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ABSTRACT

PHENOMENOLOGY OF THE LITTLEST HIGGS MODEL WITH

T-PARITY

by

Chuan—Ren Chen

Even though the Standard Model has been very successful in describing almost

all of the experimental data in high energy physics, it is widely believed that a new

physics theory will occur at TeV scale. Motivated by the “Little Hierarchy problem”,

Little Higgs models were proposed. In Little Higgs models, the Higgs boson is a

pseudo-Nambu-Goldstone boson, and its mass is protected by enough symmetries so

that no tree level mass term exists. Two or more couplings in the effective Lagrangian

are needed to break these symmetries and generate the Higgs boson mass at the

one-100p level, which is called the “collective symmetry breaking” mechanism. The

quadratically divergent corrections to the Higgs boson mass are neatly canceled at

one-loop level: the corrections from the top quark loop is canceled by a new heavy

quark and the corrections from the Standard Model gauge bosons are canceled by a

set of new gauge bosons. With T-parity, the mass scale of the Little Higgs models is

allowed to be less than one TeV by the precision electroweak tests due to the absence

of mixings between the new gauge bosons and the Standard Model gauge bosons.

Furthermore, Little Higgs model with T-parity also predicts a dark matter candidate

and leads to the very interesting collider phenomenology that is different from the

Standard Model prediction.

In this work, I investigate top quark physics and Higgs boson physics in the Littlest

Higgs model with T-parity at the Large Hadron Collider (LHC) at CERN. The effects

through the virtual appearance of the new particles have a large impact on the Higgs

boson production total cross section via the gluon-gluon fusion process and decay



branching ratios. For the top quark physics, since the wtb coupling is modified at the

tree level due to the mixings between the top quark and a T-even heavy quark, the

single-top quark production cross sections will be reduced, as compared to Standard

Model predictions. I also present the one-100p electroweak corrections to the gt‘f

coupling, which leads to an anomalous coupling written in terms of several form

factors. And I further examine the effects in the top quark pair production via the

quark annihilation process at the LHC. The negative corrections from the Standard

Model particle loops are partially canceled by the positive contributions from the

loops of the new heavy particles, and the latter dominates in the large invariant mass

of the top quark pair.

I also investigate the collider signatures of the new particles in the Littlest Higgs

model with T-parity at the LHC and a Linear Collider (LG). I show the total cross

sections, the typical decay branching ratios of the new particles and estimate the

event rates for some interesting signatures at the LHC. Since the mass of the heavy

gauge boson only depends on the symmetry breaking scale of the “model, I study in

detail the heavy gauge boson pair production at both the LHC and the LC, including

the backgrounds from the Standard Model. By using a charged lepton pair with large

missing energy signature at the LHC, the discovery potential of the heavy gauge

boson pair production could reach a 50 statistical significance. However, it is dificult

to reconstruct the mass of the heavy gauge boson at the LHC. By using the four

jets with missing energy signature at the LC, both mass and spin of the heavy gauge

boson could be determined. It is also possible to distinguish different models at the

LG by using the spin correlations.
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Chapter 1

Introduction

Up to now, the Standard Model, a SU(3)C x SU(2)L x U(1)y gauge theory [1—

3], has been very successful in describing almost all of the experimental data in

high energy physics. The predictions of the Standard Model (SM) have been tested

precisely with electroweak measurements in the LEP and SLD experiments at the

6+
6" linear collider. The comparisons between experimental data and the Standard

Model predictions are shown in Fig. 1.1 [4]. As we see there, except for the forward-

backward asymmetry measurement of Z —> 05 (Agf), the best fit in the Standard

Model agrees very well with the data.

However, it is hard to believe that the SM is the most fundamental theory real-

ized in Nature based on the following. The combination of a variety of data from

solar [5—14], atmospheric [15—18], reactor [19,20] and accelerator [21] neutrino exper-

iments now firmly establishes the discovery of neutrino masses. Even though we still

don’t know the values of neutrino masses themselves, the fact that the neutrino has

a mass already indicates the incompleteness of the SM in which neutrinos are mass-

less. Moreover, cosmological studies of galaxies [22,23] show that the galaxies have

huge “halos” of “dark matter,” which is invisible and with mass 3—10 times that of

luminous matter. The recent Wilkinson Microwave Anisotropy Probe (WMAP) data



Measurement Fit |Qmeas_ofitI/Gmeas

O . 1|
‘5 “ I‘m-I.
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H. » 1.7.2.er1 241...:

m2 [GeV] 91.1875 3: 0.0021 91.1875

rZ [GeV] 2.4952 i 0.0023 2.4957

ofiad [nb] 41.540 _+_ 0.037 41.477

 

R, 20.757 1: 0.025 20.744

A3;l 0.01714 i 0.00095 0.01545

A,(P,) 0.1455 i 0.0032 0.1481

Rb 0.21529 i 0.00055 0.21585

RC 0.1721 i 0.0030 0.1722

0;” 0.0992 2% 0.0015 0.1038

2;" 0.0707 i 0.0035 0.0742

Ab 0.923 i 0.020 0.935

A 0.570 i 0.027 0.558

A,(SLD) 0.1513 i 0.0021 0.1481

singeififikom) 0.2324 3.: 0.0012 0.2314

mW [GeV] 80.398 1. 0.025 80.374

rw [GeV] 2.140 :4: 0050 2.091

mt [GeV] 170.9 i 1.8 171.3      
Figure 1.1: The comparison between the predictions in the SM and the experimental

data.



show that the dark matter contributes about 20% to the total energy density of the

Universe while the contribution from baryons is just about 4% [24]. The microscopic

composition of dark matter remains a mystery, but it is clear that it cannot consist

of any elementary particles that have been discovered in the laboratory so far. It is

therefore widely believed that the SM is only an effective theory at the weak scale,

which is valid only up to a cutoff scale A. In other words, a new physics model is

expected to occur at the energy scale A.

In order to explain the phenomena in the real world, the SU(2)L X U(1)y elec-

troweak symmetry has to break down to U(1)EM symmetry. The mechanism for

breaking the electroweak symmetry is described by the Higgs mechanism. The SM

also predicts the existence of a fundamental scalar particle, Higgs boson, which has

not been found yet in any high energy experiments. Therefore, the standard Higgs

theory has not been tested and confirmed, and the true mechanism of electroweak

symmetry breaking (EWSB) remains unanswered. Moreover, there exists a so-called

“fine-tuning problem” or “hierarchy problem” arising from the SM Higgs boson, which

is one of the motivations to look for new models beyond the SM. In this Chapter, I

will review the hierarchy problem and possible solutions from two different models,

Supersymmetry and Little Higgs models, focusing on the latter.

1 . 1 Hierarchy problem

From the x2 fit of electroweak data, as shown in Fig. 1.2, a light Higgs boson (~

100 GeV) boson is preferred [4]. If we calculate the quantum corrections to the mass

of the Higgs boson from the top quark, the gauge boson and the Higgs boson self

interaction loops, as seen in Fig. 1.3, it turns out to be proportional to the cutoff

square, which is quadratically sensitive to the scale of new physics. The largest



 
300 

Figure 1.2: The x2 fit derived from high-Q2 pecision electroweak measurements,

performed at LEP and by SLD, CDF and D0, as a function the Higgs boson mass,

assuming the SM.

contribution is from the top quark loop because of its large Yukawa coupling to the

Higgs boson, which is



——— —-— _——-._—_—

h h h h

Figure 1.3: The quadratically divergent contributions to the Higgs mass from the top

quark, gauge bosons and Higgs boson at one-loop level in the SM.

where /\t is the top Yukawa coupling strength. Let’s take some values of A to see how

large (5mi will be.

—(200 GeV)2, if A = 1TeV,

—4(200 GeV)2, if A = 2 TeV,

6m}: ~

—25(200 GeV)2, if A = 5TeV,

—100(200 GeV)2, if A = 10 TeV.

The physical mass of the Higgs boson is

mi 2 mio + (Sm/21,

where mio is the bare mass parameter of the Higgs boson appearing in the Lagrangian,

and we expect that m}, is at order of 100 GeV, say 172,, ~ 200 GeV. Therefore, if the

cutoff scale A = 10 TeV, we have to finely tune [fl/210 at the level of one part in one

hundred in order to have 771;, ~ 200GeV. In other words, the fine-tuning for mm is
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needed if the scale for new physics is high, compared to the weak scale (~ 246 GeV).

If we believe that the SM is valid up to GUT scale (> 1016 GeV) or even Plank

scale (1019 GeV), a fine-tuning of about one part in 1026 ~ 1032 would be required.

This is a well-known “fine-tuning problem” or the “hierarchy problem” in the Higgs

sector of the SM. Therefore, we generally believe and expect that the new physics

should naturally occur at energy scale A about 1 TeV or below, which also implies

that there are new particles with masses at or below 1 TeV, if the new physics is a

weakly coupled theory.

At the energy of weak scale, which is far below the scale of new physics, new

particles can be “integrated out,” and new physics effects would appear as a set of

higher dimensional operators in terms of only the SM fields and the cutoff scale [25].

Since these higher dimensional operators can contribute to experimental observables

at the weak scale, the new physics energy scale could be constrained by precision

measurements. These operators can be categorized by the (approximate) symmetries

which they break in the SM, such as baryon number, lepton number, CP, flavor and

SU(2)0 custodial symmetries. The experimental data currently put lower bounds

on these operators to be ,2 5 TeV [26-29]. This immediately generates the tension

between the two scales: ~ 1 TeV , at which a new physics model is expected from

the argument of quantum corrections to the Higgs boson mass, and ~ 5 TeV, below

which there should be no new physics as mentioned above. Since the hierarchy of

these two scales is not as big as that between weak and GUT or Planck scale, we call

this as the “little hierarchy problem”.



1 .2 Possible Solutions

The hierarchy problem is one of the motivations for looking for the new physics

beyond the SM. It is realized that the problem arises because the quantum corrections

to the Higgs boson mass square are quadratically sensitive to the new physics scale.

The most intuitive way is to cancel these corrections with the contributions from

new particles. In this section, I will roughly introduce the cancellation in probably

the most popular new physics model, the supersymmetric extension of the Standard

Model, and explain in detail the Little Higgs model which is the focus of my work

through this thesis.

1.2.1 Supersymmetric Extension of the Standard Model

Supersymmetry [30—33] is a symmetry that relates fermionic and bosonic degrees of

freedom. It also predicts the existence of new particles which are supersymmetric

partners of all the particles we have found. In addition, it requires that the total

number of bosonic and fermionic degrees of freedom are equal. For example, the

top quark has two supersymmetric partners, which are scalars and called top scalar-

quark or step, tL and fR that are corresponding to different chiralities of top quark,

i.e. the left-handed state of the top quark tL and the right-handed state tR- The

Higgs sector is extended to two Higgs doublets, and after the electroweak symmetry

is broken, there exist five scalars, among which the lightest one is the SM-like Higgs

boson. The quadratically divergent contribution of each diagram in Fig. 1.3 is exactly

canceled by a diagram with the corresponding superpartner running in the loop, as

shown in Fig. 1.4, where I only take only the top loop diagram as an illustration. The

couplings for the Higgs boson to the SM particles and their supersymmetric partners

are related by supersymmetry, and the cancellation happens because of the opposite



/i‘

h h
\\-—/

——_+———

h h

Figure 1.4: The cancellation in quadratically divergent contributions to the Higgs

boson mass between top quark loop and top squark f ( superpartner of the top quark)

loop in SUSY models.

spin statistics. For a review of the supersymmetry models, see [34—36] and references

therein.

1.2.2 Little Higgs Model

The Little Higgs models provide an alternative way to cancel the quadratic diver-

gences in quantum corrections to the Higgs boson mass. Unlike supersymmetry mod-

els, the cancellation in Little Higgs model happens between particles with the same

spin statistics. I will explain in this section how the cancellation happens and intro-

duce the “collective symmetry breaking” mechanism which is a crucial ingredient in

the Little Higgs models.

For convenience, I take as an example the Littlest Higgs model [37], one of the

most popular Little Higgs models discussed in the literature. The Littlest Higgs model

is based on a SU(5) /80(5) non-linear sigma model. The global SU(5) symmetry is

broken down to 80(5) at the scale f, therefore, 14 Nambu-Goldstone bosons are

generated as a result of the spontaneous symmetry breaking. The Higgs boson is one

of the Nambu-Goldstone bosons which are embedded in a 2 field. The kinetic term

of the non-linear sigma field, which yields canonically normalized kinetic terms for



  
h. h h ’1

Figure 1.5: The one-loop diagrams of extra gauge bosons, W’ and B’, from the

Littlest Higgs model, which cancel the quadratically divergent contributions to the

Higgs boson mass from the SM gauge boson one-loop diagrams.

Nambu-Goldstone bosons, is given by

2

5km 2: f§T7‘(D#E)](D“E), (1.1)

where the covariant derivative DMZ and the explicit formula of 2 will be given in the

next Chapter. Eq. (1.1) will generate interactions of the Higgs boson to gauge bosons

as [37, 38]

92 I2 2 l2

,7 g g ’7’, f, . g I I

cm 3 4 ugwaflhm —4BuBf‘hh— ——4 u flaw “#1171— —4BuB “hh+- ~ , (1.2)

where g and g' are weak and hypercharge coupling strength, respectively. It is easy

to see that there exit two diagrams with new gauge bosons W' and B’ in the loop,

as shown in Fig. 1.5, which exactly cancel the quadratic divergences from SM gauge

boson loop diagrams due to the same coupling strength for these two set of diagrams

but with opposite sign as shown in Eq. (1.2).

In order to cancel the contribution form the top quark loop, one has to introduce a

new heavy quark U related to the top quark. The couplings of the SM top quark and

this heavy new quark to the Higgs boson can be obtained in the effective Lagrangian

of the top sector [37]:

1 _ _

£t0p = —§A1f€ijk€$yQiszBEkg/UR — AngLUR + ILC. (1.3)

where Q = (—z'bL, z'uL, UL)T, the indies i, j, k run over the values 1, 2, 3 and 3:, y

run over 4, 5, and b, u and U are weak eigenstates of the bottom, top and extra heavy

9



quarks, respectively. It is straightforward to expand Eq. (1.3) and get

flAlAQ _ A2

————————tLtRh + -—————————

,/A2+A2 ,/A22+A2 f,/A2 +A2

A2 +A2fTLTR +---. (1.4)

£101) 3 ——-——-tLTR/l + QTLTth‘

where tL/R and TL/R are mass eigenstates which are given as

AQUR — AIUR

thuLv 13113: 1

,/A2+A2

A1113 + AQUR

/2 2

Note that, at this point, the top quark t is still massless and T quark gets its mass as

mT=,/A2+A2f.

Therefore, the diagrams which contribute to (5771i form top sector interactions are

 

 n=m,m=

shown in Fig. 1.6, and the contributions are

  a) = ~24

A2A2 /d4k i

A2+A2 (2704 A2

A4 44A 1

b) = ’24—2—1‘5/22_
A1+A2 (2H) A m1

A2 (14A 1
c) 2' +24———————'mT ( ,

f A? + A; 27r)4 [:2 — mgr.

 

 

It can be shown that these three terms have quadratic divergences and the last two

terms have also logarithmic divergences. Since mT = 2M? + Ag f, it can be easily

10



“77.7." $.12"
7." __

(a) (b) (c) h

Figure 1.6: The cancellation in quadratically divergent contributions to the Higgs

boson mass between top and the extra T quark in the Littlest Higgs model.

seen that the quadratic divergences cancel neatly because

  24 — 24 + 24 m
2 2 2 2

A1 )‘2 )‘1 *2 f A2 + A3

=—24A2+24 A2+A2f=0.

