The coupling
constant A in Higgs potential (Eq. 2.3) is restricted to have a positive sign to have a stable
vacua. The mass term 2 naturally has no restrictions on its sign but it is chosen to be negative

to have the spontaneous symmetry breaking.



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

Ly = g4LHR,+ g, LH°R,

+h.c., 2.4)

where L is the left handed doublet, R; and R,, are right handed singlets of leptons and quarks

and HS = ioyH*.

gauge bosons H
t quark _ N

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

g: (see Fig.2.1).

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

0,2(t — quark) ~ —%gtzA2 ,
0,2(gaugeloops) ~ %ngz
8,2(selfloops) ~ #42/\2 , (2.5)
thus;
Py = Mg + O, (2.6)

where A 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 A.

4



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 my; is valid up to Planck scale with severe fine tuning.

600 LI | T T ¥ TR L T B T ¥

500

% 400 Triviality b
= i |
v y
O 300L EW X
T Precision
< k

200

EW vacuum is absolute minimum

5 7 9 11 13 15 17 18
logqp A [GeV]

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



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))*[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 [1%(x) (a = 1,2,...,14). The pion matrix (alteratively Goldstone

boson matrix)is defined as

14
(x) = Z %(x)X“ (3.1
a=1

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

0 0 1
=10 1 0 | (3.2)
1 0 O

and the X field is defined as



Y(x) = M xgef = 2MITy, (3.3)

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

20, such as,

2i 1 1
— i
X=%p+ fZOH - f2H Xoll + 0(f2)‘ (3.4)

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

f2
Ly = gTﬂ@ﬂzF. (3.5)

The covariant derivative here is defined by the gauged subgroup [SU2);®U(1)1]1®[SU2),®
U(1),] of SU(5), such as:

2

DI =09,3- iZ (/(W;z + W) + g/(B;Z +2BT)), (3.6)
j=1

where B; and W; are the gauge fields and g} and g; are the corresponding couplings of U(1);

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

Bio) = B.io)Y12)» (3.7)

where Y; is the generator of B;, and given as

L.
Y1 = l—odzag(—3,—3,2,2,2)
1
Y, = Ediag(—2,—2,—2,3,3). (3.8)

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

3
Wie) = Z WZJ(Z)QT(Q); 3.9)
a=1

where the generators Q¢ are given as

Z 0 o o
. 0= L (3.10)
0 0 0 -5




with 0 being the usual Pauli matrices. The VEV of X field in the Lagrangian breaks (S U(2)®
U(1))? symmetry to diagonal subgroup (S U(2) ® U(1)) of SM, and the unbroken generators

are

€

=5

(QI+0Q%, Y=Y +Y, @3.11)

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

mass with mass eigenstates

W = sWi+cW,,
W o= —cWi + sW»,
B = S’Bl + C’Bz,
B = —'B|+ 5By, (3.12)
and the masses
g g
My = —f, Mp = f, (3.13)
ZSC 2 \/g.S"C’

where s, s’! are the mixing angles such as

’

s=—82 gl 52 (3.14)

&+ 8 Nty
The remaining Goldstone bosons forming the scalar field content consist of a doublet /2 and a

triplet ¢

hO ++ ﬂ
h:[ T], ¢:[¢¢+ fJ (3.15)
h 50

In littlest Higgs model, SM fermions have S U(2),; group charges but are considered to be
singlets under S U(2),. Also they are charged under U(1); and U(1);, and their charges are
assigned such as diagonal U(1) group matches SM hypercharge, thus

! In this work s(s’) will denote the sin 8(¢") of the mixing angle 6(#), and ¢ will be the cosine.



Yi=xY, Yo=(1-xY, (3.16)
where Y is the SM hypercharge. In this work, x is chosen to be %

In general fermion scalar interactions are written such that Yukawa Lagrangian is invariant
under [SU2); @ U(1)1] ® [SU2), ® U(1),] with fermions carrying both U(1) and U(2)

hypercharge, such as:

Auf
Ly = %fijkfmn)(izjmzknuc

A N
+ Tffijkfmn)(izjmzkndc, 3.17)

where u is the upper and d is the lower components of lepton doublet, with 7, 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 Mpy. To cancel out this divergence a new set of fermion singlets uz and u;, are
introduced to model. ug and u; have quantum numbers assigned as (3, 1)y,, (3, 1)_y,, allowing

them to have bare mass term.

The extra terms of Yukawa Lagrangian preserving [SU((2); ® U(1);] ® [SU2), ® U(1),]

symmetry can be written as [1];

A f

~ 5 €ijkEmnX iZjimZinU3g — Ao f MZMR, (3.18)

where i, j,k = 1,2,3 and m,n = 4,5, usg is the third generation singlet and A; and A, 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];

Lipy = iYL ¢C7'L; +hec., (3.19)

9



17
where L; are the lepton doublets [ : ]
l

For top quark [SU2); @ U(1)1] ® [SU(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;

Lipy = Yyfee (L]) 55,71 (L)) +he, (3.20)

where @, = 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,

Vew = Apf°Tu@'e) + idionf(HP'H' — H H')
—?HH' + A0 (HHT)?
+AnganHO OH' + Do e HH ' Tr(9' §) + A2 [Tr( $)1?

+A5Tr(d ¢ ), (3.21)

where the coeflicients Ag2s Agts A2 425 Angghs Angh and A+ in equation 3.21 are given by

2 72
a 8 8 732
/l¢2 - §[S2C2 s12c/2]+8a /ll’
al o =5 (=57 2
Anph = _Z[g 22 Tier | AL
2 72
al g g i1
A = —-|==+ +2a' A7 = = A,
h? 8 [SZCZ erC/Z] 1 4 ¢?
-3
Anggh = T/lqu,
/l¢2¢2 = _16(1//1%,
2a, g* g 16a" ,
Ay = ERA szzczz)"’ 3 A7 (3-22)

10



If the loop contributions to lepton number violating term L;ry are considered in Coleman

Weinberg potential, 4, receives a correction term such that, it becomes:

72

2
al g 8 732 7
lp =5 L%z 5| T8 A +a TrY"), (3.23)

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

pletion of the model. For u?> > 0, EWSB is triggered and % and ¢ fields acquire vacuum
expectation values: (h°) = v/ V2 and (ip?y = v', with

) _ 7 o daon v

A = Ay A2 2 [

(3.24)

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

scalar bosons are found:

W = (coHm — 5085, + )/ V2 +i(cpG° = spehy) / V2,
W = cGT = 5.4, ¢7=(5:G" + i) /i
o= e (3.25)

Physical states are these mass eigenstates consisting of the SM Higgs scalar H,,, and new neu-
tral scalar ¢, and neutral pseudo scalar ¢, a single charged scalar ¢;, and a double charged
scalar ¢/+2. The G* and G° are the Goldstone bosons, and will be eaten by SM vector bosons

Z; and Wy (it is reviewed in detail in [5, 6, 9]).

The scalar mixing angles appearing in Eq.3.25 are:

2 2 ’ ’ 2 / /
P P A GNP
V2 + 8v2 v V2 + 472 v
s ~ 2V2%. (3.26)
v

The masses of scalars H and ¢ 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.

11



M; = /1¢2f2,

where My is the common mass of ¢°, 7, ¢*and ¢**.

My =24 = Ay A2 ) VP = 22,

(3.27)

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

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

expressed as:

2

v 2 2 ’
Wi, = W+ —sc(c™ = sH)W’,
L 7 ( )
v 2 2
Wy = W — —sc(c” = s7)W,
H 27 ( )
AL = sWW3+cWB,
3 w’ V2 3 7 V2 ,
ZL = cyW —syB+x) FW +x§723,
/ v2 /3 B V2 3
Ay = B +xHFW - X, JTZ(CWW — swB),
3 Vo w’ v 3
Zy = W _xHJTzB - Xy JTZ(CWW — swB), (3.28)
where
5, scs’c(c?s? + s%¢’?)
Xy = = ,
H 28 525207 — g25232)
, 1 ’ 5
xg/ = ——sc(c? = 5%, xg =—— (= 5. (3.29)
2Cy 28w
And their masses are given to the order of ;722:
2 72
2 _ 2|V l l 2 232 V-
MWLi = mw[l f2(6+4(c s))+4v2],
) 2
> [ 15, 4,000 _ o f
Muy = qpa 38" +ov “‘*’"w(@‘l)’
2
My = 0,
2 72
2 _ 2 vl 1 5 20 5 5 o 4
MZL = mz[l—ﬁ(8+z(c —S)+Z(C —S))+87:|,
M2 = /8" - =g+ gzvz—xH = m?s? —f2 - —xHC‘Z“’
A 205%¢? 4 452¢2 WA 5572¢292 452c2s2 )’
2.2 2 2
o _ S8 Voo a0 Xw o f ST XHSy
Mz, = 4aa2 38V ~8Viam W(s262v2 szzczzcgv)’ (3.30)

where m,, = gv/2 and m, = gv/(2cy). In these equations sy, and ¢y, are the usual weak mixing

angles:

12



’

8 _ 8
Nl

and s and s are given in Eq. 3.14.

(3.31)

Sw =

As a result of EWSB, fermions gain their masses. For top quark and new singlets of littlest
Higgs model, by expanding the ¥ matrix and diagonalizing the mass matrix, physical states

and corresponding masses for top quark and the new fermion called 7 quark can be found as:

1, =cpt3 — SLf, t;? = CRl/th - SRf’C,
T, = sitz + CLZT, TICQ = SRMS + CR?C, (332)

where the quark mixing angles are

/11 V2 /1% 1 /1%
SR = ———'"4a a2zt 2L 2l
JEe+ 8 Fa+a A4+
2 2
CR = b 1+ﬁ A (l+ A ]
2 32 2 2 211’
,/l%+/l§ FFa+a5\2 0 4+ 4
P S Y PRl S RAC S
2+ e v 22+ a0)?))
2 24
op = 1-—4— (3.33)

22 (B + 2

The corresponding masses are:

i1 201 14 2
my H—zv{1+v—2[—§+f—‘;+§212(1— 212 ,
JEe+ 8 f v A+ 4 A+ 43
My = —f1/1%+/1§[1+0(v2/f2)]. (3.34)

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

expressed as:

(L2 v

2 A~ (—) (3.35)
G+ M

The Feynman rules for the littlest Higgs model are presented in Appendix A.

13



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 Ay 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 Ay 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 Y; and Y,. The restriction for
Y; and Y; is that Y| + Y» should reproduce U(1)y hypercharge Y of SM, thus Y; = xY and

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

<1 Tev -
<2 TeV-
£3 TeV

f<a TeV-
rs eV

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<5<0.99 | 0.6 <s <0.75
2TeV < f<3TeV | 0.6<5<0.99 | 0.6 <s <0.8
3TeV < f<4TeV | 04<5<099 | 06<s <0.85

f=4TeV 0.15<5<099 | 04<s5 <09

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:1I - -QllQ (3.36)

where Q = diag(1, 1,-1, 1, 1). This transformation law ensures that S U(2), triplet ¢ 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] and [SUR)® U(1)],, thus the kinetic Lagrangian in Eq. 3.5 is only invariant if g; = g;
and g} = g). In this case, following the same manner of the littlest Higgs model without T

parity, the mass eigenstates are found to be;

W+ W, B +B
Wy= =2 B.==2
V2 V2

where W, and B, are the standard model gauge bosons and are T-even, whereas W_ and B_

(3.37)

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); ®
Ul ®[SUR), ® U(1)], 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 Z; 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 iy, (gy, + ga,¥5) Where
i =1,2,3 corresponds to Z;, Zy and Ay respectively. These couplings are given in table 4.1,

!
where xV

, and xlzg/ are given in Eq. 3.29, and y, = %

It is seen from table 4.1 that vector and axial vector couplings of SM Z;e*e™ vertex gets
contributions from littlest Higgs model. As a result total decay widths of SM vector bosons,
receive corrections of the order ;—z which are written as; I'(V; — ff) = %(g%, + gi)le.
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™V; vertices are given as iy, (gv, + g4,Y5) -

‘ i H vertices 8v, ‘ 84, ‘
- 1 2 1 2 ’
1| ete 7 —% {(—5 +2s3) —% {5 - % [cwxg/ c/2s
V2 w’ swxlzgl( 1 1 /2)
7 [—cwxz c/2s +—5F -5+ 3¢
S .XB/
SwAz 9,32
+—25 (2ye 3+ 5¢ )}}
2 || ete Zy —gc/4s gclds
- ’ 9,312 ’ 1, 1.2
3| eeAn | S (-3 +37) w7 (-3 +3¢7)

to the production processes. The lightest new vector boson in littlest Higgs model is the so
called heavy photon Ay. The heavy photon decays to leptons and to hadrons and also to Z; H.

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

Ta, = 3T(Ay — ) +30(Ay — ) + 3T(Ay — dd)

+2T(Ay — ) + T(Ay — 1) + T(Ay — Z,H)

2
72 252 1-4 A/ét 2
oMy 857 - {[ ( ) - Ly
~ - - - X
4C%V lgszzczz / 5 L A,
12 , 2
+[§(§ -7) = —XL] (1- M2 4.1)
/ / 2 2
+(Cz 2)2 M 2 SMZL]}
2472 52 M2 >
AH Ay Ag
where A = + ( )2 ) and x; = /12/(/12 + /12) is

the 7 - T mixing parameter, in which /11 and /12 are the couphngs of the Yukawa Lagrangian

3.18.

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

and hadrons and also to Z; H and WZWL_. Total decay width of Zy is given by [22]:
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6T(Zyy — Gq) + 6T (Zyy — 1) + T(Zy — ZoH) + T(Zyy — WW")
22(193 — 38852 + 1965%)
768ms2(s2 — 1)

5
=
|

My, 4.2)

Finally the charged heavy vector W;; decays to leptons and hadrons and also to W/ H and

Wi—'ZL. The total width of the Wy is calculated as:

. 30(W3 — Fv) + 30(W; — ¢'q) + T(W; — WiH) + T(W5 — WiZ;)
g%(97 — 1965 + 100s*)
384ms2(s2 - 1)

)1
S
I

My, 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 Y;;. The decay width of ¢ is given as:

T yer T(¢* — WiWS) + 30T — 7€ = j)+ 30" — 616 # )
% + —|YP My + i|Y’|2M (4.4)
2mvt 8w 7 an ¢ '

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

Tye = 30(p" - &y = )+ 6I(¢" > 6v(i # )))
+ T(¢" > WiH)+T(¢" > WjZ) +T(¢" — th) + T(¢" — Th)

N.M?*M,

3272

v12M3 3 3

[ 2 712
Y’ My + —|Y'|* M. 4.5

+27rv4+87r|| ¢+47r| "My (.5)

For the neutral scalar ¢, the total decay width is given by:
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Tp = 30" > vivj+ 77,6 = ) + 30" > vivj + 7,7,(i # )
+ T’ - HH) +T(¢° - Z,71) +T(¢° — 17)

+ T(¢° = bb) + T(¢° — Ti+1T)
N.M,
3272

/2 3
M¢
2 e

(Mj, + M)

Q

3
+ —|Y|2M + —|Y| M. (4.6)

For the pseudoscalar ¢”, the total decay width is given by:

Ty = 30(6" - viv;+ 97, = j) + 30" = viv; + 79,0 # )))
+ T" - z.H) +T(¢" — 11)

+ (" - bb) +T(¢" — T+ 1T)

M ( )
T 32nf2 b
/2M3 3 3
¢ 2 v
+———+ —|Y|"My+ —|Y'|"Myp. 477
2mA 87r|| ¢ 47r| "My “.7)

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

to |Y|? if the final state leptons are from the same family and to |Y ’12 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; M;; = Y;p" ~ 1071°GeV. Since the vacuum expectation value
v’ has only an upper bound in order to get symmetry breaking (Eq. 3.24); v/ < 1GeV, Y;; 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™* < ¥, ¥’ < 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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Branching Ratio vs. Y and Y’ Branching Ratio vs. Y and Y’

110° 1 110° 1
0.9 0.9
0.8 08
07 1107 JFq o7
0.6 Ik 06
> 1107 E 05 > 05
04 . 0.4
03 110° 3F 03
0.2 0.2
0.1 0.1

110 0 1103 0

110 1107 1-10° 1-10" 1-10° 1107 110 1107 1-10° 1-10°
Y Y

Figure 4.1: The Branching Ratio of scalars into leptons plotted with respect to Yukawa cou-
plings in the range 1072 < ¥ < 10> and 1072 < Y’ < 1 for f = 1TeV (left) and f = 2460GeV
(right).

dr |MPEy
dEzdcos0; 12873S°

(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 energy'. 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 =
Vara = 0.092, the Higgs mass My = 120GeV and the mass of the SM bosons Mz, =
91GeV, My, = 80GeV and the SM mixing angle sy = 0.47 using the recent data[55]. In
the calculations, we ignored v?/f? terms in the couplings, since we are not dealing with the

corrections to a SM process.

! 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.

| 5/5'/f(GeV) || Mz, | My, | Mw, | My |
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) H FZH ‘ FAH ‘ FWH ‘
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

Z; 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, ¢° and a heavy neutral
pseudo scalar, ¢*, within SM Higgs scalar. In this section Z; associated production of new
neutral scalar and pseudo scalar are examined through processes, ete™ — Z;¢°, ete™ —

Z1 %0, etem — ZipP¢" and ete” — Z;¢P ol

511 ete” — ZL(bO

The single production of ¢ associated with Z; is the one of the most dominant channels in
electron colliders. Since ¢0 couples to Z; and new neutral bosons, Ay and Zy, 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 ¢° have decays into
viv; + v;v; including all three generations of leptons as mentioned(equations 3.19,3.20 and
4.6). The decays of ¢° into SM particles will provide final states such as Z; Z; Z;, in which ¢°

can be reconstructed and observed [16, 17].

The couplings of ¢° to Z; and vectors are in the form iguyBi, where i = 1,2,3 corresponds
to Z;,Zy, Ay 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;
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Table 5.1: The Feynman rules for ¢°Z;V; vertices where u and v are Lorentz indices for
vectors and V; denotes Z;, Zy and Ag respectively fori = 1,2, 3.

‘ H vertices ‘ iguyBi ‘
)
U ¢°21Z1 | 45 (so —4V2V)g
— E
2 || 212y | SE T2 050 - 4V2V )
- 22 _ 02 ,
¢°Z Ay | HE T (vsg - 4V g
/
Z1(ps)
e A
Vi(q)
— o — — _/
_ ”\
¢ " (p4)

Figure 5.1: Feynman diagrams contributing to e*e~ — Z;¢" in littlest Higgs model.