A2

__l__

f,/A2+A?2

However, the logarithmic terms are left over and contribute to the mass of the

Higgs boson as

 

Like the situation in the SM, the contribution to (5771,21 from top sector, i.e. Eq. (1.5), is

the dominant one, and the negative sign provides an explanation to why electroweak

symmetry is broken. Furthermore, if A1 or A2 vanishes, 6m?1 from Fig. 1.6 is exactly

zero, which means that the Higgs boson is an exact Nambu—Goldstone boson and stays

massless. The mechanism which requires two or more couplings in the Lagrangian to

break the symmetries that protect the Higgs boson mass is called “ collective symme-

try breaking”. This is the general mechanism employed in Little Higgs models [39,40],

and here I quote a statement of the “Little Higgs theory” from Ref. [40]:

The Higgs boson is a Nambu-Goldstone boson ofa spontaneously broken symmetry.

This symmetry is also explicitly broken but only “collectively”, i.e. the symmetry is

11



broken when two or more couplings in the Lagrangian are non-vanishing. Setting any

one of these couplings to zero restores the symmetry and therefore the masslessness

of the Higgs boson.

12



Chapter 2

Model — The Littlest Higgs Model

with T-parity

In Little Higgs models, the Higgs boson is embedded in the Nambu-Goldstone boson

fields arising when a global symmetry 6' is spontaneously broken down to a subgroup

H. Therefore, the Higgs boson is naturally light, because it is a pseudo—Nambu-

Goldstone boson (pNGB). The idea of considering that Higgs is a pNGB was originally

proposed by Georgi et a1. [41—47] in 70’s. Recently, a collective symmetry breaking

mechanism [39] is introduced to make this old idea viable. The mass term of the Higgs

boson is protected by several symmetries under which the Higgs boson is an exact

Nambu-Goldstone boson. The Higgs boson gains its mass only when these symmetries

are broken collectively, i.e. broken by two or more couplings in the Lagrangian.

Therefore, there is no tree-level diagram which contributes to the mass of the Higgs

boson. The Higgs potential can only be generated at loop level, which is Coleman-

Weinberg potential. The most important contributions to the Coleman-Weinberg

potential are from gauge boson loops and fermion loops. Furthermore, the sign of the

induced quadratic term of the Higgs field is right (negative) to trigger electroweak

symmetry breaking. Since the contributions to the Higgs boson mass are through

loop diagrams, the Higgs boson mass is small due to the loop suppression. Since the

13



first Little Higgs model was proposed [39], it opened a “Little Higgs model building

territory” [37, 48—65]. In this chapter, I will discuss in detail the Littlest Higgs model

with T-parity [54,57,59], which is an improved extension of the Littlest Higgs model,

one of the most interesting Little Higgs models discussed in the literature.

The Littlest Higgs model [37] is an economical and predictable model. However,

the original version of the Littlest Higgs model suffers from low energy electroweak

precision tests, and the symmetry breaking scale f is forced to higher than about 4

TeV [66—71]. Since the cutoff scale A of the model is about 47rf , this large A will

reintroduce fine-tuning to the mass of the Higgs boson again. An elegant way to avoid

the severe constraints from low energy electroweak precision tests is to introduce a

symmetry, called T-parity [54, 57, 59], to forbid the existence of all the dangerous

operators in which the SM fields and new fields mix at the tree level. As a result,

the scale f as low as 500 GeV is allowed and makes the model very interesting and

testable at the future colliders, such as the Large Hadron Collider (LHC) at CERN.

Also, the Littlest Higgs model with T-parity provides a dark matter candidate which

is the lightest T-odd particle, since it can not decay into any other particles and

therefore is stable.

The Littlest Higgs model is based on a SU(5) /S0(5) non-linear sigma model [37].

The global symmetry SU(5) is broken down to 30(5) by a vacuum expectation value

(vev) of a SU(5) symmetric tensor field E at the scale f, where

14

 



<Z>EZO= 0 010 0 . (2.1)

  
Under an SU(5) transformation V = exp{i()aTa}, the 2 field transforms as

:3 ——> vsz.

Therefore, the 10 unbroken generators Ta of 30(5) satisfy

211,20 + EDT = 0,

and there are 14 broken generators Ta which satisfy

71,20 — 202.. = 0.

The expansion of 2 around its vev in broken directions has the form as

2 = eifiaTa/fgoeifiaTg/f = EZiWaTa/fgo 5 £220, (22)

where 5 E emaTa/f, a = 1 ~ 14 and sum over index a is realized. We denote 14

Nambu-Goldstone boson fields as 77, w, H and (b, and the matrix MT“ could be written

as
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—:/7[2_ _2'¢++

v+h+i7r0 _Z-Q:_

4, —i7r+

5’7 \/§

- + . O
“A" _w _ [Z

.42 ‘2‘ 20

1.’+h-—i@0 __u_v-:

'2 x/2

4404—401.

J2

v+h+i7r0

w—

 
2

0
u' _ Tl

_2_ 1/20 .

. (2.3)

It should be also noticed that SU(5) /30(5) is also a symmetric space in which

the unbroken and broken generators satisfy the commutation relations:

[T01 Tb] N Tea [Tea Tbl "’ Tea [Tea Tb] N To»,

which has an automorphism: T —-> T and T ——> —T, and it is this Zg automorphism

that allow us to define T-parity consistency [57,59].

2.1 Gauge Sector

A subgroup [SU(2)1 >< U(1)1] x [SU(2)2 x U(1)2] of the SU(5) is gauged, and the

generators for [SU(2) >< U(1)]1,2 are [37]

l

 
\

0a

2

0

0

0

0)

 

1 Y1 : diag(3a 31 —21 —21 —2)1
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Q22. = , y2 = mag-(2, 2, 2, _3, —3), (2.4)

  

where a“ is the Pauli matrix. Since the non-linear sigma field E transforms as VEVT

under the SU(5) , the kinetic term of the non-linear sigma field, which yields canon-

ically normalized kinetic terms for NGBs, is given by [37, 38]

2

ck,” = IS—Tr(D#E)l (1322), (2.5)

where the covariant derivative is [37]

ops .—_ 8,,2: -—i Z [gm/flags + 202T) + gg-Bjup/jz: + 213)], (2.5)

j=1,2

where W59” (a = 1 ~ 3) and Bfl, are the gauge boson fields, and gj and g;- are gauge

couplings of [SU(2) x U(1)]j (j = 1, 2), respectively. Note that the linear combination

of the gauged generators {0‘2 —03, Y1 —Y2} is a set of broken generators of SU(5) and

{0‘11 +0“, Y1 +Y2} is a set of unbroken generators. Using the Z2 inner automorphism

of broken and unbroken generators, it is natural to define the T-parity transformation

for the gauge fields as

W1 H W2.

B1 <—> 32.

The Eq. (2.5) will generate mass terms of the gauge bosons as
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2

[g (g2W’,,1W{’“ +922W22W2“ -29192WL‘1W§“)

1 f2 .
+ ggafismsf + 958,,ng — 2915,23,,182). (2.7)

It is obvious that the relations gl 2 g2 = x/2g and g’1 = g.’2 = \/2g’ have to hold in

order to have a T-parity invariant (for III/’1 <—> 14/2 and BI <—> B2) effective Lagrangian,

where g and g’ are the weak and hypercharge couplings in the SM, respectively.

Defining

7'1 + WQ , W, — [472
w = ____,11/ = —, 2-8L J2 H fl ( )

Bl + B2 B1 — Bg

B = —, =—, 2.9L fl H J2 ( )

therefore, one can check that under T-parity transformation, W'L —-+ WL and WH —+

—W'H , i.e. WL is a “even” and WH is “odd” under T-parity. From Eq. (2.7) and the

definitions of WL and l/VH, we have

_ 1 2 l2

f2g2WJHl/Vfi+f29 1131.211”3 +2f—59—BMB" (2.10)

from which masses for heavy gauge bosons WH and BH are read as

"1W?! = mWIjll = gf,

gr

mBH = ”fill, (2-11)

where l/Vi 5 (1V1 :1: il/V2 ) fl, while W and B . are still massless. After shifting
H H H L L

h ——> h+ v and electroweak symmetry is spontaneously broken, Eq. (2. 5) will generate
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the mass terms of WL and BL and mixing terms between WL/H and BL/H as

2 2 ,[1 . ,p

.fg(1— 4f;wawH1+~7f11— 4f:)uf%HwH

+1 f29’2 5 1.12
 

9__9U 3 11

——12V BH1——— B B
+—4 f2 11H +2 5 ( 4152) #H H

1 fl 1 R
+ ~n 2v? _—— —u/W11 22 ———+W#W [4g (1 6f2)]+% ML “[4912 (1 6f2)

1 2 2 1’2 1 ’U2

+ EB'U'LLBZLI:§ Q, U (1— fif—Q):|_ 14/,“ngH l:—(99,U2(1 — 5.72)], (2.12)

where Wi E W1 3F z'WQ) \/2 are the SM Wi bosons with a mass
L L

9W1—33)21 913

and the mass of W1? is shifted slightly, and becomes

1112

mWi = f9(1 -

After rotating (EVE, Bu) into their mass eigenstates (Z , A”)

W21 cosOH, —sin9H ZH

BH sin6H, cosfiH AH

and

WE COS 91v, sin 9”! Z

BL — sin 6W, cos 9W A
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one can get masses for all the neutral gauge bosons and mixing angles,

1'02

9’ 51,2
 

m‘AH : fif(1—EF)~

 

m — 2 ( — 13F) — cost/’W3

mA = 0, (2.14)

and

cos (9H 2 1 2 15

' 59‘, '02 7
( . )

“9H 2 W}?

cos6w==9/\/92+g’2 (21m

$nfiv ==d/V92+9Q

In principle, Eq. (2.13) can be written in terms of arbitrary order of v/f . If we define

the mass of W—boson as

1

7WV=§W$M»

the relation between v and USA] is

1 v2 v3

USA/I =U(1— EF+O(F)), (2.17)

where '05M ~ 246 GeV. Through the rest of this thesis, all the physical quantities

will be expressed in terms of USM instead of using 2), and the subscript SM will be

omitted. The masses of T-odd heavy gauge bosons, W5, ZH and AH, only depend

on the symmetry breaking scale f which can be obtained by measuring the mass of
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one of the T-odd gauge bosons. Also note that the p parameter which is defined as

, 2
In I?!

p ————,
mQZ cos2 6w

is equal to 1 at the tree level.

2.2 T-odd Fermion Sector

To implement T-parity in the fermion sector, one has to introduce two SU (2) doublets

q1,2 for each SM fermion flavor. The T-even combination is the SM fermion field,

while the other one is T-odd partner of the SM fermion. To generate the heavy

T-odd fermion mass, one introduces the interactions [57, 59,72]

  
    

LLM = —Kf('l§2€’¢)c +u51EOQ£TQwC) + h.c., (2.18)

where

611 0 ' ‘

(1c

0 0

$1 = a 111/’2 = a Q/jC : X0 3

0 0

(in

L — R
0 (

L - L . 12 — L

“7;

92=_02 ,i:1,2C,

dz'

Q = diag(1, 1, —1, 1, 1) and g is defined in Eq. (2.2). Here, the SU(2) doublet q,- is

embedded in an incomplete SU(5) multiplet, and the flavor u. ((1) means u (d), c (s),

t(b) for quarks as well as 143(6), V” (,u.) and VT(T) for leptons. Under the T—parity

transformation, 1121 <—> —20-q>2 and 5 —+ {250. From Eq. (2.18), we can see that the

21



 

 

 

<11 (12 UL1 UL2 URI UR2 UR dR

Y1 1/30 2/15 8/15 2/15 8/15 2/15 1/3 —1/6

Y2 2/15 1/30 2/15 8/15 2/15 8/15 1/3 -1/6          
 

Table 2.1: U (1)1,2 charges for fermions. . The SM hypercharge is given by Y = Y1+Y2.

T-odd fermion, q_ E ((11 + (12) / \/2 will get a Dirac mass term with ()0 and leads to

the masses of T-odd fermions as

1122

md_ = x/2mf, mu_ 2 fzmm — g?) (2.19)

The K: in Eq. (2.18) in general contains flavor indices, and large flavor mixings can

cause flavor-changing-neutral-current problems [73], however, for all the studies in

this these, I will take the K. to be flavor universal for quarks and leptons individually.

Usually, n is taken to be of order unity, however, we should keep in mind that it is

actually an arbitrary parameter and can only be determined from the mass of T—odd

particle and the scale f, cf. Eq. (2.19). If the masses of T-odd fermions are order

of 1 TeV, the effect of T-odd fermions to high energy collider phenomenology will

not be negligible. Actually it is quantitatively important as we will discuss in both

Chapter 4 and Chapter 5.

For qc and Xe, we simply assume Dirac mass terms for them, as suggested in

Ref. [54,59]. Furthermore, we assume that their Dirac masses are so large (as large

as about 3 TeV) that these extra T-odd fermions are decoupled, but remains to be

small enough not to generate the naturalness problem in the Higgs mass parameter.

Thus, we will not consider any effects induced by these extra T-odd fermions.

The U(1)1,2 charges Y1’2 for all fermion fields are listed in Table 2.1. Those

charges are determined by the gauge invariance Yukawa interactions which we will
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discuss later. The T-odd fermions also interact with their SM partner fermions and

the heavy gauge boson as follows:

5 = WfiflwLWdL— + flL—V’WL)

a
l
e

[
\
3

+ [(QCHT3f + QISHY’)ZHH

f u,d

+(—98HT3f + QICHY,)AH“] fmt‘fL_ + h..c.,

where Y’ = —1/10, and sH(cH) E sin 9H(cos 6) which is shown in Eq. (2.15).

2.3 Top Sector

In top sector, singlet fields UL1 and UL2 are introduced and embedded together with

the q1 and q2 doublets into the following multiplets

 

(11 i 0

U1 0

Q1 = and Q2 =

0 U2

0 (

- . L - 12 a L   
For the top-Yukawa interaction, one can write down the following T-parity invariant

Lagrangian [54, 57, 59]

A1 _ _ - -

£t0p = —2—\/—§f€ijk€xy [(Q1)i2j;rzky_(Q220)i2jrzky]UR

— A2f(UL1UR1 + ULQURQ) + 11.0., (2.20)

where Eijk and 6331/ are antisymmetric tensors, and z', j, I: run over 1 — 3 and as, y

run over 1 — 2; f) is the image of Z under T-parity. Under the T-parity, these fields
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transform as

Q1 H -30Q2 => (11 H #12. UL1 H —UL2,

n —+ —ene => 2 —> z”: = zoezlezo,

U121 H -UR2 , UR H UR.-

Therefore, the Eq. (2.20) will generate the mass terms as

2 ,,2
v _ , -

HAW“ — 4—f—2)UL+UR+ — AlfU — 2F>UL+UR+

—)\2f(UL+UR+ + UL_UR_) + h.C., (2.21)

where we have defined the fields as follows:

 
_ (114: (.12

ULZl: — fl 3

U _ UL13F UL2

L. — —72—”

URi = U121? UR2
fl 7

the subscript “2t” means the quantum number “even/odd” under T-parity. The T-

odd particle, U_, gets a Dirac mass term A2 f, and we denote this T-odd field as T.

hereafter, i.e. mT_ = A2f . From Eq. (2.21), we see that in order to calculate masses

of the T-even particles, we have to diagonalize the mass matrix

.,2

)‘IUSAIU "' 4172) 0

2

/\1f(1— #2) A2f

M = (2.22)

The relation between mass eigenstates (t, T+)L, R and gauge eigenstates (11+, U+) L, R

are related by rotation matrices as
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tL uL+ cosfl —sinfi
UL+

= L E , and

TL+ UL+ sinfl cosfi UL+

tR uR+ cosa —sina uR+

: R E

TR+ UR+ sin 0 cos a UR+

After diagonalizing the mass matrix M, the mixing angles 3 and a can be derived as

A4+3A4—2/\2A2 2
sinflN 711px“ __1_22_2_L2%Z)

 

A1+A2)2
A4 2 (2.23)

1 N _ 'U

COS/3 _. 1 W??-

2. N
’U

222 — m”We
2 (2.24)

N '1’
cosa _ mu_W7z)

The masses of t and T+ quarks are therefore

Am A4 + A4 212

~ 2——?<1 2 32 —2> (225)
A2 +)\2 4()\1+/\2) f

A2A2 2

mT+ 2 A§+A§f(1— 1 2 t (2.26) 

2M + Ag)? F '

Note that the mass of the T-even T+ (mT+) is always heavier than the T-odd T. (mT_)

quark. The model parameters in the top sector are A1, A2 and f. However, A1 and

A2 could be related by the top quark mass, i.e. Eq. (2.25) .