3 gyv _¢'¢

2
M= ) ul-prliy.(gv, + gAiYS)M[Pl](_i)q
i=1

’ iB;g"" " , 5.1
e P el G

where B; are the vertex factors for V;Z;¢° 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 VS, 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 My = 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 5" = 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. VS graphs for ete™ — Z;¢°, 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. Tt is seen that for f = 2460GeV, the total cross section reaches to 107 pb at VS =
3TeV, which would yield one event per year at a luminosity of 100fb~!. The situation is
more promising for low symmetry breaking scale f = 1000GeV, such that the total cross
section reaches to 8.0 x 10™*pb for s/s’ = 0.95/0.6 and to 10™*pb for parameters s/s’ =
0.8/0.6,0.8/0.7 at VS = 1TeV. This would result in 10 ~ 100 events per year at this

channel for an integrated luminosity of 100 fb~!. The peak of the cross section for parameters
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s/s’ = 0.95/0.6 appears around VS = 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 ¢° via ete™ — Z;¢° channel is possible for low values of
symmetry breaking scale parameter f ~ 1TeV for both ILC(VS = 1T¢V) and CLIC(VS =
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 ¢" to leptons can get values up to 0.5. But the final leptonic states will be in the
form v;v; + v;v;, so the final state signatures of these signals will be missing energy and

experimentally not promising.

512 etem — Z1¢%°

The direct double production of ¢° via ete™ — ¢°¢° process is not possible in littlest Higgs

;—z. The

double production of neutral heavy scalar associated with Z; via ¢° via e*e™ — Z; ¢ is

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

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 ¢° 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 iC;;g,, and iC S.gm respectively for ¢°¢" ViV;and
ofoP ViV, where g, carries the Lorentz indices of vectors.

‘ i/j H vertices ‘ iCijguv H vertices ‘ iCS.gW
2 2
|| ¢°¢"2.2, 2ikguv "¢ 2.2, 2ifs guv
o2 (2_¢2 o2 ((2_2
12 || 6°°Z1 2y | -2 S g, || PP Z1Zy | 2S5 g,
o0’ (2_¢2 oo’ (2_¢72
13 || ¢°¢°ZiAn | 2585, || 6707 Z1AN | 2155 S5 g,

The amplitude corresponding to first diagram in figure 5.3;
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Table 5.3: The Feynman rules for ¢0V,-Vj vertices. Their couplings are given in the form
iguvBi j*

‘ i/j H vertices ‘ iguyBij H
L\ ¢°212, —3 %(vso 4V2V)gyy
22 || ¢°Zuzu | ig (vs + P\ 2v)g,w
12 || ¢°Z1Zn %g— - )(vso —4V2v)g,

2/3 || ¢°ZuAn 188 o ((c §2 + 2y

. 2 )
13 || ¢°Z1Ay | 2 )(vso —4V2V)g

303 || ¢AnAn | ig? (vs PG v)g#v

3 g _ 27

M
M = Ijl - l .+ X u _l i lC ) Vaea , 52
1 ; [=P21iyu(gv; + gasys)ulpil( )qZ—Ml.z+iM,~F,- 18 €' [p3] (5.2)

where iCy;g,, is the vertex factors of ViZngSOq)O given in table 5.2.

The amplitude corresponding to second diagram in figure 5.3;

3,3 g — q
N dl-palivaay, + gaysulpiI(=0 L
M, = ul=p2liyu(8v; + 8a,y5)ulpil(=i : iBijg
ij=1,1 g ¢ = M} +iMT; !
(—0) - iB1jgpor€” 3], (5.3)

q? = M3 +iM;T;
where iB;g,,, and iB ;g,, are the vertex factors of ViVj(bo and VjZL¢0 respectively, and ¢’ =

q — ps given in table 5.3.

The amplitude corresponding to third diagram in figure 5.3;

3 gyv q’
I . W
Ms = Z;M[—Pz]l)’p(gv,- # AP = iER Py
= l
2lE12P €*[p3], 5.4)

q M
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Figure 5.3: Feynman diagrams contributing to e*e™ — Z;¢°¢" in littlest Higgs model.

where iEl.gPV and iEszfl are the vertex factors of V;¢"'¢? and Z;¢"'¢° given in table 5.5, and

P=qgand P =¢q —ps.

In this production process the change of differential cross section with respect to energy of the
Z; 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 My = 120GeV at VS =
3TeV. The resulting differential cross section vs. Ez, graphs are presented in figure 5.4. The
plot of total cross section vs VS 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 2x 1074 ~ 10_6Gp—ebv in figure 5.4. Highest value of differential cross section is observed
for parameters s/s” = 0.5/0.1 at low Ez values and corresponding cross section for these
parameters are o ~ 1072pb resulting in 1000 events per year for a luminosity of 100fb™!
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-

AA{;ZVL and couplings of light fermions to gauge bosons at f = 17eV , dif-
L

servables such as

ferential cross sections for this production process reduces to lower values. At VS = 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 ete™ — Z;¢%¢°, 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 .

: +,— 040 : -7_pb ;
cross sections of process e"e” — Z ¢ ¢" is about 5 X 107" =, and the corresponding cross

sections are o ~ 10™*pb. At CLIC(VS = 3TeV), the expected luminosity is 100fb~" 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 (VS = 0.5 ~ 1TeV), this production channel is out of reach because of kinematical

limits coming from large M.

513 ete” = ZigpPol

The littlest Higgs model implies the existence of new pseudoscalar ¢ degenerate in mass
with other heavy scalars. The single production of ¢ within Z; boson in littlest Higgs model
is absent in tree level, and ¢P has no decay modes to two vectors, and also the direct double

production without Z; is not allowed in littlest Higgs model. The most dominant vector
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Table 5.4: The total cross sections in pb for double production of neutral scalars for f = 17eV

and at VS = 3TeV.

L s/ [ onpe | 0z | Tzme
0.8/06 || 1210* [ 5410 | 1.210™*
0.8/0.7 || 1.0107* | 48107 | 1.010™*
0.95/0.6 || 1.010™* | 47107 | 1.1 107*
0.5/0.1 || 581072 | 241072 | 591072

associated production of ¢ is at the channel e*e™ — Z;¢"¢". This channel is sensitive to

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

in table 5.2. ¢ 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 ¢/'V;S ; vertices. Their couplings are given in the form
iEZPN, with P, is the difference of two scalars momentum, (p; — p¢P).

i/j H vertices ‘

TP
—lEl-j(]?j - P¢P)

/1| ¢"HZ, %% (sp—250) (Pgr — PE)y

2| 997 ~ (g — 1),
P 1_(2=sH)

2/1 || ¢"HZy | —58=;—(sp = 250)(Pyr — Py
P 10 (=)

22\ ¢"¢"Zy 8 55c (p¢P ~ Py
P 1 (6/2—3‘/2)

3/1 ¢ HAH _Eg 5 (SP - 2S0)(p¢P - pH)/J

6/2_‘ 72
32 || ¢"¢°An &S Py = Py,

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

written as:
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Figure 5.5: Feynman diagrams contributing to e*e™ — Z;¢"¢" in littlest Higgs model.

N g - Lk
M:
My =Y a[-pyli + gaysulpi (=i L iCcPg" e ps], 5.5
1 ; [=P21iyu(gv; + gasys)ulpil( )qz—MizHMiFi 18 € [ps] (5.5)

where iC figw is the vertex factor of V;Z;¢"¢” given in table 5.2.

The amplitude corresponding to diagram 2 in figure 5.5 is:

32 gyv _ ¢'q”
3 l-paliva(av, + gayulpil=D iy
M, = ul=p2 1ty (8v; + 8a,vs)ulp1l(—1 5 Ly
ij=1,1 g q* = M} +iMT; '
- iEP P! e[ ps], (5.6)

’ 2 4z 1j" o
q 2 - Mj + leFj J
where iES.Pﬂ and iEij{, are the vertex factors of VS j¢P and Z;S jqu respectively given in

table 5.5, and ¢’ = q¢— ps, P=qgand P’ = ps3.

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 Z; 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 ¢ have similar features with
heavy scalar ¢°, the results for this process is close to results of double production of neutral

heavy scalar associated with Z; 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. Ez graphs for e*e™ — Z;¢'¢", 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.

. —4 pb
section of the process reads 107" =,

o ~ 1072pb for VS = 3TeV. For s/s’ = 0.8/0.6,0.8/0.7,0.95/0.6 the differential cross

and by integrating out Ez, total cross section is found

section takes lower values. For these set of parameters total cross section of the process takes
o ~ 10™pb at VS = 3TeV. And for CLIC (VS = 3TeV) these values are in the reach
of ¢ production resulting in 10 ~ 100 events per year which can be observed for a yearly
luminosity of 100£5~!. The final state lepton number violation signal for this process is four

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

In the littlest Higgs model, the single Z; associated production of ¢ is not allowed. Since the
double production is out of the energy limits of ILC VS = 0.5 ~ 1TV, the pseudo scalar ¢”

can not be observed associated with Z;, at ILC.

514 etem — 7%

In this section the associated production ¢ and ¢ within Z; boson is investigated. Since

littlest Higgs model allows V;¢’¢” interactions, the neutral scalar and the pseudo scalar can
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be produced through e*e™ — Z;¢"¢" process in electron colliders. Feynman diagrams are

given in figure 5.7.

e _ZL(p3)
7@ 0" (pa)
,"1'
¢ hla) * o (ps)

Figure 5.7: Feynman diagrams contributing to e*e™ — Z; ¢¢” in littlest Higgs

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

3

M = Zb‘t[—pz]in(gvl +gA175)€”[p3]q—f]i%(gv,» +8a;ys)ulp1l
i=1

——iE[P,, 5.7

q? - M +imr; 67

where iE’ P, is the vertex factor of VigPo? P =q-¢, E! = Eig 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 Z; boson graphs are pre-
sented in figure 5.8. It is seen that similar to Z;¢%¢" and Z;¢"¢” final states, for s/s" =
0.5/0.1, the differential cross section reaches the highest values ~ 10~ %’ 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 ~ IO‘GGP—E}’V at VS = 3TeV for f = 1TeV. Since CLIC is expected
to work at energies up to VS = 3TeV and reach luminosities as much as 10057, Z;¢"¢"
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 o ~ 5 x 1073 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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Figure 5.8: Differential cross section vs. Ez graphs for ete™ — Z;¢°¢", 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.

lower than Z;¢"¢" and Z; ¢°¢° channels, the final number of lepton violating signals will not

be remarkable at this channel.

In the littlest Higgs model, ¢° and ¢” can also be produced directly in the ete™ — ¢'¢”

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 Z; 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].

521 ete” = Zioptop~

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 ¢*¢~ can be produced
at e*e” colliders via ete™ — Z;¢*¢p~ 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 ¢~ ¢* 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 ¢~ 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 ¢*¢~V;V; vertices. Their couplings are given in
the form iC Z‘p guv Where g, carries the Lorentz indices for vectors.

‘ i/j H vertices ‘ iC;i."jgﬂ,, ‘
y)
V|| 7021z | 2i%sig
21| ¢ Zyz | OGF/f2)~0
7 6/2_‘/2
31 || ¢proApzy | 208802,

Cw

AN || ¢*eALZL | 2ieEsygu

Table 5.7: The three point interaction vertices for ¢*(p1)¢~(p2)V; vertices. Their couplings
are given in the form iE;MPﬂ, where P, = (p1 — p2), is the difference of outgoing momentum
of two charged scalars.

‘ i/j H vertices ‘ iE?'pP# ‘
1 || 7072 I%S%V(Pl - P2y
2 || 47 Zy O(*/f*) ~0
3 + 5 - (=57

¢ P An | ig 55 (P1 = P2y
4 || ¢tp AL —ie(p1 — p2)u
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Figure 5.9: Feynman diagrams contributing to e*e™ — Z;¢* ¢~ in littlest Higgs model
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Table 5.8: The Feynman rules for ¢* V,-Wj_ vertices. Their couplings are given in the form

iB?jWgW where g, carries the Lorentz indices of vectors and j = 1,2 denotes W, Wy respec-

tively.

‘ i/j H vertices iBZWgyv

i | etwiz, —ig—zv’gﬂv

12 | ¢*wyzs i EEN,

o || ¢t wrzy i’ S 0vg

22 || ¢ Wz —ig? %;j? V gy

31| 6 Wi Ay | —deg S (vs, — 40)g,
32 || grwiAn | —iggCtE Dy,

The first four Feynman diagrams contributing to the process e*e™ — ¢*¢~Z; are sensitive to

e*e”V; 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:

[)./V

My = ul=pa2livu(8v, + 8a,vs5)€'[p3] /ngvm[m](l) .7

iES (P4 = ps)as

3
M, = ZM[ P2livu(gy, + ga,¥s)€'[p3l /ql)’v(gv + 8a,y5)ulpi1]

ga'v _ q” ‘12
(0) N E" (py = ps)as
g% - M +iMT; !

where g = p» — p3, ¢’ = ps4 + ps and coeflicients E;M are given in table 5.7.

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

igh
= u[-pa2liyu(gv)—5 7 1E¢¢(p4 — Pshv¥a(gv, + 8a,¥5)e" [ p3lulpi],
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[=p2livu(gv; + 8a¥5)i 7

2

1= Ya(8v, + 8a,v5)E* [p3lulp1l,

99
IE: -
T, PP

(5.11)

where g = p| — p3, ¢’ = ps4 + ps and coeflicients E;M are given in table 5.7.
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Figure 5.10: Differential cross section vs. Ez graphs for ete™ — Z;¢*¢~, 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 ¢ = p; + p».

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;, where j = 1,2 corresponds to Wy and Wy

respectively. Their amplitudes are given as:

) gaﬂ _ q/(yq/ﬁ
Ms = > al=palivaevulpy S B g "
= u|— l u —Uu . l
5 - P21y (8v, )uLp1 q2 4j Eva q2 _ M‘Z/V N iMerWj
J
(iB])gpre  [ps], (5.12)
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a q/(yq/ﬁ
g B _ 49"

2 . 2
_ . ig" . ew . MWj
Me = ul=p2liyu(gvy)ulpil—-(iBy; )gval .
; et q2 aj eve q2 - M‘%Vj + lMWjFWj
(iB]gpre[p3), (5.13)
MV
32 g - ‘IM_% o
M; = i[—pli + gays)ulprli ’ iB?.
7 i,;u [=p2livu(gv; + gays)ulpi] qz—Ml.z+iM,-F,-( ij )8va
ga/,B _ q/(rzq/ﬂ
MW/' . oW o
(iBy; )gpre” 3], (5.14)

) .
q2 — MWj + lMWjFWj

32 gﬂV — M
S al-paliv(ev, + gaysulpili (5"
Mg = ul=p2liyu(gv, + 8a,y5)ulp1 , g
ij=1.1 ! ¢* = M} +idT
aﬁ _ qurq’ﬁ
¢ Mﬁv/ oW o
(iB}; )gpr€” 3l (5.15)

2 2 ;
q- — MWj + lMWjFWj

where B?J.W are given in table 5.8, and ¢’ = g — ps for amplitudes 6 and 8 and ¢’ = ¢ — p4 for
5and 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:

Ve - o . 8" 9% / !
o = al-palivgviulpili iy (174_‘1)Vq,2_M¢2

iEY (g - p3)o€” [ps). (5.16)

_ . 8", b ’ l
My = M[—Pz]l)’ung[l?l]l?lE‘; (ps+gq )Vq’z——W

iE{’ (=" = p3)o€"[p3), (5.17)
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3 g,uv _¢'q

2
My = Z ul—p2liy,(gv, + 8A,-75)M[P1]iq
i=1

2— M2+ iMT;

GE{)(pa - q’)vm(iE‘f"))(—q’ — peeIpal, (5.18)
¢

3 gyv _ q'q”
M?
My, = al—p2livu(gv, + gays)ulpili ’
12 ; paliyu(8v; + 8a;ys)ulp: 7MiM
. /7 l . 7
GE!)(ps +q )vm(zET%(—q ~ P’ 3], (5.19)
¢

0] . . ;o . ’ _
where E;” are given in table 5.7, and ¢’ = g — ps for amplitudes 10 and 12 and ¢" = g — 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:

—_ . g o o
M; = u[—pz]%gwu[m]lq—zlqlgme [p3], (5.20)

v

3 gpv_q#q

2
My = i[-pali + gaysulprli .
14 ; p21ivu(gv; + 8a;ys)ulpi 7 VB4 iMT,

(C!)gvae" 3], (5.21)

where C :’75 are four point couplings given in table 5.6.

For the double production of single charged heavy scalars associated with Z; , the differ-
ential cross sections versus energy of the Z; boson graphs for different values of mixing
angle parameters s/s” for symmetry breaking scale f = 1T¢V at total center of mass energy
VS = 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 VS graph for this process is presented in figure 5.13, in

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

_4 pb

imum value of about 10 Gov

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

of 5.9 x 1072 pb, resulting in thousands of productions per year at high integrated luminosity

41



Table 5.9: The total cross sections in pb for double production of single charged scalars
associated with Z; for f = 1TeV and at VS = 3TeV.

L s/ | ozes |
0.8/0.6 || 42107
0.8/0.7 || 3.1107
0.95/0.6 || 4.3 107>
0.5/0.1 || 591072

of 100£b~", 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 > 37T eV, 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 107~/ % for low E values, Ez ~ 100GeV. The total cross section
is calculated as 4x 107> pb. This result implies 1 ~ 10 events per year accessible for a collider

luminosity of 10057,

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.

522 etem - Zipttop

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 ¢** 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”™ — Z;¢" ¢~
channel is analyzed. In this model, ¢** has decay modes to charged vectors W/ W} and also to
leptons f l;f proportional to squares of the values of the Yukawa couplings (Y;;); [¥’ 2| for same
families and |Y’?| for different lepton families when lepton violating modes are considered.
Hence this channel provides very interesting final signals for ¢** discovery, and four leptons
at the final step violating lepton flavor, such as lilil;.rl;f, 11 jl;fl;f and l,-l,-l;rl;f. The final state
L;l jl;rl;.r 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 ¢**¢~~V;V; vertices. Their couplings are given
in the form iC ;f")gﬂy where g, carries the Lorentz indices of vectors.

‘ i/j H vertices ‘ iC;f")gﬂy ‘
2
1| "¢ Z1Z, Zif—a(1—2s§)2gﬂv
2,22
Ul || ¢ ZnZ | 2501 - 252 )gu
7 (2 _ 2
31 || ¢ o AnZy | 2555520 - 252 g
41 || ¢ ALZL 4ie (1 = 2538
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Table 5.11: The three point interaction vertices for ¢**(p1)¢~"(p2)V; vertices. Their cou-
plings are given in the form iE;MPﬂ, where P, = (p1 — p2), is the difference of outgoing

momentum of the scalars.