2.4 Light Quark Sector

The top quark mass is already introduced in the previous section. For light up-

type quarks of the first two generations, the Lagrangian is similar to top Yukawa

interactions (cf. Eq. (2.20)), but without including singlet fields, U1 and U2, because

the contributions from the first two generations to the mass of the Higgs boson are

negligible, and there is no need to add new fields.

For down-type quarks, one of the possible effective Lagrangian of Yukawa inter-

actions is given by [74,75]

. ,\ _ _ ~ ~
£2 = 22—jife22e222 [(112)2222222X — (23>222,222X] dB, (227)

where X is the T—parity transformation of X, and

_ , _ .

—02(11 0

I 0 I 0

‘1’1 2 , 1112 =

0 0

2 0 J l -02q2    
The form of X depends on how we build up the model, and the only requirement of

X is that it should be a singlet field under SU(2)1,2 with its charge under U(1)1,2

(Y1, Y2) fixed to be (1/10, —1/10). One of the possible choice for X is 2331/4, and I

refer 23:13:44 to Case A and 23:31/4 to Case B for latter studies.

2.5 Higgs Sector

As we have shown, there are SU(2) L doublet and triplet Higgs bosons in the low

energy effective theory. The gauge and Yukawa interactions break the global sym-

metry, so these Higgs bosons receive masses from radiative corrections via fermion
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and gauge boson loops. Because of the collective symmetry breaking mechanism, the

doublet Higgs boson does not receive large quadratic divergence in its mass param-

eter, and hence the natural mass scale of the doublet Higgs boson is of the order of

weak scale. On the other hand, the triplet Higgs boson mass is not protected by

such a mechanism, therefore, its mass scale is naturally of the order of f. Calculating

the dominant quadratically divergent top— and gauge-loop corrections to the effective

Higgs potential, one gets [37,38]

£2” = at,\§f4g1r_-€w62.12,..(22222*"1y2*’z+2222f222i*myi3*’3)

+agf4 9211 Z((Q02) )*+g’2n 2((m:)(Y222)*

r212 r=1.2

2 —M;(Tr<1>T<I>)+.-- (2.28)

where at and ag are constants of the order of 1, (I) is a SU(2) triplet scalar field,

whose form is given as

—z‘<z>++ —222+/,/§

-ic‘)+/\/§ (-i¢0+¢0/p)\/§

Note that because of the collective symmetry breaking mechanism, the doublet Higgs

boson does not receive quadratically divergent corrections at one-loop level, however,

it receives the logarithmically divergent one-loop and quadratically divergent two-

loop corrections, even though we don’t show them explicitly in Eq. (2.28). As shown

in Eq. (2.28), the coefficient of the Tr<I>l<I> term is —M(%. Hence, the mass of the

triplet Higgs boson is related to the quartic coupling of the doublet Higgs boson.

Consequently, there is a relation between the triplet and doublet Higgs boson masses,

which is approximately expressed as
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Standard Model Particles New Particles

u c t u_ c- t_

quark , , , , 2 T,“ T_

d s b (L s_ b_

we 11,, V7- 112 up 11L

lepton , , , ,

e“ If ’7'_ e: ,U. T:

:t i
gauge gluon, W , Z, 7 WH, ZH, AH

boson

scalar h ¢ii2 ¢i2 $02 $2

 

Table 2.2: The particle spectrum in the Littlest Higgs model with T-parity.

gflfli
'0

Me

In summary, I list the particle spectrum of the Littlest Higgs model with T—parity

in Table 2.2. Typically, AH is the lightest T-odd particle in most of the parameter

space and is a dark matter candidate. The free model parameters are f, nq, Kg, A1,

A2 and mh, which can be translated to physical masses of new particles and gauge

couplings, as shown in the Table 2.3.
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f me 2 9f f 2 me/g

Kq mq— '-‘-’ flan “(1 ”—" mq_g/(\/2mWH)

He ma 1’ fifirf He 1‘ m€_9/(\/2_mWH)

A2 my; = Azf A2 2 m2119/mWH

A1 mt = /\1/\2v/ A? + A3 A1 2 ( 2 2 9221222222 ”2

9 "’1” —mthH)

mT+ 2 ”A? +Agf

mh mgiifliqgoagg 2 fimhf/v mh 1"- mavg/(fimWH)
 

 
Table 2.3: The Lagrangian parameters and their relations to particle masses in the

Littlest Higgs model with T-parity, where g is the weak coupling strength, m,- denotes

the mass of particle 2', (1. represents a T-odd quark, 8- denotes a T-odd lepton and

v is the vev.
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Chapter 3

Constraints on Parameter Space

The electroweak sector of the Standard Model has already been precisely tested by

the experimental data, especially in LEP and SLD experiments. Any new model

beyond the Standard Model, generally, will shift the predictions of the electroweak

observables due to the tree level mixings between the Standard Model particle fields

and new particle fields or/and due to the loop contributions from new particles. As

a result, the corrections to the electroweak observables could be written in terms of

parameters in the new models, and the allowed parameter space would be constrained

by the current experimental data. In the Littlest Higgs Model with T-parity, the free

parameters are f, /\1, A2, Kg, mg and the Higgs boson mass mh. However, the A1

and A2 are connected by the top quark mass, we could choose either one to be the

input parameter. In this Chapter, I will discuss and review how to constrain the

parameters in the Littlest Higgs Model with T—parity from the theoretical argument

about the unitarity and experimental data.

3.1 Global Fit

In Ref. [76], the dominant one-loop corrections to the precision electroweak observ-

ables are calculated, and the authors also perform a global fit to constrain the param-

30



t,T+ t,T+,T_,T+

W W Z Z

I) t,T+,T_,t

Figure 3.1: The diagrams of the most significant contribution to the oblique correc-

tions from the top t, T+ and T. quarks.

eters of the Littlest Higgs Model with T-parity. In this section, I will briefly review

this paper.

The electroweak observables receive contributions from the T-even T+ quark as

well as the T—odd particles. As studied in Ref. [76], the largest corrections to precision

electroweak observables are induced by the one-loop diagrams involving the T-even

T+ quark, as shown in Fig. 3.1.

These oblique corrections are described in terms of the Peskin-Takeuchi S, T and

U parameters [77] and the results are [76]

  

 

2

53 1 2 (1+:132)2 233%(3—172) 8

S = —4— — — l —— —'——-l -— — , 3.1

271' [(3 63) {1.2315 + (1 — (”)2 + (1— (1703 111% 3 ( )

2 2 2

_ 3 323 m? :23 _1_ (,2 _ 2623 111,, (3 2)

— 2 2 2 '23 _ “t ’ '
1671’ Swan, mZ 11% 1 113t

2 2
3,3 2 (1+ 2:2)? 2:2, (3 — .22) 8

U = —— l l — — , 3.3

27r [SH nxt+ (1—17tl2 (1 -—:1:t)3 mm 3 ( )

where :rt E inf/772,232+; 33 = sin {3 and Cfi = cos )3, where 6 is the left-handed t — T+

mixing angle given in Eq. (2.23); 3w = sin 920 and Cw = cos 62w, where flu, is the

weak mixing angle. If we take £13,: << 1 limit, the Eqs. (3.1), (3.2) and (3.3) could be
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simplified as

 

  

 

2

S=—(—1) 17%— —§+1n 2+ , (3.4)
371’ /\2 mT+ 2 mt

3 1 /\ 2 m4 mgr 1 A 2
2(1T1)_2_t_2‘ ln 2+_H5(T1) , (3.5)

:87r swcw 2 mT+mZ mt 2

5 A 2 :2

= T‘ ‘—1‘ Tnt . (3.6)

b7r A2 mgr
+

It is obvious that the T parameter is much larger than both S and U parameters due

to the enhanced factors 1/(93,cw) ~ 5. 6 and mt/mZ ~ 3. 7 for the contributions from

the top sector. As a result, the T parameter is about 20 times of the S parameter.

After EWSB, there is a mass splitting of the T-odd gauge bosons, W; and ZH-

And the contributions to the T parameter is [76]

9 (Lg/124 A2

_2 2
_.167r9%,.c,2Lm2Z 8 f anH

 

TWH = a

where g is the weak coupling. Since the Littlest Higgs model with T—parity is non-

renormalizable, it should not be surprising that the result depends on the UV cutoff

scale A. As argued in Ref. [57], a counterterm operator of form

92

£C : 60167r2

 

22 2% («22022) (623mm 2

where 60 is an order-one coefficient whose exact value depends on the details of the

UV physics, should be included. Therefore, the total contribution from the T-odd

gauge bosons is [76]

1 112 9 47r

TT-—oddga.uge : —47T82)f—22 (664-1111?) 1

u
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where A = 47rf is assumed. Furthermore, the T-parity partners of the SM fermions

also contribute to T parameter. The contribution from each T—odd doublet fermion

is given by [76]

K2 ’02

TT—odd fermion = _mF’

where a E e2 / (471'). Note that K is assumed to be universal for all the T-odd fermions

in the calculations. In addition to the oblique corrections, the correction to the

vertex of Z boson, bottom and anti-bottom quarks, 265, from the top quark loop

is the most important one. In the Littlest Higgs model with T-parity, there are two

kinds of contributions. The first one is the correction to the couplings of the top

quark to the Z boson. The second one is due to the existence of additional T-even

T+ quark. In the heavy T+ and top quark limit, the correction in additional to the

SM one-loop correction is [76]

_ , 4 2
691211”) 2 i C! mt 3:; 1n—

Cw 87mg, ma,m%+ A3 771?

 

where 691%”5 denotes the correction to the left-handed coupling of the Z boson to

bottom and anti-bottom quarks, ZbL5L- However, as studied in Ref. [76], this contri-

bution to the global fit is not significant. Using 21 experimental data determined in

the Z pole [78], deviations from the SM predictions could be written in terms of the

oblique parameters and @12le [79]. The Fig. 3.2 shows the two dimensional contour

of the X2 fit, taking 6C- = 0 and neglecting the contributions of the T-odd fermions to

the T parameter. It is clear that the symmetry breaking scale f could be as low as

500 GeV. As a result, the typical mass spectrum is about or below 1 TeV, which is

relatively light and makes the model phenomenologically interesting at the LHC.
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Figure 3.2: Exclusion contours of the parameter R = A1 /)\2 and f. The contributions

of the T-odd fermions to the T parameter is neglected. From the lightest to the

darkest, the contours correspond to the 95, 99 and 99.9 confidence level exclusion.

3.2 Unitarity and Top Quark Mass

The parameters A1 and A2 in the top sector are related by the top quark mass, cf.

Eq. (2.25). If one of them is known, we could use the top quark mass to derive

another. In this section, we define another parameter R :— A1 /)\2 and consider the

untarity of a set of scattering processes that include the third generation quarks (t,

b, T+), gauge bosons (VI/i, Z) and the Higgs boson, in which R is involved. The

amplitudes for tt —> tf, T+T1,, b5, III/”W, and Zh. processes and their inverse processes

contribute to J = 1 partial wave amplitude matrix in this coupled system. The J = 1
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partial wave amplitudes are given by

1 1 1_ __ 1
(1111/ — 327T _1d(c086)d##,(6)T I.

#11

Here din/(6) is the well-known Wigner d—function. For fermions, [u and 11' are defined

by 11 = (A — :\)/2 and ,u' = (A’ — 50/2, where A’s are the helicities of the fermions:

A (:\) for the initial state fermion (anti-fermion) and A' (:V) for the final state fermion

(anti-fermion), and for bosons, u = 0. Tu#/ is a helicity amplitude with 11 and 11’.

Writing the channels in the order t+f_, (T+)+(T+)_, LV+W_, hZ, Lt} and

b_5+, where the subscripts “i” denote the helicity states, the J = 1 partial wave

amplitude matrix a1 is given by

1 _ Vim?
 

  

16wv

( 0 0 —1 —z' —1/fi 1 l

0 0 —R2 —2'R2 122/fl 122/fl

—1 —R2 0 0 0 (1+R2)

(3.7)

2' 1R2 0 0 101—R?) 0

—1/\/§ 122/fl 0 —i(1+R2) 0 0

[ l/x/2 R2/\/2 (1+R2) 0 0 0 }

Here we have assumed that the center-of-mass energy \/E is much larger than masses

of particles considered here, and only couplings in top sector are relevant, and gauge

couplings and all other Yukawa couplings are taken to be zero. We have not shown

explicitly the color indices in Eq. (3.7), however all color neutral channels should be

taken into account. Thus the J = 1 partial wave amplitude matrix in this system

is 14 x 14. Note that the parameter R is the only unknown parameter in Eq. (3.7),

and the absolute value of the largest eigenvalue of the J = 1 partial wave amplitude
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matrix increases as R gets larger. The requirement that the absolute value of the

largest eigenvalue be less than a half ([a,,l,,axl < 1 /2) yields the upper bound on the

parameter R as

R < 3.3, for mt = 175 GeV.

In terms of .sa(= sin a), this bound corresponds to

.90, < 0.96,

since R = 30/00,. This bound generates a upper bound on A1

mt

A1 = -———’—-—— < 2.5, (3.8)

v\/1 —- 3?,

for mt = 175 GeV.

On the other hand, the experimental value of the top quark mass mt gives the

relation between A1 and 30. as

, 1
A1 = Ti——— 2 0.71, (3.9)

U 1 — 5?,

for .92, Z 0 and mt = 175 GeV. Therefore, combining Eqs. (3.8) and (3.9), we have

the range for /\1 as

0.71 S. A1 ,3 2.5. (3.10)

We could also discuss the “naturalness” constraint on these parameters. If we calculate

the one-loop contribution to the Higgs mass parameter (mh) induced by the top sector,

the correction is described by

2

2 _ , 311 2 _ 2
Amh -— 6—1671-2 7nT+ : aHmh,

where yt = x/2mt/v and c is a constant of (9(1). This correction should not be

much larger than the Higgs boson (on-shell) mass squared mi, otherwise fine-tuning
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Figure 3.3: Allowed region of parameters A1 and 30. Solid line (red) represents a

relation between A1 and sa required by top quark mass (mt=175 GeV ). Dashed

line (green) shows an upper limit on sa from the unitarity bound on the J—— 1 partial

wave amplitudein the coupled system of (tt, T+T+, bb, WW, Zh) states, as expressed

in Eq. (3.8). Dash-dotted lines (blue) show that naturalness consideration puts lower

limit on so, (or equivalently lower limit on A1), as shown in Eq. (3.11), and the shaded

region in upper-left area of the figure is excluded for f = 1 TeV. For f = 2 TeV, the

excluded region is extended to the dash-dotted line with f = 2 TeV. Here we have

assumed 71H = 10 and mh = 120 GeV.

is needed. Thus the coefficient aH is a measure of the “naturalness” of the Higgs mass

correction. If we take &H(= aH/2c) to be smaller than 10, we get the upper limit on

mTas
+

7n

mT+ <67TeVVaTo‘H(120_Gh—ev)

In other words, using the mass relation mT+ 1' mtf/ (sacav), we have

/1_0 120 GeV f
> —— . .sa_ 0.11 cm ( m1. ) (lTeV) (3 11)

We summarize these constraints on the parameters of the top sector in Fig. 3.3.
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Figure 3.4: The box diagrams which give large contributions to the four-fermion

operators for fixed f in the Littlest Higgs model with T—parity.