‘ i/] H vertices ‘ iE;WPﬂ H
1] ot*eze [ -id (1-252) (1 - po)a
2 [ o zu | ieS2p1 - po)
3 oo an | i S0 - po)
4 || oo AL —2ie(p1 — p2)u

e, e ->Z, 07"

o LH: 5/5'=0.8/0.6' —— ]
'LH: §/5'=0.8/0.7" -------
110 E 'LH: 8/8'=0.95/0.6’

IIIIIIII :'''"""v---"--'''-"'1-m.........-:-I-L'l-'-lf'\...S‘s!“‘g'-'5/0.':'1;“'7"r

do/dE [pb/GeV]

100 200 300 400 500 600 700 800 900 1000
E; [GeV] (Energy of the Z boson)

Figure 5.11: Differential cross section vs. Ez graphs for ete™ — Z; ¢**¢~~, 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.

44



i Vi(q'
. AL((II) («’ ¢ ([)4) e_»__ (ili _ b
-1 T ()
@ o (ps) (a)
| Z1(p3)
Lz T
‘ (1) (2) (Vi Zp, Zn, An)
- T T Zups) T 7T T Zi(py)
(a) (,»"¢++((p4) (a) 4{,/¢++((p4)
(3) ¢ ((ps) (4) (Vi: Zp, Zu, Ag) ~¢ (ps)

(1) (Vi Z1, Zu, An) (8)

(Vi Zp, Zn, An)

. P Zu(p) . s 1)
e SR IR 97 )
e e L 97 ()

(9)

(10) (Vi Zr, Zn. An)

Figure 5.12: Feynman diagrams contributing to e*e™ — Z;¢**¢ ™~ 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 W; do not contribute to this process because our final
state does not allow these type couplings. The Feynman diagrams contributing to the process

+

ete” — ¢**¢p " Z are given in figure 5.12. The amplitudes for the first two diagrams in

figure 5.12 are written as:

ay

_ . i 4. .8
M, = M[—PZ]Wy(ng+8A1Ys)fﬂ[Pﬂq_/vagwu[Pl](l)F

iE}’(ps = ps)as (5.22)

3
M, = Z ul—paliyu.(gv, + 8A175)€“[P3]lq—/§]i7v(gv,- + 8a,y5)ulp1]

IV

ga'v _9q ‘12
(i) M B (py — ps) (5.23)
72— M2+ imT; DT e
1

where ¢ = p; — g and ¢’ = p» — p3, and the vertex factors E;M are given in table 5.11.

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

i . g
M5 = I/t[_pZ]l’y/l(sz;)71E4¢¢(p‘1 _ p5)v70(8V1 + gA175)Ea[p3]M[p1], (5.24)
3 g q;%v b
M = ljl —_ l 3 + ) l i lE, _
4 ; [=p2livu(gv; + 8a,vs) - M+ M, (P4 = ps)v
iq_/ééiYQ(ng + gAl')’S)Ea[pﬂu[pl], (525)

where g = p; — p3 and ¢’ = p> — ¢, and the vertex factors E;M 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:

- . g 16¢ ’ l
Ms = u[—pz]l)/ygv4u[p1]l7lE4 (ps +q )Vq’z——W

iE"(~q' = p3)o€”[p3], (5.26)
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- . g 1 ’ L
Mg = u[—pz]l)/ygv4u[p1]l7lE4 (ps—q )Vq’z——W

iE"(~q' = p3)o€”[p3], (5.27)

3 MY _ M
2
M; = ul—pali -+ gAYs)U i .
7 ; [=p2livu(gv; + gays)ulpi] 7 — M2+ M,
o/ ’ l e ’
GE")ps + 4 ) —5——5GE")=¢ = p3)oe’[P3), (5.28)
C]’ - M¢
MV
> 8" - qM%
Mg = ul—pali -+ gAYs)U i .
8 ; [=p2livu(gv; + gays)ulpi] 7 — M7+ M,
"} 7 l /i ’
GE)ps =)o pUET )4 = po)oe”psl, (529)
¢

where ¢ = p1 + pa2, ¢ = q — p4 for diagrams 5 and 7 and ¢’ = g — ps 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:

_ . g 1060 o
My = u[—pz]%gwu[m]l?lgl gvo€ [p3l, (5.30)

where.

3

Mg = > al=palivu(gy, + gays)ulpili
i=1

w _ ¢"'q"
g Mzz .~/ PP o
7 _1‘42+l.]‘4.r,(l(/’,-1 )8va €’ [p3], (5.31)
i i

where ¢ = p; + p» and C;;M are four point couplings given in table 5.10.

The differential cross sections for the double associated production of double charged scalars
associated with Z; 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 VS = 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. VS 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.

4 _pb

The differential cross section of the production process reaches its maximum value of 107 &7

for model parameters s/s” = 0.5/0.1 for Ez ~ 100GeV. For this parameters the total cross
section is 8.4 x 1072 pb. This will give about 8000 events per year for high luminosities such
as 100fb~", and also at least ten events for very low luminosities such as 10pb~!. 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
VS = 3TeV, the differential cross section gets lower values at the order of 10‘7GP—Z’V. The
resulting cross sections are calculated by integrating over Ez, and found to be about 4 ~

8 X 107*pb (table 5.12) resulting in 40 ~ 80 events per year for integrated luminosity of
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100fb~". For VS < 3TeV, this production channel is not reachable.

1-10° ‘ . . . . 1.10°
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Figure 5.14: Total cross section vs. VS graphs for Z; associated pair production of charged
scalars at (left) f = 2.5T eV, and at (right) f = 3.5T ¢V 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 l,~ll~l;?l;.r plus reconstructed Z;; 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 VS 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. VS graphs for Z; associated pair production of charged
scalars at f = 5T eV 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 VS = 3.8TeV(5.5TeV){1.5TeV)} for f = 2.5TeV(3.5TeV){5TeV}, due to the increase in
heavy scalar masses. For f = 5T¢eV, 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 0.9fb for VS > 10TeV, resulting in 90 production

Table 5.12: The total cross sections in pb for double production of doubly charged scalars
associated with Z; for f = 1TeV and at VS = 3TeV.

L s/s” N ozeme— |
0.8/0.6 || 4810°*
0.8/0.7 || 4.4 107*
0.95/0.6 || 7.8107*
0.5/0.1 || 8.4107?
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events for luminosities of the order of 100fb~!. For the double charged scalar pair, the total
cross section is 5 ~ 9fb for VS > 10TeV, giving 500 ~ 900 productions at luminosities
100fb". In this case the final number of four lepton signals (lilil;rl}r) 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 W l;l;, resulting in 200 ~ 400 signals accessible for luminosities of 100 fb~!. Finally,
if the energy of the colliders can be increased to cover the region f > 3T eV 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 Z; Associated Production of Higgs Boson in the Littlest Higgs Model

In this section the production of SM Higgs boson within Z; via e*e™ — Z;H and e*e™ —
ZHH 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 (VS = 17eV) and
CLIC (VS = 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.

531 ete > ZH

/ /
A Zu(ps) Vilq) : (Z1. Zu, Au) A/ Zi(ps)
Z1(q)
A e
N H) . Hp)
SM L.H.

Figure 5.16: Feynman diagram contributing ete™ — Z;H, SM (right) and littlest Higgs
model(right).

In standard model the single associated production of Higgs boson associated with Z; occurs
via emitting by a Higgs boson from Z;, in the s channel. The Feynman diagram for this process

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

v _ q“gv

M M
.8Mz

i, €" 3] (5.32)

- MZL + lFZL cw

g.“

M = ul-paliy,(gv + gays)ulpi1(—i) 7
where gA = %(—1/2 + S%V), gy = % and qg=p1+pa

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 Z; HH and four point Z;Z; HH vertices in SM

3
M= Z ul=p2liyu(gy, + ga,ys)ulpi1(=i) 7

i=1

AzzHH

ig%guy
202

W

Azun

92 Vguy
202

W

mv ¢'q”
§ Mi2 ~ pH @

A+ IML (D)B;18ve€ [p3] , (5.33)
- i iti

where g = p; + p2, and Bg are couplings given in table 5.14.
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Figure 5.17: For e*e™ — Z; H total cross section(pb) vs. VS (GeV) graphs, variations with
respect to s/’ for f = 2460GeV (left), and for f = 1000GeV (right).

For the process e*e™ — Z H 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 VS = 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 VS values, total cross section calculated in the littlest Higgs

model is slightly below the SM values. But for VS > 400GeV for f = 1000GeV, and for
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Table 5.14: The three point Feynman rules for HV;V; vertices. Their couplings are given in

the form igﬂng where g, carries the Lorentz indices of vectors.

i/j H vertices ‘

‘npH
lB,'jg,uv

) -
1/1 HZ;7; %f_zvgyv(l _ % _ %S(Z) +4\/§SOV7

e (GERO e  Cero = )
2/2 HZHZH _%82‘/8;11;
12 || HZ; Zy _%% (C22;§2)Vg,uv
2/3 || HZyAu —igg’wvg

4 scs’c’! nv

13 || HZ1An v,
3/3 HApAp —%g'zvg,w

VS > 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 Zy.

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 VS = 1.5TeV
corresponding to the Zy resonance for Mz, ~ 1.6TeV given in table 4.2, reaching to a value
of 1pb. For 0.95/0.6 this resonance occurs at VS =~ 2.5T¢V widely due to larger decay width
of heavy Zy.

For f = 1TeV the peak value of cross section at the order of 1pb is reached at VS = 700GeV,
hitting the heavy Zy 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 VS = 1TV at a peak value of 0.5pb.

It is seen that for this process the total number of production events will reach up to 10> events
per year at high luminosities such as 100£b~'. 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 Zy

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

model.
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Figure 5.18: Feynman diagrams contributing to e*e™ — Z; HH in SM

In standard model, double production of Higgs boson associated with Z; has contributions
from four point Z;Z; HH vertex, from three point Z;Z; H 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:

n q'q”
My = al-p2liyu(gy + gays)ulpi (D) ————————idzzingva€’[p3] - (5.34)
q- — MZL + erL

The amplitude corresponding to second and third diagrams in figure 5.18 are given by:
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- . . Zy .
M>, = u[—-psrli + u —)————— A
b [=p2liv.(gv + gays)ulp1]( )q2 _M%L i, 77H&va
ra 13
g — qu
(_i)q’2 T idzzugpo€” [p3] s (5.35)
- M2 5
g — 1L
MZ
My = ua[l—-prli + u Y P —
3 [=p2liv.(gv + gays)ulp1]( )q2 _Mi i, 77H&va
ra 13
g — qu
(=) ~——idzzn8p0€7 [p3] (5.36)

q? - MéL +ily

L

where ¢’ = g — p4 for diagram 3 and ¢’ = g — ps for diagram 2.

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

Hv _ q'q”
g Mé
My = alpaliva(gy + ) S —
4 [p2]iyu(gv + gays)( )q2 - MZ T,
. . i .
idzzH8va(—DE* [P3l———idunn (5.37)
q- - MH

where ¢’ = p4 + ps. For all these four amplitudes ¢ = p; + p» and the SM couplings Azzy,

Azzny and Agyy are given in tables 5.13 and 5.16.
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Figure 5.19:
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Feynman diagrams contributing to e*e~ — Z; HH in littlest Higgs model.
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Table 5.15: The four point Feynman rules for HHV;Z;, vertices. Their couplings are given in
the form iC;g,, .

‘ i H vertices C; H
)

U\ HHZ1Zp, | 5% g0 + O/ f?)
W)

2 HHZHZL —53 X guv

3 || HHAYz, | -1,
2cy 25c" OSHY

4 || HHALZ; 0

Table 5.16: The three point Feynman rules for HH H vertices for SM (Ay ) and littlest Higgs
model (A7, ;)-

—i3M3,
AHHH I Hz :
’ —i3M} LIv(@fv' /v
AHHH v (I- 4f2(1—(4fv//v2)2))

In littlest Higgs model, the double Higgs production associated by a Z; boson gets contribu-
tions from propagation of new neutral vectors besides Z; 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:

3 guv _ ¢'q"

My = Zl il=p2liyu(gv, + ga,ys)ulp1l(=i) 7

iCig" e [psl, (5.38)

- M} +iMT;
where C; is the vertex factor for Z; V;HH 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™ — Z; HH differential cross section vs. E; graphs, variation with respect
to the littlest Higgs model parameters s/s’ for f = 2460GeV(left) and f = 1000GeV(right) at

VS = 1TeV.
33 8" - L%V H
My = Zﬂg[_pz]wgvf+gA,.y5)u[m<—i)q2_ 22+ imr Big
i,j=1, '

(=0)—

qur q/ﬂ

gﬁa’_ MZ

M2+zMF

i 1]gﬁo— €’[psl,

(5.39)

where Bg is the vertex factor for V;V;H and ¢' = q— ps. M3 = M, with replacing ¢’ = g — ps.

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

tion of pseudo scalar ¢ and they are given by:

(E

v

gll

A

2

ul—paliyu(gv; + gAiYS)M[Pl](_i)q

P e’ [psl,

2— M? +iMT;

(5.40)

where Eﬁ and £ f | are the vertex factors of V;H ¢" and Z; Hp" respectively given in table 5.5,

and P,

and ps.

= (pH — Pgr)v =

The amplitude for the last diagram in figure 5.19 is given by:
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¢'q"

Mg = u[—pr i 4+ 9AY5)U —i !
6 ; [=p2livu(gv, + ga,¥s)ulpil( )q2 M M
- nH —! .
I(Bil)gmfa[m]m(l/llmlﬂ, (5.41)
where Bﬁ is the vertex factor for Z; HV; and /1}111 y for HHH given in tables 5.14 and5.16.
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Figure 5.21: Total cross section vs. VS graph for e*e™ — Z; HH, 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 Z;, 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 Z; boson for f = 1TeV and f = 2.46TeV at center of mass energy VS = 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” — Z; H, 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 Z; (Ez < 220GeV). For higher energies of Z; 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% at Ez, ~ 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

6_pb

by electroweak data, with a peak value of 5 X 107" &=

for Ez, ~ 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 E7, ~ 460GeV with a value of 10_6GP—Z’V. 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 £, for symmetry break-
ing scales f = 1TeV and f = 2.46TeV at s/s’ = 0.8/0.6. For f = 2.46T¢V the total
cross section has a maximum at VS = 0.57¢V with a value of 1.5 x 1074 pb below the SM
value of the total cross section which is 1.8 x 10~ pb. The littlest Higgs model dominates for
VS > 0.8T¢V while the value for SM decreases. For f = 1T¢V the total cross section for the
littlest Higgs model dominates the production process. At VS =~ 0.6T¢V, the littlest Higgs
model value of cross section gets a resonance from Zy pole with a value of 1072 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

541 ete” — Z;HP®

In this section the production of new heavy scalar, ¢°, standard model Higgs scalar and Z; is

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

associated with Z;, are given in figure 5.22.
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Figure 5.22: Feynman diagrams contributing to e*e~ — Z; H¢? in littlest Higgs model.

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

3 v _ 4
- 2 j —i M; :~HO va _a
M = ;u[ p21ivu(8v, + 8a,¥s)ulprl( z)q2 myyn iM,-F,-lC“ "€ [psl,

where icl.’f"’g,w is the vertex factor of V;Z; H¢° 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 Z; for f = 1T¢V and at VS = 2TeV.

| s/s || ozne | Tzne

0.8/0.6 || 3.4107 | 6.8 1077
0.95/0.6 || 3.0107° | 8.9 1077

0.5/0.1 1.8 3.5107%
3,3 gt — quv
M, = ul=p2livu(gv, + gays)ulp11(=i) -
’ i,;l,l Sy A : qz_Mi2+lMiFi
ga/,B _ q/(rqzlﬂ
M?
N va: J . nH o
(B, i (B, € , 5.43
(B;))8 q2—M2.+iMij(( 1)8por€” [P3] (5.43)

J
where iB?jgw and iB{Ijgﬂv are the vertex factors of V,-Vj¢0 and V;HZ; respectively given in

tables 5.3 and5.14, and ¢’ = g — ps.

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

3.3 mv _ q'q"

: 8 M

Ms = ul—poli 4+ 2AY5)U —i :

3 ij=zll [=p21ivu(gv; + ga,vs)ulp11( )q2 By YERES
gaﬁ _ qmyqz//ﬁ
M?

i(BM)g i : i(B); €’ [p3l, 5.44
(B;7)8 Ry yen iMjrj(( 1)8po€ [P3] (5.44)

J

where iBg gu and iBy g, are the vertex factors of V;V;H and qu)OZL respectively given in

tables 5.14 and 5.3, and ¢”” = g — p4.

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

v _ 4"q"
gIJ - MZ
i P

1B
2-MZ M

3
My = Zﬁ[—Pz]iYu(gv,-+gA,-)’5)M[P1](—i)q

—i

—iEP P,e[p3] (5.45)
0 2 111 @ ’
q'=— My
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where iEf;PV and iEf \ P, are vertex factors of VipP¢° and ¢* HZ; respectively given in table

55and P =ps +¢q'.

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

3 guv _ ¢'q"
M?
Ms = u[=p2liyu(gv; + ga;ys)ulp11(=0) '
5 ; P21tyul8v; + 8A,Y5)UlP1 q2 ~ Mi2 M
. - .
lEﬁPleEfzpafa[p:;], (546)

¢

where iEﬁ P, and iEsz& are vertex factors of V;¢"H and ¢¢°Z; respectively given in table

5.5,and P’ = ps+q".

Table 5.18: The four point Feynman rules for H¢V; V; vertices. Their couplings are given in

(0]
the form ng"j 8uv-

i/] vertices iC g¢0 Suv

| H'zize | F o soge
12 | He°Zyz, | -2E D50,
13 || Ho"Anzy | -3 50,
1/4 || H#*ALZ; 0

For this process the differential cross sections with respect to energy of the Z; boson for
different values of s/s’ are plotted in figure 5.23 at VS = 2TeV for symmetry breaking scale
f = 1TeV and mass of the Higgs boson is My = 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_3Gp_ebV for Ez, > 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 E7, > 180GeV with a constant value of 5 X 10‘6Gp—ebv
up to cut off determined by the kinematical constraints. The corresponding total cross section

for these parameters sets are at the order of 3 x 1073 pb.
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Figure 5.23: Differential cross section vs. E; graph for e*e™ — Z;¢°H, variations with
respect to s/s” for f = 1000GeV at VS = 2000GeV.

These results imply that for electroweak allowed parameters up to hundreds of events can be
produced per year at VS = 2GeV. For parameters s/s’ = 0.5/0.1 the number of events will
be around 10° 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 Z; HHH 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 ¢" will be to neutrinos such as; vivj + vvj. This will

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

542 ete — ZHPP

In this section the production of heavy pseudo scalar ¢” associated with standard model Higgs
boson and heavy vector Z; 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.
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Figure 5.24: Feynman diagrams contributing to ete™ — Z;H@" in the littlest Higgsmodel.