3.3 Four-Fermion Interactions

Because of the existence of the T-odd fermions, there are box diagrams which will

contribute to four-fermion operators. Among them, the diagrams involving NGBS

and T-odd fermions in the loop may be dangerous, as shown in Fig. 3.4, because the

contributions will not vanish if we take the heavy mass limit for T-odd fermion for a

fixed f. After integrating these T-odd particles out, we will have effective four-fermion

contact interactions whose corrections to the SM predictions will be constrained by

experimental, and as a result, the masses of T-odd fermions will be bounded.

The most general chirality invariant form of the four fermion interaction reads

$151.7“U9L15L7W’L.

where A is the new physics scale. One then can determine the scale A unambiguously

from the unitarity condition by setting 92(A)/47r = 1 for the new strong interaction

coupling. For example, A(eeee) > 10.3 TeV, A(eedd) > 26.4 TeV, and A(u.udd) >

2.4TeV at 95% confidence level [29]. Using these limits, we can calculate the upper

bound on T-odd fermion masses. If we assume the universal mass for T-odd lepton

(6-) and quark (q_), i.e. fig = sq = re, the strongest constraint is from O(eedd) [76],

38



which leads to

f

TeV '

 Kg = Hg 3 3.4 (3.12)

However, there is no physical reason to believe that the lepton and quark sectors will

share the same It. Here, I will consider the case that K: is different in quark and lepton

sectors. As a result, the masses of the T-odd leptons will differ from the masses of the

T-odd quarks. In order to avoid problems of flavor changing neutral current (FCNC),

we further assume Kg and [sq are universal individually. Under this assumption, we

obtain the constraints on Kg and sq separately from 0(eeee) and 0(uudd) as follows:

f
< . __

"“3 — 8 6Tev

f
< 37.1—

”q - TeV

However, sq and Hg are correlated by the 0(eedd) which leads to

113/<3 1 (Kg < 1287r3f2

I1 — -———-—.

11;;- 11,2, 3., — (26.4 TeV)2

 (3.13)

Note that if we take the Kg 2 11:3 limit, Eq. (3.13) will reproduce the result of

Eq. (3.12). Fig. 3.5 shows the correlation of Eq. (3.13) for various values of f. The

region below each curve is the allowed parameter space of Fig and mg for the corre-

sponding f. The constraint is tight for small f: when f = 500 GeV, large sq prefers

smaller fig and vice versa, for example, Hq > 4 requires Kg < 1. This constraint

becomes quite loose when f becomes large.
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Figure 3.5: Allowed region of 11.11 and sq for various values of f. The region below

each curve is allowed.
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Chapter 4

Indirect Search at the LHC

The Standard Model describes the current experimental data amazingly well, there-

fore, the effects of new models to the precisely measured observables must be small

in order not to have any contradiction. Since the predictions of these observables

will be written in terms of parameters of new models, the experimental data will

constraint on allowed parameter space of models, which have been reviewed in the

previous chapter. For observables which are predicted by the SM but have not yet

been measured, or not precisely measured, they could be used for indirect search of

new models, if there exist notable differences between the new model and the SM

predictions. In this Chapter, I will focus on the Littlest Higgs model with T-parity

effects in top quark physics, including single-top quark and top-antitop quark pair

studies, and the Higgs boson physics at the LHC.

4.1 Single Top Production at the LHC

The existence of the T-even T+ quark will affect the coupling of the W boson to top

and bottom quarks, which is refer to be Wtb coupling hereafter. The couplings of

ijb and WJT+b in the Littlest Higgs model with T-parity are

- 9 - g , - g 2”

ZthfiQfluPL, and thbESB’WPL 2 Zthfisay'VupLa
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Figure 4.1: The contour of 6, mass of the T-even T+ quark mT+ and the T-odd T.

quark mg; in the so, — f plan.

where Vt], is the value of the (t, b) element of the Cabibbo—Kobayashi—Maskawa (CKM)

matrix, 65 E cos 6, 35 E sin 6 and 30 E sina whose definitions are already shown in

Eqs. (2.23) and (2.24), and PL = 1—315 is the left-handed projection operator. Note

that the thcfi =mm in the above equation is denoted as the effective CKM

matrix element,Vt:ff, which is determined from the low energy processes. Therefore

the prediction of the single top quark production, which will be precisely measured

at the LHC, will be different from that in the SM. In this section, I will review the

study of the single-top quark production in the Littlest Higgs model with T-parity

that is done in Ref. [80].

Since the strength of the Wtb coupling in the Littlest Higgs Model with T-parity

is always smaller than in the SM, the single top quark production rate at the Tevatron

and the LHC will be smaller than the prediction in the SM. The deviations from the
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SM can be expressed in terms of 30 and the symmetry breaking scale f, as [80]

 

2 4
U - U U 'U5 SM LHT=83_2_+O(_Z).

05M f f

Fig. 4.1 shows the contour of 6 in the sa —— f plan, and the dark region is the 95%

exclusion region from the electroweak precision test mentioned in Sec. 3.1. Since the

mass of the T—even T+ and T-odd T. quarks only depend on 30 and f, their masses

are also shown in Fig. 4.1 and can be related to 6. For example, if 6 S, 2% (the region

right to the yellow dashed line), f 2, 780 GeV, mT+ 2; 1.1TeV and mT_ 2, 830 GeV;

if 2% S, 6 g 5%( the region between the yellow and red dashed lines), 600 GeV ,3

f S, 1.1TeV, 870 GeV ,3 mT+ S, 1.6TeV and 580 GeV ,3 mT_ S, 950 GeV ; if 5% S,

6 S, 8%( the region between red and blue dashed lines) , 550 GeV S, f S, 680 GeV,

800 GeV 5 mT+ S, lTeV and 500 GeV 3 mT_ S, 620 GeV. Furthermore, single

top quark events are produced via s-channel (qc‘j’ ——+ W* ——> tb), t—channel (qb —+ q’t)

and Wt associated channel (gb —> Wt). In the Littlest Higgs Model with parity, the

deviations from the SM predictions on these three channels are the same at the tree

level, i.e. 5.3—channel = (St—channel = 5Wt- This could provide a test for the T-parity,

since the deviation is only due to the mixing between the top quark and the T-even

T+ quark, while there exit additional mixings between the SM gauge bosons and the

heavy gauge bosons in models without T-parity.

4.2 Top Pair Production at Hadron Colliders

The top quark is a special quark in the SM due to its large mass. As the top quark

mass is close to the electroweak symmetry breaking (EWSB) scale, mt ~ 170.9

GeV [81], studying the top quark physics might shed lights on the mechanism of

EWSB. At the Tevatron, the top quark pair is mainly produced via the quark-

antiquark annihilation, whereas at the CERN Large Hadron Collider (LHC) it is
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produced mainly through gluon-gluon fusion. The LHC will be a true top factory,

producing hundreds of millions of top quarks every year. With such a large rate,

it becomes possible to accurately measure the total cross section of the top quark

pair production, which provides a good probe of searching for new physics. The new

physics effects can modify the gtt coupling via quantum corrections. The non-SM

one-loop corrections to the top quark pair production at hadron colliders have been

studied within the general two—Higgs-doublet model (2HDM) [82—85] and the min-

imal supersymmetric Standard Model (MSSM) [84—98]. Within these corrections,

the Yukawa electroweak radiative correction is especially interesting because of the

existence of the large enhancement to the Yukawa couplings in the 2HDM [99] and

MSSM [34, 35]. Significant effects indeed were found on both total cross section

and differential cross section distributions, as compared to the one-loop electroweak

corrections in the SM [82,100—104]. In this section, we shall examine the leading

electroweak corrections to the top quark pair production in the Littlest Higgs model

with T-parity (LHT) [54, 57, 59].

Since the symmetry breaking scale f could be as low as 500 GeV, the masses

of the new particles are at the order of TeV, and they may cause large quantum

corrections to the top quark pair production at high energy colliders. Here, we will

calculate the leading electroweak (EW) radiative corrections to the anomalous gtt

couplings by applying the Goldstone—boson equivalence theorem (ET) [105—120]. We

also examine their effects in the qrj —+ g -—> tf processes at the LHC. The one-

loop leading EW corrections to the anomalous gtt coupling are given in terms of

the Passarino-Veltman scalar functions [121], which are evaluated using the library

LOOPTOOLS (FF) [122—124].
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4.2.1 Form Factors of gttT and One-loop Electroweak Correc-

tions

We shall apply the ET to calculate the leading electroweak Yukawa contributions and

adopt the following notations: 710(7ri) is the Goldstone boson eaten by the Z-boson

(W-boson); w0(wi, 17) is the Goldstone boson eaten by ZH (WH, AH) *. The T-

odd heavy quarks which contribute to the gtt coupling are t_, b- and T_, which

are T-parity partners of the SM tOp, bottom quarks and heavy T-even T+ quark,

respectively. The interactions between the SM top quark, the T+ quark, scalars (the

Higgs boson and Goldstone bosons), and T-odd quarks could be found by expanding

the effective Lagrangian, Eq. (2.20) and Eq. (2.18). For completeness, we Show them

again below

/\1 _ _ - -

£10,. = —2—fife.jke.y [16211122213 — (62220122214 1112

— A2f(UL1UR1+ ULzUR2) + (LC-1

and

51.0.11 = —nf(zfi2€wc + 1.2-12005112111.) + no.

The relevant couplings of the SM top quark and new heavy particles, which con-

tribute to the loop corrections, are shown in Table 4.1 I. The coupling of the {F8

interaction relevant to our calculations is given as i(gv + 9,475), where F (5') denotes

the heavy fermion (scalar). There also exist couplings between T-odd SU(2) triplet

scalars (15 to the top quark, but they are neglected in this work since they are at the

0(v/f) Since we perform our calculations in the ’t Hooft-Feynman gauge, the mass

of the would-be Goldstone boson is the same as its corresponding gauge boson. The

 

*There is an order of 112/f2 mixing between 1.2It and the SU(2) triplet T-odd scalars (bi [76],

which is neglected in our calculation.

lThese Feynman rules coincide with the results in Refs. [72,125,126], up to the (9(1)/f ) accuracy.
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masses of the heavy particles are given as follows:

/\ A21 ~ ~ )1 +31. = 12f»
2 2

”Al—f)?

I

9 f
771. ~ . 771 ~ —, m, 2 m _ ~ 2H.

mt N

where g (g’) is the weak (hypercharge) gauge coupling strength, and '1) 2 246 GeV.

Following the parametrization in Ref. [82], the effective matrix element of gtt,

including the one-loop corrections, can be written as

—z‘gsT“1‘1tI‘“vg, (4.1)

with

11 u W 11- 2"” 11
P = (1+a)1 +1130 111/+6 1' - —§—q 7'5. (4-2)

where the loop-induced form factors a, 6 and E are usually refered to the chromo-

charge, chromo-magnetic-dipole and chromo—anapole form factors, respectively. Here,

gs is the strong coupling strength, Ta are the color generators, q = pt + pg, and

3 = (pt + pg)? After summing over the final state and averaging over the initial state

colors and spins, the constituent total cross section of qr‘j ——> g ——> tt is [82]

_ 4m,287mg - 2 A 2 . ,

2752 1 T s + 2711, + 23? [(3 + 2m, )a + 31111313] , (4.3) 6’:

where as E 93/(471) and ER denotes taking its real part. Note that 1;: does not con-

tribute as a result of the interference with the Born matrix element, but for complete-

ness we will present the analytical expressions of those three form factors in the LHT

model below.

At the one—loop level, the gtt coupling receives two kinds of quantum corrections:

one is the triangle-100p correction (Fig. 4.2 a), the other is the self-energy correction

46



 

Figure 4.2: Feynman diagrams of the one-Loop corrections to the gtf coupling in the

LHT model: (a) the vertex correction; (b) and (c) the wave function renormalization.

 

 

 

fT+h 17.1710 {1-1.10 £1-77 tb_w‘ £711.17

12 12 ,\ ,x
____1_ -_1__ .\/2 _- 10 -1 _- 5_1_2_

gv Z 2 K. 2 It 2 It 2

2213.113 2213.43 71' £7; 5 Meg
 

A2 A2
__I__ 2'__.1___ "'42” _i%,{ 1%,5 ié—flfl—

9'4 7mg“; 2713.13 2 2131.13

Table 4.1: The relevant couplings to the calculations of the leading electroweak one-

loop corrections to ch —> g ——> tt.

         

to the external top quark lines (Fig. 4.2 b) and (Fig. 4.2 c). For simplicity, we use

the particles running inside the loop to represent the corresponding loop correction

diagram. For example, Fig. 4.2 (a) is denoted as (F, F, S). In the LHT model, the

diagrams contributing to the anomalous gtt coupling are given by (T+,T+,h./7r0),

(t_,t_,1}/w0), (b_,b_,wi) and (T_,T_,77). The couplings of the gFF vertex are

just the usual strong coupling while the {F3 couplings are given in Table 4.1.

We use dimensional regularization to regulate the ultraviolet divergences and

adopt the on-mass-shell renormalization scheme. In this scheme, the wave func-

tion renormalization corrections of the external top quark legs are canceled by the

corresponding counterterms. We will regularize the ultraviolet divergences in our

calculation by dimensional regularization with the regulator defined by

1

A=——’)E+ln47r,

e

where 26 E 4 — 71, n is the dimensionality of space-time and VB is the Euler constant.
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As we are calculating the leading EW corrections to the gtt coupling, we do not

need introduce the counterterm for the strong coupling. By introducing appropriate

counterterms, one can easily deduce the renormalized vertex of gtf as

- ,— L

’193Taut (711 ‘1‘ 6Fien) Uta

where

vertex

1 - 1 1 - - 1 —
are,” = ,u (202? + 5%qu + 51>Z{7+ 515sz + 6F“

= A)“ (62;. + 62475) + 61": (4.4)

Here, 6Z6; denote the wave function renormalization constants of the external top

quark lines, defined by th E 1 + 6ZM~ = 1 + 6Z€}t-+ 6foy5, while (SPA denotes the

triangle loop corrections to the vertex. Clearly, the 62v counterterms only contribute

to the form factor 01, the 6ZA counterterms only contribute to the form factor 5, but

the vertex corrections (SPA contribute to all three form factors. We thus write the

form factors as follows,

0=0A +5Zv, fi=fim €=€a+5ZA (4-5)

where 0%, (3A and 5A denote the coefficients of the y“, 0“un and 7”75 terms in

61‘2, respectively. Note that there is an additional term q“7»'5 in 61%. After adding

the (SZA counterterms, we can write the combination of 74‘75 and q“",'5 in a compact

form as the 5 term in Eq. (4.2).

Consider the renormalization constants. The wave function renormalization con-

stants can be determined from the top quark self—energy, see Figs. 4.2 (b, c), which

can be decomposed as follows:

53 (14) =14 [XV (102) + 23A (192)75] + "1125 (P2) - (4-6)
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In the on-shell scheme, the finite parts of the counterterms are determined by the

requirement that the residue of the fermion propagator is equal to one, which fixes

the wave function renormalization constants by

3
_ __ 2 _. 2 _.