The Feynman diagram contributing to process e*e™ — Z; H¢" is given in figure 5.24 (right),

and the corresponding amplitude is given by:

3
M = Z ul=p2liyu(gw, + gA[)’S)E#[pTS]q_fIi'YV(gVi +8a,y5)ulpi]

ra v

va _ 494
T P 5.47)
___E"P,, .
q? - M>+imr; " (

where iEﬁ P, is the vertex factor of V;H ¢* given in figure 5.5and P = ¢ — ¢'.

For this production process the differential cross sections are plotted with respect to energy of
the Z; boson and presented in figure 5.25. The values of total cross sections for the parameters
of interest for symmetry breaking scale f = 17eV 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_7Gp—ebv corresponding to
the cross section of 3.5 x 10~*pb. For values of s/s’ allowed by electroweak precision data,
the total cross section is only at the order of 10~ pb. This results implies that this production

channel is out of reach for near future electron colliders.
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Figure 5.25: Differential cross section vs. Ez graph for ete™ — Z;H¢", variations with
respect to s/’ for f = 1000GeV at VS = 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; H¢", ¢°¢” 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 ¢° and ¢” behaves similar,
having same masses, same decay modes and decay widths. One way to distinguish them
experimentally is observing ¢* with H since H associated production of ¢° 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 ete — HoP

In the littlest Higgs model the direct production of ¢ H couple is significant because it will
provide signals to distinguish ¢* from ¢° . 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 ¢” production at the s channel is written as:
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Figure 6.1: Feynman diagrams contributing to e*e™ — S5, processes in littlest Higgs model.
S1=8S,:H—¢" ¢ =, ¢" —¢p~, ¢ — ¢~ and A, contributes to charged productions only.

3
M = Zﬁ[—pz]iw(gv,- +8a,y5)ulpi]
i=1

ua q°q"
g M » 6.1)
i _iE"P,, :
@ -M>+imn; (

where iEﬁ P, is the vertex factor of V;H ¢" given in figure 5.5 and P = p3 — py.

For this process, total cross section versus energy graphs are presented in 6.2 for f = 17TeV.
Production process is significant even for low energies such as V.S = 0.9 ~ 1TeV accessible
for ILC. For parameters s/s’ = 0.8/0.6, the cross section receives a maximum value of 107 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 x 1074 pb at VS = 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.

612 etem — ¢'p”

In the littlest Higgs model the scalar ¢° and the pseudo scalar ¢’ are degenerate in mass, and
their properties are similar. They can also be produced via e*e™ — ¢%¢" 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. VS graphs for e*e™ — Hg", for parameters f = 1000GeV
and s/5’.

The amplitude corresponding to Feynman diagram in figure 6.1 contributing to ¢°¢” produc-

tion is written by:

M?
|
q> - M? + iMT;

EP,, (6.2)
where iE’ P, is the vertex factor of Vig%¢®, P = p3 — p4, and E! = Elg 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 1072 pb implying that there will be 100 ~ 1000 production events per

year for luminosities 100/b~" at electron colliders at energies VS > 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. VS graphs for e*e™ — ¢ ¢", for parameters f = 1000GeV
and s/5’.

If the lepton number violation is not considered, or Yukawa coupling Y is not sufficient to
produce violation signals, ¢ dominantly decays into HH pair and ¢” 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 ete” — ¢t

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 ete™ — ¢ ¢~
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:

ap
M = u[—pz]mgwu[ml(»"’;—z
iEY"(p3 = padas (6.3)
3
My = 3 al-palivu(gy, + gaysulpi]
i=1
(i) ——iE! (D3 — Pa)as (6.4)

q> — M? + iM;T;

where ¢ = p; + p» and coeflicients E;.M are given in table 5.7 and M, for the photon propa-

gating diagram.
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Figure 6.4: Total cross section vs. VS graphs for e*e™ — ¢*¢~, 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 x 1073 pb for s/s" = 0.8/0.6,0.95/0.6 and f = 1TeV for energies VS > 1.5TeV. This
will give up to 800 productions per year for luminosities of 100£b~". For higher values of
symmetry breaking scale parameter (f > 17¢V), 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 /; v,-lj+. v;, two leptons
of same or different families plus missing energy of the neutrinos. If the leptons are from same
generation such as e*e™, u~u*, 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"u*, u~e™. The branching ratio
of such signals are calculated as %BR[Y]Z, which is strongly dependent on Yukawa coupling
Y. For high values of ¥ — 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;Z; dominantly, giving a signal of
WZZLWL‘ZL. At the final state the charged scalars can be reconstructed from WZ*ZL invariant

mass distributions.

622 ete” - ¢t

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™ — ¢™*¢~ 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:

_ : N
My = al-paliyugv,ulpil()=
q

iE (p3 — paas (6.5)
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3
My = Zﬁ[—pz]im(gv,- +8a,y5)ulpi]
i=1

g — LL
O —s I (ps = padas (6.6)
i it

where ¢ = p; + p> , and the vertex factors E;M are given in table 5.11.
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Figure 6.5: Total cross section vs. VS graphs for e*e™ — ¢**¢~, 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 = 17eV are analyzed.
The dependence of the total cross section on the model parameters s/s’ at VS = 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 VS > 1.5TeV accessible in CLIC.
The maximum value of cross section reaches to 3 x 1072 pb for the considered parameter sets

resulting up to 3000 events produced per year for integrated luminosities of 100 fb™".

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

Y ~ 1, ¢**¢~~ couple will decay into lilil}rl}r; four leptons violating lepton number by four,
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and into lilil?l;. and [;/ j[;r[;r four leptons violating lepton number by two. The branching
ratio of the final states violating lepton number by four such as e"e”u*u* is calculated as
BRI i+ = %BR[Y]2 =~ 04. This will result in 120 events per year for a luminosity of
100£b~! violating lepton number by four free from any backgrounds directly accessible for
VS > 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 BRIl = %BR[Y]Z.

For the final states violating lepton number by two such as e”e*e”u*, the branching ratios are
dependent on the flavor mixing Yukawa coupling Y’, and calculated as BRUNY = 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 /;/;1} l;f 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 ¥ ~ 0.1. For these values the charged scalars decay into W;W; 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; W/ e~e™ can be achieved per year for ¥ ~ 0.1 and 50 signals

per year for Y ~ 0.4 accessible at energies VS > 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, W; W, W, . The

scalars in this case can be reconstructed from invariant mass of same sign W, 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 VS > 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™ — Z; H(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 Z;, it is shown that the cross sections and the event rates are not remarkable.

For the production of neutral heavy scalars associated with Z;, 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, 5". The production of ¢° via e*e™ — Z;¢° shows a vector resonance at VS =~ 1TeV for
f=1TeV and s/s" = 0.95/0.6 corresponding to heavy gauge boson Zy. In this channel, the
production is achieved for VS > 0.75TeV for f = 1TeV with a cross section of order 103 pb,
and for VS > 1.8TeV for f = 2.64TeV with a cross section of order 10~ pb. For the pro-
duction of scalar and pseudo scalar pairs, the processes can happen at energies VS > 2TeV
for low symmetry breaking scale values, f = 1TeV, and reach production cross sections up
to the order of 107*pb for electroweak allowed values of mixing angles. The value of the
rates for the production of ¢°¢” associated with Z; are reduced by one order. The expected
number of production events is about 10 ~ 100 for single ¢°, and pairs of ¢°¢° and ¢*¢” at

luminosities 100fb~!, and at the order of one for ¢°¢” 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 Z;, pairs.

The most interesting results are found in the charged sector. For the production of charged
couple associated with Z;, it is found that at an e* e~ collider of VS > 2TeV with a luminosity
of 100fb~", the Z; 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 eTe” — ¢* ¢, the cross section reaches a value of 8 x 1073 pb, and therefore around
800 per year are expected at a luminosity of 100fb~!. Depending on the values of ¥ and Y’,
the final states can be leptonic such as [;v;[;V; and l,-v,-l_jv" ;. For Y =~ 1 the branching ratio to
leptonic modes is as high as 0.6 giving hundreds of final leptonic signals for VS > 1.7TeV.
The pair production of doubly charged scalars via ete™ — ¢**¢~~, the maximum of the cross
section is 3 x 1072 pb for s/s" : 0.95/0.6, and results in 3000 events are expected for per year
at luminosities of 100f6~! for VS > 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; ;;;W;Z; (W, 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 VS > 1.7TeV. At the final state final

lepton flavor and number violating modes are reachable if the Yukawa coupling ¥ > 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.Cagil and M. T. Zeyrek, ”Z; 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. Cagl and M. T. Zeyrek, ”Analyzing the neutral scalar productions associated with

Z;1 in the littlest Higgs model at ILC and CLIC”, to be submitted.

3. A. Cagil, ”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:
Vi) VYV (k3) = =igyyvyvs 870k = ko) + 8 (ky — k3l + g™(ks — k1)) (A1)
The four-point couplings take the form:
WPWIWIWLT s —igwrwewywy (28787 — 88" - 878
VIVEWPW37 o igvvawrw; (287877 — 887 - 878", (A2)
The coefficients gy, v,v;, gv, VaW; Wy and gwrwiw;w; 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;

xp = /l%/ (/l% + /lg) to shorten the notation.

For the neutral gauge bosons in Table A.7, we write the couplings to fermions in the form
iY*(gy +gay>). The fermions are charged under the two U(1) groups . The additional require-

ment that the two U(1) groups be anomaly-free fixes y, = —2/5 and y, = 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
WZ,, W, H %gzvg,” (1 - 3‘f—2+ W;}y W, H —%gzvg,,y
%(02 - sz)z% - %sg -2 \/Esoﬂ)
ZZnH | L %vgw (1- 32 - 53 +4V2s0% | ZuuZuH — Lg%,
L@ = +5(c? = 5)%) %) | AnAnH ~18"vgu
Wi W H -58° (C;§5z)vguv ZiZmH 3 cg_ (622;52)"8#\'
ZiyAnvH -4 % (C;;j,/z) V&uy ZnApyH -38¢’ % V8uv
Wi W@ —Lg%(sov — 2 V2V')guy W} Wy, @° 18%(sov = 2V2v)g,,y
W, Wy, @ L) (500 = 2 V2V ) g
Z1yZp, @ ~LE (vs0 — 42V )g ZiZiy® | 5% (vso + S VIV g
21,21, ° L8 D (5 — 42V g ZoAm® | 1E T (5~ 4VDV)g,,
A Z, ®° igg' —— ((czs'2 + 52y AmAp, @ | 1g7 (vso + “Y:jz i \/Ev') Suv
+2V2(c2 - $A)(? - s’z)v’)gw
Wi AL® 0 W5 AL® 0
Wy 21,0 ~i5 Vg, W} 21, ISy,
W, Am® —igg T (vs, — d)g,, W, Am® gDy,
WZﬂZquT igz%v’gw W;}yZHV(D’ —igz%v’gﬂv
W W@ 2ig>V' gy W, W, & 2ig? Dy,
WZ;; Wy, @~ —2ig2%v’gw
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Table A.2: Three-point couplings of one gauge boson to two scalars. The momenta are as-
signed according to V.S 1(p1)S2(p2). All particles are the mass eigenstates and all momenta

are out-going.

particles vertices particles vertices
i _ ig (2=5"
Wi, HE™ —%"(ﬁf"o-h)(pl P || Wy, HO AT )(\/—SO_SJf)(pl P2y
T T A N = )
WZy(DP(D_ %(pl - pZ)ﬂ W;_'I”(I)P(D_ - 5— (Lzu (p1 - pZ)p
W0 D —ig(p1 — P2y W, 00 ig 2 (p1 - p)s
AL HOP 0 A HOP | -1 (vp —250)(P1 = P2y
AL 0D 0 A, @O DF g (‘23 =2 (p1 = p2u
AL 0D —ie(p1 = P2y A @t O” ig' “2;5 2(p1 — pa)
A, O D" ~2ie(p1 — pa2)y Ap, OO zg'(‘zj,j, 2(p1 = p2)u
ZLHH(DP %Li (sp —250) (P1 — P2y ZHpH(DP 2g CZM )(SP =250)(p1 — P2
2_§2
ZL,L[CDOCDP _c%(l’l - PZ)ﬂ ZHﬂ(DO(I)P g( 2sc )(pl p2)/1
ZLH(I)+(I)7 l% Sa(Pl - pZ);l ZHy(D+(I)7 O(Vz/fz
21, @0 | =i (1-252)(p1 = pa) || Zuu@** @ ig S (p1 — p2)y
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Table A.3: Four-point gauge boson-scalar couplings.

particles vertices particles vertices
WZy WZVHH %ngﬂv + O(VZ/fZ) WIJ-rIy W;IVHH _%gzgl“’
ZiuZiyHH 558w + 002 f?) ZiZuyHH —38" 8
AHyAHVHH —%g/zgl“,
+ Wo i 25 NG
WL/I WHVHH 28 25 8wy ZL/‘ZHVHH 2¢y  2sC Epy
ol (V22 - 255202
ZiAnyHH — 8 e g ZyAnyHH — 488 v
WZpWL_vH(DO %gZSOg#V WI_;;JWITIVH(DO —égZS()gﬂy
21,71, HD ig Zuy Zigy HO Lo2[1 4 E5F
LutLy 2 S08uv Hu4Hy 28 + 22 S08uv
ApAry HO 1971+ 5 | sogu
- T2 L (22
WZy VVITIVI{(I)0 B égz (6235 : sogﬂ" ZLHZHVH(DO B % f_w (6235 : sog/“’
. (22 . B
ZL/JAHVHCDO _%% (LZS’S-’ )s()g,uv ZH/JAHVHCDO igg SC;/C/ [(CZS/Z + SZC/Z)
+2(c* — sH)(c? - s’z)] S08uv
W* A, HO —lieg(s, — V2s0) W AL, HO o@D (5. — \2sp)
Ly Ly 768 -i; 0)8ur Hu“ Ly €8 2“.2 7+ - 0)8uv
W;, Z1, H®™ 18 [s.52 Wi, Zi HO™ —L 5,2
—V2so(1 + 52)] g —V2so(1 + 52)] g
- T2 i / /
WZIIAHVH(D— —égg' (czyz[ )(er -2 \/Eso)gl“, W;}yAHVHCD7 _igg/ sc;/c, [(CZS 2+ 5% 2)S+
V22 = (e = 550 g
i 2_§? — - e
W Ziy HO 182 S 5084 W}, ZiyHO —ég“zg;j 508y
Wi Wi HO—~ V2ig? 508 W}, Wi HD V2ig? S5 508,
2_ 2
WZ;IWI-;VH(D__ B \/iigz (Czsz )Sngv
Wzﬂ WL—V(D()(D() l'ngﬂv WI;H W;h,q)()q)() _l-ngﬂv
2 R 2_2)2
21, 21,90 2i% g Zp1Zp1, @0 2ig* G 8w
ApuApyy °D° 2ig”? g
N -2 2 (P52
Wi Wy, 000" —ig e, 21 Z1, D00 —2iE e,
oo’ (27 . (= )(P—57
Z1, Ay @' D° —2if8 S, Z11, A, @O DO 2igg' = e g,
. 2_ 2
WZ”ALV(DO(D’ —%eggw W;}#ALVCDOCD’ %eg (Czsj L.
W}, 21,000 —= 1+ 52)gu Wi, 21y @00 =< CO (1 + $2)g,
(=57 _ - (=D (=57
Wi Any 00" V2igg' 7o g Wi Ay @0 ~7388 S
) — - g
Wy, Zi OO0 58 G 8w W;, Ziy @0 58 G g
Wi Wi oo V2ig?g,y W, Wi, @0 V2ig? g,
0y—— - 2 (=Y
WZ;; Wi, oD - V2ig _23‘5 Suv
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Table A.4: Four-point gauge boson-scalar couplings, continued.

particles vertices particles vertices
Wy, W, oo 1”8 Wi W, ®"o" —ig’ g
Z 2_2\2
21,21, OT P 2i% g1 Z1 Z, DF OF 2ig* g
ApyAp, OO 2ig? Vs,
K 7_2 o2 (2_2
Wi Wy, ®F 0P —ig? ‘22—> & Z1, 21, OP O —21§—W f 8
ZLHAHV(DP(DP _2"%@2;5’ )gﬂ" ZHHAHV(DP‘DP 2igg'% v
W} AL @PO- 5088w W} AL®F O 568 T g
) 2 2_2
W} Z1, D" 5 (4 538 Wi, Z1, @ O ~ e 1+ 52)guy
WAL O™ | —Vagg' e, || W A 0T | Sl gg T,
2_ 7 F
Wi Zn @' |~ S e, || Wi Zn 0P 58 G 8w
PpH—— 2 Pay—— 2 (cT+sh)
Wi W}, of o - \/Z? 8 W}, Wi, D -V2g2 3 g,,
Pp—— 2(c=57)
W} W, o d V22 De,, _
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Table A.5: Gauge boson self-couplings.

particles gwwy particles gwwy
WiW/ AL —e WiW, 7 —eCy /[ Sw
WiW, Ay % L;cwxg/ WiW;Zy Y—‘;% (cwx}V/ + sc(c? - sz))
W W,A,L 0 W W,Zt —L Xy
WiW; Ay —£ 2 xy Wi W, Zy —e/sw
Wi WAL —e Wi WyZy —eCy /[ Sw
WiWahn | 25 (S22 v o) || Wiwaza )
particles 8w wrwiw; particles Wi Wi Wi w;
WiWIW W, —g’ WiWwowy —g%sc(c? — W2 /A f?
W W W, Wy & W W W Wy —g’/4
WiW W Wy 82 (* = s%)/2sc WiEWEW, W —g%(c® + 5% /5%c?
particles gViVaW; Wy particles gViVaW; Wy
ALALWZWZ —gzs\z,v ALALW;—IW;] —gzs\z,v
2L LW W, -g’cy, ZLLWEW, -gc,
ALZLWW, —g%SwCy ALZLWEW, —g%SwCw
AL AgWiW, gzswcwxg v/ f? AL AgWEW, gzswcwxlzg v/ f?
+gzsw)c1q%(c2 — s%)/sc
AL ZyWiW; zgzswfwzxg’ vzz)/]z‘j2f2 AL ZyWiW, g2sw(c® = s2)/sc
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Table A.6: Charged gauge boson-fermion couplings. They are purely left-handed, and the

projection operator P; = (1 —y°)/2 is implied.

particles vertices particles vertices
Wihnd | [1 - # A - )|y v Wl ady igfﬂyﬂvu )
W b | 5 [1-% xL + 13(c? — ) [ VM W't ani HySM
WZ# TLbL ‘/_ fx '}’H VSM W;rlll TLbL _i\/_% VSM
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Table A.7: Neutral gauge boson-fermion couplings. Anomaly cancelation requires y, = —2/5

and y, = 3/5.
particles 8v 84
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Table A.8: Scalar-fermion couplings.

particles vertices particles vertices
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