6ZV — EV (p — 711,) 2711,—3172 (2V + 28)]7’2—"2, (4.7)

6ZA = —ZA (1)2 = 7112) . (4.8)

In the LHT model, they are given by

6ZV = 161712 92/ +222 {A0 (1nS)—A0 (712F) + (711F— 7115— 7112) Be (7712)}
2711,

 

+ I617? [92/ (E7712 + m29 — 711% -— 2711,717.F)

+g24 (—7112 + 71125 — m2» + 2mth)] B6 (m2) , (4.9)

6ZA—- 17229—211222 {A0 (71125) — A0 (711%) + (711.2— 71129 + m2) BO (7112)},

(4.10)

where A0 and BO are the well-known one-point and two-point scalar functions [121].

For completeness, their definitions are given in the Appendix. We also introduce the

following shorthand notations,

 

8

BO (7112) E BO (7112; mg, 711%) , 36 (111,2) E 57 BO (19271129571121) 2

P I) _

. . l, . .

Now conslder the vertex correctlons 1H"L , Wthh we decompose into the form

factors 0A1 5A and {A listed below. The form factor 0A is given by

avg;

1612

 
CIA = — {011+ (1230(8)+ (1330(1112> + (1400}

_ 9A9};

16712

 

{01+Q2Bo(8)+61330(mt2)+0400}
(4.11)
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where

 

 

 

a =——+—— [—A m +A m ], 4.12

1 2 (3 — 4711.2) 3 — 4777.2 0( S) O( F) ( )

1 4 3 2 2 . 2
01 = —16711. — 32m 711, + —16m + 16711 + 145 711.

+ 8 A“ A2 2 A . 2 A

mpsmt — s — 2mFs + 2711.53], (4.13)

1 3 2 2 . 2
01 = 32711 711 + 32711 — 32m — 63 711,

_ 8 A. _ A 2 2

mFsmt 23(mF — m )], (4.14)

1 6 5 2 2 . 4
01 = 16711 + 32711. 771 + 32711 — 32711 — 63 7114 2,§_4m%)2 t F 1 ( F s ) t

 

+ (32mg. — 327111177112 — 24711.F.§)711.2

+ (167112» + 16mg — 32711241129 + 232 — 2311123 + 20m§§)m2

+ (471117.352 — 877723 + 8m.p7n.2g§)mt + 2711232 + 2711211515: + 2711§§ — 47112am255‘ ,

(415)

and

 

I l

0‘1 = 011 02,34 = C0.3.4

mFE-mF

Here we introduce the following shorthand notations,

. ... . 2 2 _ 2 . 2 2 2

B0 (8) = BO (Simtamt)1 C0 :00 (mtasim51m'Fam'F)7

where CO (...) is the usual three-point scalar function [121]. The form factor 5A is

 

 

given by

_ 9V9; . . ,. 2

411 — 167,, {131 + .6230 (s) + 3330 (m.) + 11400}

949* , -

+ 1673 {41+ 4580 (s) + 4.18001?) + 13100}. (4.16)
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where

 

 

 

mt 1 [ 2 2=___ -—A m. +4 m ] 4.17fl]. é _ 47,1? mt(§ _ 47”?) 0( S) 0( F) ( )

1 3 2 . 2 2 . .
52 =W[2mt — 8mFmt + (—6mF + 6mS + s)mt + 2mps] , (4.18)

1
[33 = mt(§ _ 4m2)2 [—2m21 + 8mpmé3 + (10mg; — 10mg — gm?

t

— 2mpgmt + (mg — m§,).§ , (4.19)

)34 = (ti-W [771? + 494me + (2m)??? + 2mg — Sm?

‘ t

— mp(4m%~ — 4mg + §)mt2 (4.20)

+ (—3m% + inflamg + s) — 3m§ — 2mgé) mt + mF(m2F — 92%)9 ,

 

 

(4.21)

and

[31 = 31, 523,4 = 62,34

vnpa—mF

Finally, the form factor {A is given by

9v9*

EA = — 16231 {—1 + {130(3) +§2BO (mtg) + 5300), (422)

where

1 2 2 2 .
£1 = 7? [2mt — 2mS + 2mF + 5] , (4.23)

S — mt

—2 2 2 2
52 =m [mF — ms + 3mt] , (4.24)

" t

_2 . A
£3 =m [m21 — (2m% + 2m% + s)m% + 771% + 772%; — 2m%m?9 + 771%8] .

S — m
t

(4.25)
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Since only B0 and A0 scalar functions contain the ultra-violet (UV) divergence,

1 2

B0 = — + finite, A0 ((12) = 51—- + finite,
e 5

one can easily check that the UV divergences in 61% indeed cancel with those in the

counterterms.

4.2.2 Numerical result

The model parameters for the numerical evaluation are A1, A2, It and f. As A1 and

A2 are related by the mass of the top quark, cf. Eq. (2.25), we could choose either

one as the input parameter, and in this study A1 is chosen. As pointed out from the

partial wave study in Sec. 3.2, A1 should be bounded in the region 0.71 S, A1 S 2.51.

Furthermore, if K, is not universal for quark and lepton sectors, as shown in Sec. 3.3, the

upper bound for h: of the quark sector from the constrains of four-fermion operators

could be quite loose even for a low f value, say f ~ 500 GeV. For illustration, we

choose the values of the parameters as follows:

A1 = 2.5, It 2 5, f = 500 GeV, mt = 175 GeV,

mW = 80.4 GeV, m2 = 91.2 GeV, mh = 120(500) GeV,

where mW, mZ and m}, denote masses of the LV boson, Z boson and Higgs boson,

respectively, and the bottom quark is considered massless throughout this study.

With the chosen parameters, the masses of new heavy particles are given by

mT+ = 1302 GeV, mT_ = 364 GeV,

mt_ 9: mb_ = 3536 GeV, mwifl = 327 GeV, m7, = 78 GeV.

Since, as a result of the interference with the Born matrix element, 5 does not con—

tribute, we need only the form factors a and 5, which depend on both the couplings
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(9V and 9A) and the masses of the scalars and fermions flowing in the loops. We split

the form factors in the LHT, aLHT and fiLHTa as follows:

O‘LHT = O‘SM + aHEAVYa fiLHT = (3511/! + fiHEAVY»

where the subscript SM and HEAVY denote contributions to form factors which

are induced by the SM loops and the new heavy particle loops, respectively. In

Figs. 4.3(a) and (c), we present the values of form factors a and [3 as a function of the

invariant mass of the top quark pair system, respectively. In order to investigate the

dependence of the SM Higgs boson mass, we also choose two different Higgs boson

masses: m], = 120 GeV and m}, = 500 GeV. We note a few interesting points listed

as follows:

0 For mtf > 500 GeV, Q'SM is negative but aHEAvy is positive. Furthermore, in

the region of 400 GeV < mt; < 2000 GeV, 0HEAvy c: IaSMl- Therefore, their

sum, aLHT, is around zero. The small kink in aHEAvy near m“- ~ 2mT_ GeV

is due to the threshold effect from producing the TILT. pair. However, in the

large mt; region, e.g. mtg > 2500 GeV, OzHEAVY receives a large corrections

from the (T+,T+, h/7r0) loops, and is much larger than IaSAll In particular,

aHEAVY reaches its maximum around the threshold region, i.e. mt,- ~ 2mT+.

As a result, OLHT is positive and much larger than 058M in the large mt,-

region, see the (black) solid line (712,, = 120 GeV) and the (blue) dotted line

(mh = 500 GeV) in Fig. 4.3(a). In the small mt; region, i.e. mtg < 500 GeV,

OHEAVY is negligible and Q'LHT 2 USM-

o The form factor 3HEAVY is always negative, see the (black) solid line (LHT)

and the (red) dashed line (SM) in Fig. 4.3(d). In the large mtt‘ region, both

flLHT and (35M are negligible. Note that the chromo-magnetic-dipole form
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Figure 4.3: Dependence of the form factors on the invariant mass of the top quark

pair in both the LHT and SM: (a) and (b) a; (c) and (d) 43. (b) and (d) is the same

as (a) and (c), respectively, but focusing on mtt' < 1TeV region.

factor 6 can contribute to the branching ratio of b —> 57 process [127—130], and

our numerical results are consistent with the current bounds [129].

Below, we will examine the effects of the leading EW corrections on the top quark

pair production at the LHC. For that, we calculate the differential cross section,

dU/dmtg, given by

do =/d$1d$2 {fq/P($12Q)fq/P($29Q)dd—A(qq—"ti)+($l H12)}:

0'

Wtt‘ mtf

where 6 labels the hard process cross section, and fq/p (x, Q) denotes the parton dis-

tribution function of finding the parton q in the colliding proton with the momentum

fraction :5. Q is the factorization scale of the hard scattering process. In our cal-

culations, we use the CTEQ 6.1 parton distribution functions [131]. We note that
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at the LHC, the dominant mechanism for top quark pair production is via gluon-

gluon fusion, i.e., 99 —> t5. Nevertheless, in this work, we focus on the new physics

effect predicted by the LHT to tOp quark pair production cross section in the quark

and anti-quark scattering processes. To examine in detail the effect of leading EW

corrections, we calculate the relative corrections defined as

A0 _ do dog dog

00 — dmtg dmttf dmtf’

 

where 00 denotes the tree-level SM cross section. Fig. 4.4(a) shows our numerical

results, while Fig. 4.4(b) reveals the details of the small mtt’ region of Fig. 4.4(a). It

is clear that the relative corrections are dominated by a, because a is much larger than

(3. Again, we find that the negative EW corrections in the SM are almost canceled

by the positive EW corrections from the new heavy particle loops in the LHT model

in the region of mtt’ < 2000 GeV. In the large mt? region, the leading EW corrections

in the LHT model could increase the cross section by about 20%. However, such a

deviation might hardly be recognized as the cross section drops rapidly with increasing

mtf- Moreover, bearing in mind that the top quark pair production at the LHC is

predominately via the gluon-gluon fusion process, a systematic study including the

gg —) tt- process should be one of the future projects needed to be done.

4.3 Production and Decay of the Higgs Boson

In Little Higgs models, one of the characteristic features is to introduce a vector-like

quark with a specific coupling to the Higgs boson so that the contribution from this

new particle to the mass of the Higgs boson at one-loop level will exactly cancel

the contribution from the top quark. Since the most severe quadratically divergent

correction is removed, the Higgs boson is naturally light without a serious fine-tuning.

In the Littlest Higgs Model with T-parity (LHT), the T-even T+ quark plays such a
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Figure 4.4: The ratio of the one—loop leading EW correction to the Born level total

cross section of qt} —2 g —> if at the LHC. (b) is the same as (a) but focusing on the

small mtt' region.

role. The cancellation between the T+ and the top quark is shown in the Fig. 1.6. As

mentioned before, the T-parity requires a set of T-odd particles which are the T-parity

partners of the SM particles, these new particles will also have quadratic divergence

contribution to the Higgs boson mass. Fortunately, the cancellation happens neatly

between these T-odd particles.

One interesting picture of the self—energy diagram of the Higgs boson is that, if

we attach two gluon lines to the fermion 100p, as shown in Fig. 4.5, and one of the

Higgs takes its vev, we will see immediately that the diagram becomes the Higgs

boson production via the gluon-gluon fusion process. In the SM, the Higgs boson

production at the LHC is dominated by the gluon-gluon fusion process with the top

quark in the loop because of the large top quark Yukawa coupling and the existence

of a non-decoupling effect in heavy top quark limit. In the LHT model, both the

T-even T+ quark and almost all the T-odd particles will contribute to the total cross

section of the Higgs boson production. In the rest of this section, I will discuss in

detail how large the effects from new particles are and how the result will affect the



 
9

Figure 4.5: Illustration of the Higgs boson production via gluon-gluon fusion process.

strategy of searching for the Higgs boson at the LHC.

4.3.1 Yukawa Couplings of the Top and T+ quarks

The large top Yukawa coupling generates a quadratically divergent correction to the

Higgs boson mass. In order to cancel this divergence, one introduces SU(2) singlet

fields U1 and U2, which are embedded into the following multiplets:

Km) (0)

U1 0

Q1 = , Q2 = ,

0 U2

\0} \‘12/

and constructs the T-parity invariant Lagrangian [59,72,76], as mentioned in Sec. 2.3:

    

A1 _ _ - -

Eu = —-2—Efe.jke$y [(Qnmjfiky — (922:0).23-921...) uR

— A2f(UlUR1 + (EUR?) + h.c., (4.26)

 



here 6,9), and exy are antisymmetric tensors, and i, j and I: run over 1 ~ 3 and :1: and

y over 4 ~ 5. Under T-parity, these fields transform as

Q1 <—+ —20Q2, UR1 +—+ —UR2 and UR ——> 0.1;.

The above Lagrangian contains the following neutral Higgs boson interactions

 
1+0 — — -

Lt: -/\1f (%UL+“R+ 2 ZULJruka‘Zf (ULJFUR+ +UL_UR_))

— Agf (UL+ UR+ + UL_UR_) + be, (4.27)

x/2(v+h)
where (:2 E cos and 32 E sin(—f——) which are originated from the non-(”$3.19)

linear sigma model field 2. As shown in Sec. 2.3, one T—odd fermion T. gets a mass

mT/ = A2f (cf. Eq. (2.21)), and note that T- does not interact with the Higgs

boson at tree level, and thus it does not contribute to the gluon fusion process at the

one-loop order. The left-handed (right-handed) top quark and T+ quark are linear

combinations of uL+ and UL+ ('03 and U3+) with masses mt 2 /\1/\2/ A? + A311

and mT+_ A2 + Agf, as shownin Sec. 2. 3.

From Eq. (4.27), we find that the Higgs boson interactions are approximately

given by

HT
—£—— ghtt htLtR + {)thThTLTR + h.C,

 

 

where

LHTN 772—: 1_ 3 + 2R2 'l" 3R4 ”2+ . . (4 28)

ghtt — 4(1+R2)2 f2+ '

2 2 4 2
:95in 1_ 3+ R +3RU .. , (4.29)

htt 4(1 +R2)2 f—2+

LHTN Tilt R ’U SM R ’U

92.2?- “Til—1237+ —=9ha 1—_R_2+f + -, (4-30)



with R = A1 /)\2 and v :3 246 GeV , and 9531 is the top quark Yukawa coupling in the

SM. It is important to note that the relation between the top mass and its Yukawa

coupling is modified in this model: the top Yukawa coupling is reduced, compared

to that in the SM. In addition, the heavy T+ quark also has a Yukawa interaction,

but its sign is opposite to that of the top Yukawa coupling. The modification of

top Yukawa coupling and the new Yukawa interaction of T+quark will be important

for studying the Higgs boson production rate via gluon fusion process and the decay

branching ratio of the Higgs boson into a di—photon mode.

4.3.2 Yukawa Couplings of Light Up— and Down-type Quarks

Here we summarize other Higgs interactions that are important when we consider

Higgs boson decays. Yukawa couplings of up—type quarks for the first and second

generations are given by the similar Lagrangian for the top quark (see Sec. 2.4), but

without introducing extra singlet fields U,- and UR, (z = 1 — 2) in Eq. (2.20). The

LHT

hfiu
Yukawa couplings 9 (where u denotes the up or charm quark) are modified from

those in the SM. Their ratios are approximately given as follows:

LHT 2 4 0.90 for f = 700 GeV
.— 3 7

g—héLfi— : — —v—2 — 3.13—4— + o a o =
(4.31)

ghfiu 4 f 32 f
0.95 for f = 1 TeV,

For down-type quark Yukawa couplings, one of the possible effective Lagrangians [74,

75] is given by Eq. (2.27). The corrections of the Yukawa couplings compared with

that in the SM are given as

 

LHT 2 4 0.97 for f = 700 GeV
9 1 7 ,
hdd : __L+_L+...=

forCaseA,

98M 4 f2 32 f4
hdd 0.99 for f = 1 TeV,

(4.32)
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5 2 17 4 0.84 for f = 700 GeV,

= 1 v v + .. = for Case B._ 4—2 _ 3.2.7 .

f f 0.92 for f = 1 TeV,

(4.33)

Note that the down-type quark Yukawa couplings could be significantly suppressed

in Case B. We also consider the same Yukawa structures in lepton sector, as in quark

sector. Thus, the charged lepton Yukawa couplings are also suppressed in the same

way as the down-type quark Yukawa couplings.

4.3.3 Yukawa Couplings of the T-odd Particles

The effective Lagrangian given by Eq. (2.18) in Sec. 2.2 leads to the following in-

teractions which contain the couplings between the Higgs boson and T-odd up—type

quarks,

1+C€_ ~ 35_ 1—c§_

(UL—'UJC— EutL—XC— 2 UL_UC +h.C."' .
  

(4.34)

Here we only show the fermion mass terms and a few interaction terms with the

Higgs boson. c€(E cos 3%?) and 35(2 sin %j‘;) are originated from the non-linear 

sigma model field g which contains the Higgs boson. uL_ and uL+ are T-odd and

T-even eigenstates, respectively, as defined by uL:t = (uL1 3F uL2)/\/2. The same

definition also applies to the down-type quark.

We stress that the Higgs boson interactions in [3,; provide 0(1) Yukawa-type in-

teractions for 2; ~ 0(1), so that these individual interactions could contribute to the

quadratic divergences of Higgs boson mass. However, all the quadratic divergences,

induced by the individual field introduced in Eq. (2.18), cancel in the limit of v —> 0,

as long as ‘116 forms a complete 5'0(5) multiplet. Hence, the set of Higgs boson inter-
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actions introduced in [.5 is consistent with the absence of large quadratic divergences

to the Higgs mass parameter.

4.3.4 Other Higgs interactions

The interactions of the Higgs boson to the SM gauge bosons can be derived from

 

Eq. (1.1). Similarly, the couplings 9561‘; (where V = Z, W) are also slightly sup-

pressed:

LHT =

SMvv _ __133_Hllf.urv 097brf nmcav, (43m
gSNI “ 4]? 3214 " '
hVV 0.98 for f = 1 TeV.

In addition, there are interactions of the Higgs boson with T-odd heavy VVH boson

which should be taken into account in h —> 77 decay branching ratio, the couplings

are:

LHT
g-+r=*gn+~.thwH hW w

4.3.5 Higgs Boson Production

Due to the new Higgs boson interactions in LR of Eq. (4.34), the T-odd fermions

can contribute to the Higgs boson production via the gluon-gluon fusion process at

one-loop level, as shown in Fig. 4.6 (b).

From the structure of the mass matrix and the Higgs boson interactions for the T-

odd fermions, we find that h.flL__'z'iC interaction provides the dominant T-odd fermion

contribution to aggfih and the result is not sensitive to the masses mg and mX, as

long as the T-odd fermion masses are much larger than half of the Higgs boson mass.

The ratio of the amplitude induced by the T—odd fermions to the one by the SM
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Figure 4.6: Contributions to the Higgs boson production via gluon-gluon fusion pro-

cess 99 —+ h, induced by (a) top-quark and T-even partner T+, and (b) T-odd

fermions.

top-quark, which is the dominant contribution in the SM, is approximately expressed

as

Aggah(T-odd fermion) 1 v2 —3% f01" f = 700 GGV,
. 2 ____ +... 2

(4.36)

A _, t SVI 4 2
99 h(op1n i ) f —1.5% for f =1TeV.

 

Here, we have assumed that the fermions in the loop are much heavier than half of

the Higgs boson, so that the one—loop vertex diagram in Fig. 4.6 can be approximated

as a three-point vertex after shrinking the heavy internal lines into a point [132]. The

negative sign of the ratio is originated from the positive sign of hfiL_{LC interaction

term in Eq. (4.34) after fixing the correct negative sign for the fiL_iic mass term.

Note that as shown in Eq. (4.36) the leading order contribution, in terms of v/f ,

does not explicitly depend on the parameter Ii. Namely, n term generates a “non-

decoupling” contribution to 099*}, which does not vanish as nf —> 00 with a fixed f

value. Since the interaction shown in Eq. (2.18) is needed for each fermion generation

to generate mass terms for all the T-odd partners, the parameter K. has a generation

index in general [73]. Since the result in Eq. (4.36) does not depend on K, the sum

over all three generations of this type of corrections to the gg —> h amplitude will

be three times of the result shown in Eq. (4.36). (As shown in Eq. (4.34), there are

no equivalent Higgs couplings to down-type quarks in ER.) Hence, the correction
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5099—4; to the production cross section of 99 ——> h induced by the T-odd fermions is

approximately given by

 

60 _, 2 —37% for f = 700 GeV,

s95: h "’ ‘3v—2' +" 1’ (4-37)
0 f
{lg-eh —18% for f = 1 TeV,

for three generation case. Therefore, we find that the effect of the T-odd fermion

mass terms on the Higgs boson production rate via gluon fusion could be significant,

especially when f is below 1 TeV.

In the SM, the most important contribution to the Higgs boson production via

the gluon-gluon fusion process comes from top-quark loop, as shown in Fig. 4.6 (a).

As we have discussed, the top-Yukawa coupling is modified in the LHT model, and

hence the contribution to the gluon fusion process is also modified. Furthermore,

there is also new contribution induced at one-loop level by the partner of top-quark,

the T-even heavy quark T+. The ratios of the amplitudes to the top contribution in

the SM are given as follows:

 

Aggqh(top in LHT) N 1_ 3 + 2R2 + 3R4 '02
 

 

. _ _ + . .. 4.38
Aggqh(top 1n SM) 4(1 + 122)2 f2 ( )

A99Hh<T+inLHT) ~__Lni_+...— __R_2__fi+... (4 39)

Aggqhfiop in SM) _ mg.+ (1+ 32)? f2 ’ '

where we have assumed mt, mT+ >> m},/2. Therefore, the cross section of the Higgs

boson production via the gluon-gluon fusion in the LHT model is modified by the

T-even top sector (including both top and T contributions). As compared to that in

the SM,

6 _, T-even to sector 2 _19% for f : 700 GeV,099 h( (to inISM) ) 1. mg??? +... 2 (4.40)
a _, .
99 h p —9% for f =1 TeV.
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We note that although contributions from the top quark and T+ separately depend

on R, the sum of them does not. This suggests that even if A2 is large, and therefore

T+ quark is heavy, the T+ contribution does not decouple as long as the scale f is

about 1 TeV. In case of the Littlest Higgs model without T-parity, the authors in

Ref. [133] had reached a similar conclusion on the contribution from top and heavy

T-even top partner which is rather common in any Littlest Higgs modelsi. Since the

T-odd fermion contribution discussed in the previous section is as large as the one

induced by the T-even top—quark sector, the correction to (79th in the LHT model

is largely enhanced by the T-odd fermion contributions as compared to that in the

Littlest Higgs model without T-parity.

When we sum over all the contributions discussed above, the deviation (6099_,h E

$911$0333.) of the Higgs boson production cross section via the gluon-gluon fusion

process in the LHT model ((7351);) from the SM prediction (”334—421) is approximately

given by

5099—»): v2 —37% for f = 700 GeV,

0 f
99‘4’1 —18% for f = 1 TeV,

where we have assumed that the Higgs mass is smaller than the fermion masses in the

loop. It is clear that the extra contributions in the LHT model significantly suppress

the Higgs boson production cross section via gluon fusion process.

In Fig. 4.7, we show a numerical result of the deviation (6agg_,h) of the Higgs

boson production cross section via 99 ——> h. in the LHT model from the SM prediction,

normalized by the SM prediction (éagth/Uggihl' Here, we assumed that rs = 3,

 

1Since in the Little Higgs model without T—parity, the p parameter at tree level is not one [66],

the model has a stronger constraint on the scale f. Therefore, one expects that the effect on the

Higgs boson production via gluon fusion in the model without T-parity will be much smaller than

what is expected in the Littlest Higgs model with T-parity.
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F1gure 4.7. Dev1at10ns (6%th —— (19th Ugg—m) of the ngg8 boson productlon

cross section via gluon fusion process in the LHT model (035%) from that in the

SM (0331M, normalized by 0331],, as a function of Higgs mass mh. We have taken

K. = 3, mg 2 mx = 5f and R = 1, though our result is not sensitive to their specific

values as long as mq, mx >> mh/2. Dashed lines show the effect induced by the

T-even top sector only. Solid lines include the contributions from T-odd fermions in

addition to T-even top sector. In each case, the results for f = 600 GeV, 700 GeV and

1 TeV are shown. Here, the complete one-loop calculation was used in our numerical

analysis.

mg 2 mx 2 5f and R = 1, but we have checked that our result does not strongly

depend on these parameters as long as mq and mX are much larger than m],/2. For our

numerical analysis, we adapted a public code, HDECAY [134], for the SM calculation,

and modified the code with a complete one-loop calculation in accordance with the

effective Lagrangian described in the previous section for the LHT model calculation.

Dashed lines show the corrections induced by the T-even top sector only (assuming

there are no other corrections), and solid lines include the contributions from T-odd

fermions in addition to T-even top sector. One sees that the approximate results in
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Eqs. (4.37), (4.40) and (4.41) well describe the numerical result in Fig. 4.7 when the

Higgs boson is light. Fig. 4.7 shows that, if the scale f is smaller than about 1 TeV,

the production cross section via the gluon-gluon fusion is largely suppressed in all

range of Higgs mass, but especially in small Higgs mass region. For example, the

deviation from the SM prediction can be more than 40% (30%) for m}, < 300 GeV

and f < 600 (700) GeV if we take into account all the corrections discussed above.

This large suppression will be important especially when the Higgs mass is relatively

small because the gluon-gluon fusion process is one of the main discovery modes for

detecting a light SM Higgs boson.

We note that as suggested by the naive dimensional analysis [135] in low energy

2 2

effective theory, one may write down the operator, 2,512 %ZiiEBiGfiVGA’”V N

gglégflGfiuGA’W, with an 0(1) coefficient, where 0:21,, is the field strength tensor of

the gluon field and g8 is the strong coupling. In that case, this Operator will induce a

counterterm for hGfiuG’A’f‘V coupling with its coefficient at the order of 9322/ (16772f2),

which has the same magnitude as the one-loop contribution calculated above. How-

ever, due to the Little Higgs mechanism, we expect the coefficient for the operator

2:];2'231’ which generates Higgs boson mass term, to be suppressed by a two—loop sup—

pression factor of 212/A2 2 (1/167r2)2 as compared to the naive dimensional analysis

(with a coefficient f2/A2). It is likely the same suppression factor (1/167r2)2 also ap-

plies to the above operator Egisz’fiuGA’W and yields a much smaller coefficient as

compared to the genuine one-loop contributions. Therefore, we expect the one-loop

contributions discussed above well represent the dominant contributions to aggqh.

4.3.6 Other Production Channels and Decay Modes

In the LHT model, the Higgs boson interactions are modified through the interactions

of the non-linear sigma model field with other particles, as shown in Eqs. (4.28), (4.31),
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(4.32), (4.33) and (4.35).

Because of the slight suppression of the Higgs couplings with the gauge bosons and

the top quark, the Higgs boson production rates via the gauge boson fusion processes

(VV ——> h), the associated Wh and 5th processes are also slightly suppressed.

Furthermore, the modification of the Higgs couplings also affects the decay branch-

ing ratios of the Higgs boson. In Fig. 4.8 (a), we show the ratios of the total decay

width of the Higgs boson in the LHT model to that in the SM, Fifi/FEM for f = 700

GeV, in Case A and B of the down-type quark Yukawa interactions, cf. Eq. (2.27).

In Case A, partial decay widths for main decay modes of the Higgs boson such as b5,

TT and VV (V = W, Z) are almost equally suppressed by about (0.97)2 = 0.94 for

f = 700 GeV. Therefore, the total decay width of Higgs boson is almost uniformly

suppressed in the whole range of Higgs mass. Consequently, the branching ratios of

most of the Higgs decay modes are very close to the SM predictions. Thus, in Case

A, the only sizable change from the SM prediction is the gluon fusion cross section

aggflh, as discussed in the previous section.

On the other hand, in Case B, both bottom and tau Yukawa couplings are sig-

nificantly suppressed, and hence the total decay width of the Higgs boson is largely

reduced in the small Higgs mass region where h ——> b5 and TT decay modes dominate,

as seen in Fig. 4.8 (a). For m), larger than 2mW, the Higgs boson mostly decays into

gauge bosons, ZZ and l/VIV, and the suppression factor of the total decay width is

about (0.97)2 = 0.94 for f = 700 GeV.

An interesting effect in Case B is that because of the largely reduced total decay

width in small Higgs mass region, some of the Higgs boson decay branching ratios are

increased even though the corresponding partial decay widths are reduced. We have
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also calculated the di-photon decay width F (h —+ 77) at one-loop level§. Similar to

the fact that the W-boson contribution dominates over the top-quark contribution to

F(h. -—> 77) for small Higgs mass region in the SM, the effect of the extra-fermions

in the di-photon decay mode is less important than that in the gluon fusion process.

Furthermore, the extra-boson contributions tend to cancel the extra-fermion contri-

butions in di-photon decay mode, and therefore the partial decay width of h —+ 77

does not change very much, as compared to the SM prediction. As a result, in con-

trast to Case A, the decay branching ratio of h ——> 77 is enhanced by about 35 % for a

100 GeV Higgs boson in Case B, for the total decay width of Higgs boson is reduced

by about 30%.

In Fig. 4.8 (b), we show a numerical result on ratios of Higgs decay branching

ratio in the LHT model to that in the SM, BRLH/BRSM, for a few main Higgs decay

modes in Case B. Here we have again taken f to be 700 GeV. We see that especially

77 and VV (V = W, Z) decay branching ratios are largely enhanced in the small

Higgs mass region.

Since the production cross section via gluon fusion is strongly suppressed, the

discovery modes of the Higgs boson will be changed significantly. In Table 4.2,

R, x BBB is listed for various production and decay processes in cases for m}, = 120

GeV and 200 GeV. Here, we define RU(X)(E 0[§)/0(S)li'4)) as the ratio of the Higgs

boson production cross section in the LHT model (08(1)) to that in the SM (034))

for each production process X. The subscripts gg, VV, tt—h, and VII. represent the

gluon-gluon fusion (99 ——> h), weak boson fusion (VV —-> h, with V = W, Z), tfh and

Vh associated productions, respectively. RBR(Y) E BR[’%/BR§’% for h. ——> Y decay

modes, where Y = 77, TT, bf) and VV.

In the SM, the 77 decay mode of the Higgs boson produced via gluon fusion is

 

§See Ref. [133] for the study of h —> 77 in the Littlest Higgs model without T-parity.
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mh = 120 GeV Ream) Ream) Rama») RBR(VV)

R0019) (Case A) 0.57, 0.68, 0.84 0.56, 0.67, 0.83 — 0.55, 0.66, 0.83

(Case B) 0.81, 0.86, 0.93 0.51, 0.63, 0.81 — 0.78, 0.84, 0.92

Rafi/V) (Case A) 0.97, 0.98, 0.99 0.95, 0.96, 0.98 — 0.94, 0.96, 0.98

(Case B) 1.34, 1.22, 1.09 0.84, 0.89, 0.95 — 1.30, 1.19, 1.08

Rough) (Case A) — 0.87, 0.90, 0.95 0.87, 0.90, 0.95 ~

(Case B) — 0.77, 0.83, 0.92 0.77, 0.83, 0.92 —

RUM) (Case A) 0.97, 0.98, 0.99 — 0.95, 0.96, 0.98 —

(Case B) 1.34, 1.22, 1.09 — 0.84, 0.89, 0.95 —

mh = 200 GeV Harem) RBRm) Rama?) RBR(VV)

Romy) (Case A) — — — 0.55, 0.67, 0.83

(Case B) — ~ — 0.56, 0.67, 0.83

Rawv) (Case A) — — — 0.90, 0.94, 0.97

(Case B) — — — 0.90, 0.94, 0.97

Table 4.2: R0 >< RBR for f = (600, 700, 1000) GeV. Here R.(X)(: 000/081“)
(X)

 
defined as a ratio of the Higgs bosMon production cross section in the little Higgs

model (a”(X)) to one in the SM (0(SXM)) for each Higgs boson production process X.

The subscripts gg, VV, tfh, and Vh represent gluon fusion (99 —> h), weak boson

fusion (VV -—> h where V = W, Z), tth and Vh associated productions, respectively.

RBRO’) E BR[‘}§I)/BR(S}I)4) for each Higgs decay mode h ——> Y, where Y = 77, TT, b6

and VV.
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one of the important discovery channels for a light Higgs boson with mass around 100

GeV. However, in the LHT model that we study here, this mode would be strongly

suppressed. For example, Raw ) x RBR(77) = 0.68 (0.86) for mh = 120 GeV and
g

f = 700 GeV in Case A (Case B), as shown in Table 4.2. Note that since the h —> 77

decay branching ratio is enhanced in Case B, Rdgg) x RBR('Y"/) is not suppressed as

largely as in Case A. The similar conclusion also holds for the h —> VV mode. On

the other hand, 77 and VV decay modes of Higgs boson produced via weak boson

fusion will be quite different from that via gluon fusion since the weak boson fusion

process is not largely suppressed. In Case A, R0(VV) x RBRWV) is very close to the

SM prediction. In Case B, however, it could be significantly enhanced because of the

enhancement of the 77 decay branching ratio. The decay branching ratio to 7'7' decay

mode and the Higgs boson production rate via weak boson fusion do not change in

either Case A or Case B. Thus, Ra(VV) X RBR.(TT) is close to the SM prediction.

When Higgs mass is relatively heavy (771;, > 160 GeV), the decay mode to gauge

bosons (h —> VV, (V = W, Z)) becomes important. Since in both Case A and Case

B the branching ratio for h —> VV (V = W, Z) is almost the same as the SM pre-

diction, the VV decay mode via gluon fusion production is significantly suppressed,

but that via weak boson fusion is not. Therefore, typically the discovery modes of

Higgs boson produced via weak boson fusion processes will become more important

in the LHT model than in the SM. Since these effects could be larger than the exper-

imental uncertainties (10% — 20%) [136—140] on the measurement of the Higgs boson

production cross sections times the branching ratios, they could be observable at the

LHc1.

We note that when the scale f is around 1 TeV, the T-odd heavy gauge boson

 

1We stress that the further improvement of the theoretical calculation will be important to observe

these effects.
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masses can be of 0(100) GeV. For example, for f = 700 GeV, the T-odd U(1)

(AH) and SU(2) (WH and ZH) gauge boson masses are mAH 2 100 GeV and

mWHIZH 2 450 GeV, respectively. When the Higgs mass is larger than twice of

these masses, Higgs boson can decay into a heavy gauge boson pair. We have checked

that in that case the decay branching ratios of the heavy gauge boson pair are less than

10‘2 for f 2 700 GeV. Therefore, the extra Higgs decay modes does not significantly

change the branching ratios of the SM Higgs boson decay modes.

As discussed in previous sections, the Higgs boson production rate via 99 —> h

process in the Littlest Higgs model with T-parity strongly depends on the mechanism

to give T-odd particles (and other additional extra-particles) heavy masses. Thus

the prediction may be sensitive to new physics above the cutoff scale, and our result

shows that the effect could be quite large and become observable at the LHC. There-

fore, searching for the Higgs boson in various detection modes at the LHC is very

important, and the measurement of the relative event rates in multi-channels could

reveal the mechanism which provides the cancellation of the quadratic divergence of

the Higgs mass parameter and the origin of mass terms for the extra heavy fermions

in the LHT model.
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Chapter 5

Direct Search at Colliders

With the allowed low mass scale f, the new particles are at order of TeV and could be

copiously produced at the LHC, and several studies about the collider phenomenology

have been presented in the literature [72,80,125,141—145].In this chapter, I will study

the direct search for these new particles. I will first discuss the crucial role of the

T-odd fermions in unitarizing the qc‘j ——> WEWI‘; scattering process. Then I will

calculate the total cross sections of all of the interesting 2 ——> 2 processes for producing

new particles at the LHC. In order to study the collider phenomenology of the new

particles, we have to know about their decay branching ratios. Moreover, there are

some processes in the SM which could generate the same final state signatures as that

predicted by the LHT model. We should study how to separate the LHT signatures

from the background.

a o __ + _

5.1 Unltarlty of 1111 —> WHWH

Before we present a detailed study on the collider phenomenology of the LHT model,

we stress in this section the importance of the T-odd SU(2) doublet fermion contribu-

tions to high energy processes. To illustrate the important role of the T-odd SU(2)

doublet fermions in high energy processes, we discuss the high energy behavior of
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Figure 5.1: Tree-level Feynman diagrams for ufi —> W;WI}.

ufi —> W;WE.

The tree-level diagrams for this process are given in Fig. 5.1 which includes 8-

channel and t-channel. The amplitudes of the s—channel process with a photon and

a Z boson exchanged are expressed by A7 and AZ, respectively, and the amplitude

of the t-channel process with a T-odd down-quark d- exchanged is Ad—. For the

scattering process 11(p1)21(p2) —> W141- (p3)WI; (p4), we have
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4’y = 23—Sl7(p2l{(- 143+ 210600-504)

—2p4'€*(1)3) £6094) + 2p3°€*(P4) W(P3)}U(P1)I (5-1)
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AZ 2 281,12 9W 8 _1M%17’(P2){(— 143+ I"4)€*(P3) ° 5*(104)

4194-87193) $024) + 2P3 - 5*(194) f(p3)}(L + R)U(p1), (5-2)

2

41- = lifimpg) M01010“- ML) «(mama (5.3)

where L E (1 — ijvsin2 6,“)PL, R 2 —§ sin2 HWPR, and 6W is the weak mixing angle,

PL = E235 (PR 2 135111) is the left-handed (right-handed) projection operator. In

the center-of-mass frame of Wgwg, the 4—momenta of the particles can be chosen
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to be

101 = (E, 0. 0. E), p2=(E, 0. 0, —E),

p3 = (E, psin 6, 0, pcos6), p4 = (E, —p sin 6, 0, —pcos 6), (5.4)

where E is the energy of incoming and outgoing particles, [1 is the momentum of

outgoing heavy gauge bosons and 6 is the scattering angle. In the high energy limit,

E >> MWH’ the polarization state of WH boson is dominated by its longitudinal

mode. In order to check the high energy behavior of the scattering process, we

consider the case that both the heavy gauge bosons W; and WE are longitudinally

polarized, therefore we take

)1 1 .

€#(p3) : 60 (p3) = ”(p7 ESlDG, 01 E008 6):

Alli/H

1

I”W7H

 c“(p4) = 68(114) = (p, —Esin 6, 0, —Ecos6).

Since the incoming fermion u and anti-fermion 17. have opposite helicities, the helicity

amplitudes of s-channel and t-channel processes can be easily found to be

8182Ep(p2 — BE?)

A“7 —+ =

( ) BSMEVH

 sin 6,

 

 

4 5.2 2E 2 — 3E2
AZ(—+) : (1——s%,.) 2 f 2 “”2 )sin6,

3 S ‘5” ( S — N!Z ) A’jI/er

2 3 3 2
2 6 —

Ad—(—+) = 2 e 2 E( E COS :17 3PE )Sing’

where 8W E sin 6W, (—+) are the helicities of (11,17), the Mandelstam variables

3 E (p1 +192)2 and t E (p1 — p3)2, and A-IZ, MWH and Md_ are the masses of
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Z-boson, heavy T-odd VV-boson and heavy T—odd down-quark, respectively. As we

take the high energy limit, i.e. \/8 >> MX (X = Z, WH and d_), each amplitude

behaves as follows:

2 .

s ,s1n6

A7(—+) = —%.f—2__Sa

4 sin6
Z _ 2

A (—+) — ‘(1 — ESW)4_f281

d_ _ sin6

A (—+) 7478

It is evident that each term diverges as energy goes to infinity, but their sum is

zero because of the cancellation between the s-channel and t-channel contributions.

Therefore, we conclude that it is essential to include the contribution from the T-

odd down-quark to warrant a good high energy behavior of the scattering process

8111 ——> WEWP}. This can be illustrated by the partial-wave analysis, as to be given

below.

The J = 1 partial-wave amplitude (denoted as 037:1) of the 11.11 —> W;WIT process,

for producing longitudinal WH’s, consists of two contributions: one from s-channel,

another from t-channel. We find

 

 
 

 

J=1 as 2

G’s—channel = 2 2 18(3 _ fl )’

48¢§sWMWH

J=1 as /1 sin2 6(2cos6 + 63 — 3mdcos6

a = ,
t—channel 64\/—2_8%VA/[3V _1 21(43

H 1 — ,6 cos 6 + _
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J=1 partial wave of the sum of S-channel and T-channel
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Figure 5.2: J:1 partial wave for 111—L ——> WEWIa—I scattering process.

 

.2 . . .

where oz = ICE and 6 E \/1 —— 4Ar'fng/S. (6 IS the unit of electric charge.) When

3 >> ["11sz and 8 >> Mg: we have

 

aJ.—_1h 1 _ _a,]___1l 1 _ as

s—c anne _ 't—c1anne _ 2 ,2 '

24x/28W.MWH

In Fig. 5.2, we show the J = 1 partial-wave amplitude of the 1117. —> WEWI;

process, as a function of the invariant mass MWHWH of the WEI/VI; pair, for cases

with M4_ = 1, 3, 5 TeV and 00. We found that the unitarity is not violated up to

about 15 TeV in the decoupling limit of the T-odd down quark. On the other hand,

as we learn in Sec. 3.3, the constraint on the four-fermion operator contributing to

the e+e_ —> ch scattering sets an important upper limit on the T-odd fermion mass.

Since the masses of the T-odd SU(2) doublet fermions cannot be too heavy, they

can be copiously produced at the LHC. Therefore, in following sections, we study the

collider phenomenology of the LHT model with emphasis on the contributions of the
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T-odd fermions to the productions of the heavy particles (either bosons or fermions)

at the LHC.

5.2 Productions of New Particles at the LHC

In this section, we first discuss the productions of these heavy T-odd fermions, either

produced in pairs or in association with heavy T-odd gauge bosons at the LHC. Then,

we discuss the impact of T-odd fermion contribution to the production of heavy T-

odd gauge boson pairs. As discussed in the previous section, it is necessary to include

the contribution from these heavy T-odd fermions to yield an unitary scattering

amplitude. For completeness, we will also discuss the production of heavy T-odd

triplet Higgs bosons.

Given the model described in Chapter 2, we can calculate the direct production

rates of non-SM fermions, gauge bosons and triplet Higgs bosons. In our numer—

ical results, we have used CTEQ6M parton distribution functions [131] with the

renormalization and factorization scales being chosen to be the invariant mass of the

constituent process. Only the leading order results are reported here. For our phe-

nomenological analysis we have implemented the complete LHT model into CachEP

package [146] and used it in our analysis. To check our analytical derivation of the

effective Lagrangian for the implementation of the LHT model into CachEP, we

applied LanHEP package [147] for automatic generations of Feynman rules for the

CachEP. The parameters used in numerical calculations in this section are as follows,

A1=A22L Kq=lig=1,

mt = 175 GeV, mh = 120 GeV, m2 = 91.18 GeV.
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Figure 5.3: Representative Feynman diagram for pp —> q_.q
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via t-channel exchange

 

Figure 5.4: QCD Feynman diagrams for the pp —+ q_cj_ process.

5.2.1 The First and Second Generation T-odd Quark Pair Pro-

duction

The LHC is a proton-proton hadron collider, so that a heavy T-odd quark, denoted

as q_, can be copiously produced in pairs as long as its mass is not too large. There

are two main mechanisms of the T-odd quark pair production. Firstly, q- q’_ , same-

sign-charge quarks can be produced via exchanging the T-odd heavy photon and

Z-boson (AH and ZH) in t- (or u-) channel processes initiated by same-sign-charge

light quarks. A respective Feynman diagram corresponding to this process is shown

in Fig. 5.3. Secondly, the q_q'_ pair production takes place via both electroweak and

obviously dominating QCD processes. The respective QCD Feynman diagrams for

this process are shown in Fig. 5.4.

In Fig. 5.5, we present pair production rates of the first and second generation

heavy T-odd quarks versus f values, organized by their electric charges.

The solid curve presents the production cross section of heavy quark pairs with
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Figure 5.5: The first and second generation T-odd quark productions at the LHC.

positive charges, qfqi’, which includes, for example, u_u_, (7-01- and u_cf_ pairs.

The dashed curve is for the production of heavy quark pairs with negative charges,

quL which includes, for example, fl_fl_, d_d_ and d_1‘1_ pairs. The dot-dashed

curve is for the production of heavy quark pairs with opposite-sign charges, qqu,

which includes, for example, u_d_ and 1141—- pairs. It is evident that the heavy T-

odd quark pair production rates are sizable. The production rate of positive charge

pairs is larger than that of the negative charge pairs because of the larger parton

density associated with positive charge pair production in proton-proton collision.

One should notice that the electroweak qqu production is comparable with the

essentially QCD qfq: production process. This happens because the production

of heavy quark pairs with positive charges is initiated by both valence quarks in the

80



proton which have higher parton density than that contributing to either QCD or EW

qfq: production. Furthermore, qqu (q:q:) production becomes even more sizable

as compared to qi’q: production when f (and so the T-odd quark mass) increases,

since the contribution from valence quarks becomes more important in the large :1:-

value region. This is an important result because the qi'qf (q:q:) production can

provide an exciting experimental signatures at the LHC, as we shall discuss together

with their detection strategies later.

5.2.2 The Third Generation Quark Production

In Fig. 5.6, we present various production rates of heavy T-even and T-odd top quark

pairs as well as the rate of single T—even heavy top quark associatively produced with

SM light quarks as a function of f. The T-odd bottom quark pair production rate is

also given.

The T-odd heavy singlet top quark pair (T. T.) has the largest cross section (solid

curve) because, in the LHT model considered here, the T-odd heavy singlet top quark

(T_) is lighter than the T-even heavy top (T+). Note that the mass of T-odd doublet

quarks is determined by the choice of K. value which is taken to be 1 in this study. In

this case T-odd heavy doublet top quark (15.) mass is larger than the T_ mass and

is about the same as the T1. mass.

As f increases, both T_ and T+ become heavier, and the single-T+ production

in association with light quarks (ch+ + qT+) (long-dash curve) rate becomes larger

than the T_T_ rate. This is because of the phase space suppression in the T_T_ pair

production, for producing two heavy particles, as compared to producing only one

heavy particle in single-T... event. Furthermore, the single-T+ production mechanism

is dominated by longitudinal W-boson fusion with the incoming bottom quark in the

t-channel production process, similar to the SM t-channel single-top production [148—
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Figure 5.6: The third generation heavy T-odd and T-even quark productions at the

LHC.

156]. Due to the collinear enhancement for the light quark emitting a W-boson

in the high energy region, the constituent cross section of single-T+ process does

not drop as fast as that of pair production process. In Fig. 5.6, we also show the

production rates of the T-odd LL and b_f)_ pairs (short-dash curve), where t_

and b- are originated from the T-odd SU(2) doublet quark fields, and their masses

are generated from the K. term of the effective Lagrangian. One can see that T+T+

and 12-5- (or b_5_) production cross sections are very close to each other because of

the same production mechanism and the similar masses of T+ and t- (b_) (for this

particular choice of model parameters). Fig. 5.6 also presents cross sections for the

associate tT+ (short dot-dash line) and bT+ (long dot-dash line) productions. The

tT+ production rate dominates over the bT+ rate because the diagram with t-channel

82



 

 

          
 

10 L241 1 1 L 1 1 4_i 1" I l 1 I 1 i I I 1 l l 1“. l 1 I 1

600 800 1000 1200 1400 1600 1800 2000

f(GeV)

Figure 5.6: The third generation heavy T-odd and T-even quark productions at the

LHC.

156]. Due to the collinear enhancement for the light quark emitting a IV-boson

in the high energy region, the constituent cross section of single—T+ process does

not drop as fast as that of pair production process. In Fig. 5.6, we also show the

production rates of the T-odd LE. and b_5_ pairs (short-dash curve), where t_

and b- are originated from the T-odd SU(2) doublet quark fields, and their masses

are generated from the K. term of the effective Lagrangian. One can see that T+T+

and t_f_ (or b_6_) production cross sections are very close to each other because of

the same production mechanism and the similar masses of T+ and t- (b_) (for this

particular choice of model parameters). Fig. 5.6 also presents cross sections for the

associate tT+ (short dot-dash line) and bT+ (long dot-dash line) productions. The

tT+ production rate dominates over the bT+ rate because the diagram with t-channel
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Figure 5.7: Quark gauge boson associated productions at the LHC.

W—boson exchange plays the leading role for the tT+ production, and the similar

diagram for bT+ production is suppressed by Cabibbo—Kobayashi-Maskawa (CKM)

matrix elements. For example, it is suppressed by Vcb in the cb —+ bTJr production

process.

5.2.3 Quark Gauge Boson Associated Production

Another production mechanism for heavy T-odd quarks in the LHT model is via

associated production with heavy T-odd gauge bosons. Since the initial state of the

scattering process is T-even, the final state has to be a pair of T-odd particles. For

example, the d_W§ pair can be produced via the 119 —» d_WI; production . In

Fig. 5.7, the solid curve shows the associated production rates of heavy charged T-
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odd gauge bosons with all possible T-odd heavy quarks and anti-quarks, including

the T-odd heavy top (anti-) quark and heavy bottom (anti-) quark, as a function

of f. One can see that q_ W'H (solid line) associate production is the dominant

one, q- ZH (dashed line) production rate is about a factor of 2 smaller, due to the

[gqq_WH/gqq_ZH[ 2 \/2 coupling ratio, and q_AH (dot-dashed line) production is

suppressed even more due to | gqq—WH /gqq_ AHI 2 5x/2cot6W.

We note that due to T-parity, the T-even heavy top quark T+ can be produced

associatively with the SM (hence, T-even) gauge bosons, not the T-odd heavy gauge

bosons, whose production rates are also given in Fig. 5.7 (dotted line). Since bT+W

coupling is suppressed as 1.1/f one can see that T+W- (T+W+) rate is significantly

smaller than the q-WH rate, and this suppression obviously grows with the increase

of f value.

5.2.4 T-odd Gauge Boson Pair Production

As discussed in the previous section, the presence of the T-odd heavy quarks in the

model is essential for unitarizing the scattering amplitudes of qq ——> VHVH processes,

where VH denotes T-odd heavy electroweak gauge bosons. In Fig. 5.8, we show all

possible T-odd heavy gauge boson pair production cross sections versus f value.

We note that due to the destructive effect from the t-channel T-odd heavy quark

exchange diagram, which is needed to respect unitarity in high energy region, the

predicted T-odd gauge boson pair production rates are smaller than those reported

in Ref. [72] where the important T-odd heavy quark exchange diagram was not in-

cluded in the calculations. Moreover, it is not a constant suppression factor in every

production channel such that the relative difference between the ZHWfi and W11; W11

rates is much smaller than that reported in Ref. [72]. To examine the dependence on

model parameters, we show in Fig. 5.9 the production cross section of WIT? 7}} pair
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Figure 5.8: T-odd gauge boson pair productions at the LHC.

at the LHC as a function of f for various choices of K. values. We note that the curve

for K —> 00 corresponds to the calculation without including the T-odd heavy quark

contribution which overestimates W§W§ production rate by a significant factor. In

the later section, we shall come back to discuss its detection strategies at the LHC.

5.2.5 T-odd Triplet Higgs Bosons Production

In the LHT model, the direct production mechanism of the normal (T—even) Higgs

boson is similar to the SM Higgs boson production though with somewhat suppressed

couplings, as shown in Sec. 4.3. In high energy collision, the T-odd triplet Higgs

bosons can be produced in qq —+ 05¢ processes at the tree level via gauge interactions

of ¢, where ()5 denotes any of the T-odd heavy triplet Higgs bosons. Their direct
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Figure 5.9: Heavy T—odd gauge boson pair, pp —> WEW‘, production rates at the

LHC.

production rates are small, as one can see in Fig. 5.10, because at tree level they

are produced via s—channel processes with highly virtual gauge boson propagators.

Though t—channel diagrams also take place, they are strongly suppressed because

they involve heavy T-odd quarks and the qq_¢ coupling is suppressed at least by

v/f .

Nevertheless, the T-even Higgs bosons can be copiously produced from the decay

of T-odd heavy quarks, as to be discussed below. For that, we shall first examine the

decay branching ratios of the T-odd heavy quarks and gauge bosons predicted in this

model.

86



 

 

   

a -1 T I I I VII I IITTI fiT+;-II I I I IT I I I

b I 5 -- +41 . g _ j

: . . ' ¢ 2 i l

-2
10 _ "------.¢¢.....412.”) ......If“)....... $94.4)......+¢¢_

:s-E a P: z

-3" f i

10 5'
.....

.4

10 :

10 '5—

:
k'k”:

I
K.  IILJIIMIIJJIIIIIILLIIJLPIIILI
 

600 800 1000 1200 1400 1600 1800 2000

f(GeV)

Figure 5.10: T-odd triplet Higgs bosons productions at the LHC.

5.3 Decay Branching Ratios of New Particles

In order to study the phenomenology of the T-odd heavy particles predicted in the

LHT model, we need to know about their decay branching ratios. In addition to

the SM parameters, the dominant two-body decay modes of the first and second

generation T-odd quarks only depend on two more parameters: f and KS, i.e. f

determines the mass of the T-odd heavy gauge bosons and both f and [‘8 determines

the mass of T-odd heavy quark. If n: is of the order of 1, then because of the smallness

of gauge coupling strength, the T-odd gauge bosons are typically lighter than the T-

odd quarks. When the lightest T-odd particle (LTP) is AH so that it could be a good

candidate for dark matters, the heavy T-odd quarks mainly decay into a SM light

quark, which will generate a QCD jet, plus a T—odd heavy gauge boson WE, ZH or
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Particle Decay mode Branching Particle Decay mode Branching

ratio (‘70) ratio (‘70)

u- ng 61 d- Wgu 62

ZHu 30 ZHd 31

AHu 8.6 AHd 6.3

b_ Wgt 60 t- ng'b 62

ZHb 32 ZHt 29

AHb 6.6 AHt 8.2

T_ AHt 100 T+ W+b 46

Zt 22

Ht 20

W; AHW+ 100 AHT. 12

(25+ AHW+ 100 ZH AHH 100

W’ AHH 100 ¢0 AHZ 100
 

Table 5.1: Decay branching ratios of heavy particles in Littlest Higgs Model with T-

parity. Values in this table are calculated with parameters I‘Lq = me = 1, f = 1 TeV,

m}, = 120 GeV and mt = 175 GeV. We notice that for this set of model parameter

values, the T-odd triplet Higgs ¢++ doesn’t have two-body decay modes at tree level.

AH.

As shown in Table 5.1, the decay branching ratio (BR) into W; + jet is about

twice of BR(ZH + jet) and one order of magnitude larger than BR(AH + jet) for

= 1 TeV and K = 1. This feature also holds for the T—odd heavy top (13.) and

bottom (b_) quarks which are originated from the T-odd SU(2) doublet quark fields

and gain their masses from It terms. The T-odd heavy SU(2) singlet top quark
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Figure 5.11: Decay branching ratios of the T-even heavy T+ quark.

(T_), originated from the top quark Yukawa interaction Lagrangian, decays almost

100 % into the tAH. The T-even heavy SU(2) singlet tOp quark (T...) has a more

complicated decay pattern and can decay into W+b, Ht, Zt and AHt- modes with

nontrivial dependence on the model parameters such as f, A1 and A2 (or, equivalently,

the masses of heavy T—odd gauge bosons, T+ and T_). In Fig. 5.11, we present the

decay branching ratios for the above decay channels of T... as a function of cos a (left

frame) for f = 1 TeV, and as a function of f for sina = 1/\/§ (right frame)

One can see that at ca 2 1, BR(T+ —> Ht) becomes dominant since for small

30,, HT+t coupling is proportional to ca while the couplings of T+ in the other decay

channels are suppressed by 30. Note that for our analysis, the coefficient of the W177!)

coupling Vtiff E thcfi varies as of; (C3 E cos 6, where 6 is the mixing angle between

the left-handed top quark and the T-even T+ quark, see Sec. 2.3). Here IQ), is taken

to be 1. On the other hand, the BR of T-odd heavy quarks are quite insensitive to

the LHT model parameters as long as the mass of the T-odd heavy quark is larger

than AH- For example, the values of BRs shown in Table 5.1 also hold (within a
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few percents) for f = 0.5 — 1 TeV range. Hereafter, we will take f = 1 TeV as the

reference point.

The striking feature of the T-odd heavy gauge boson decay pattern is that W25

almost exclusively decay into a Mfg/1H pair, while ZH decays into a Z H pair, for

a being of the order 1 and the mass of the (T-even) Higgs boson is about 120 GeV.

This is because the masses of WI? and ZH are about the same and are smaller than

the T-odd heavy quark masses (unless K. is much less than 1). In such cases, the

normal (T-even) Higgs boson can be c0piously produced from the decay of T—odd

heavy gauge boson ZH which can be produced either associatively with T-odd heavy

quarks or another heavy T-odd gauge bosons, as discussed above.

For the chosen model parameters, with K, = 1 and /\1 = A2 (or 3a = 1/\/§) and

A!H = 120 GeV, there is no tree-level two—body decay mode for the T-odd doubly

charged triplet Higgs boson, (pit, while ¢i decays into Wi AH mode, and 450 and

cup decay into Z AH and H AH modes, respectively. However, for MH 2 130 GeV,

the WIjI: Wi mode could be opened for afifi Higgs boson.

5.4 Collider Signatures at the LHC

In this section, we shall discuss various experimental signatures of signal processes at

the LHC for the same values of model parameters as given in the previous section.

For simplicity, we shall concentrate on the pure leptonic decay modes of gauge bosons

in the final decay chain of T-odd heavy quarks and gauge bosons.

5.4.1 The First and Second Generation T-odd Quark Pair

According to the multiplicity and charge of the leptons produced from the first and

second generation T-odd heavy quark chain decays, we can classify the T-odd heavy
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quark pair event signature as signal events with like-sign di-leptons, opposite-sign

di-leptons, and single charged lepton with large missing transverse momentum.

(1) like-sign (ii-lepton (€i€i+ ET+jets) signature (LSL): As shown in Fig. 5.3, the

valence quark initiated pp ——> q- q_ processes via the exchange of heavy electroweak

gauge bosons could give rise to a large production rate of signal events with a pair of

like-sign charged leptons in the final state to yield a distinct experimental signature.

For example,

u_u_ —» ngwgd —+ W+W+AHAHdd and

U_aL —» ngwga —) W+W+AHAHdm

chains lead to the €+€++ ET + jets signature, while

d_d_ —> fiaWfiu —> VV_W_AHAHuu and

d_fl.._ —> l/Vlflul/VECZH W_VV_AHAHUCI,

processes produce €‘€_+ ET + jets final state, with Wi —> 6i + V3, and note that

both the lightest T-odd particles AH and neutrinos contribute to the missing energy

signatures. The overall decay branching ratios for the above processes can be easily

calculated from Table 5.1 which yields Br[q_q_ —> LSL] = 0.622 x (2/9)2 9: 0.019.

Depending on the values of f, the LSL signal event rate for positively charged leptons

is about at 23 fb level for a lower value of f = 500 GeV and about 0.6 fb for f = 1

TeV, as the solid line shown in Fig. 5.12. LSL signal event rate for negatively charged

leptons is 5 fb and 0.1 fb for f = 500 GeV and 1 TeV, respectively, as shown by the

dotted line in Fig. 5.12.

With the high luminosity option of the LHC, around 300 fb‘l, there will be a large

number of signal events with like-sign di-leptons, with large transverse momentum

(pp), and large missing transverse momentum (ET) in the £‘€‘+ ET+jets or E+€+ +

91



 

  

  

   

  

 

 

3W1
'4: ,qur Signatures i

b l“ Er +j ‘

If 12, +43

' [[E'T'l-J‘.............. _E

I+I+lBT +1,

 

 
      

10‘ ................ \............... ‘3‘

\ 3
\_

10-2iliiil_LAi 41+ 11"1 IL

600 800 1000 1200 1400 1600 1800 2000

f(GeV)

Figure 5.12: Event signal rates for like-sign di-lepton (Fifi), opposite-sign di—lepton

(EiEIF) and single charged lepton (Ki) from the first and second generation heavy

T-odd quark pair production at the LHC.

jets+ ,ET signature. The prominent feature of this signal signature is that it is free

of large tt— background. This is similar to the case for studying the longitudinal weak

boson scattering processes in the TeV region, with emphasis on the so called Gold—

platted purely leptonic decay mode of weak bosons. As shown in Ref. [157,158], after

imposing the kinematic cuts on the charged leptons, the SM background rate, which is

dominated by the intrinsic electroweak quiWi production and the Wtf associate

production, is already down to the level of a few tenth fb. It is expected that one can

further discriminate the signal event from the SM background event by requiring a

large scalar sum of the transverse momenta, contributed by the two high pT charged

leptons, jets and ET, which is known as the HT parameter in the search for top
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quark at the Tevatron [159, 160]. Furthermore, one can use the kinematic constraints,

similar to those used in the t5 analysis carried out at the Tevatron, to purify the data

sample with T-odd heavy quarks. Finally, one can construct the transverse mass of

the final state system, in analogy to the one introduced in Ref. [157,158] for studying

the longitudinal weak boson scattering, to further discriminate the SM background

from the signal events. Therefore, the LSL signature of the T-odd quark pair events

is expected to provide a clear verification or disproof of the Littlest Higgs model with

T-parity unless the signal production rate is largely suppressed for very large f and

therefore very heavy T—odd quarks.

(2) Opposite-sign lepton (€i€$+ /ET + jets) signatures (05L): As shown in

Fig. 5.12, the production of a T-odd heavy quark pair with opposite electric charges

has a higher rate than the like-sign heavy quark pairs. For example,

11-11.. ——> ngwlgcie W+W—AHAHJd,

U_d_ —+ ngwlgu —> W‘WV‘AHAHdu,

d_aL —) Wguwga —» Iv-W+AHAH-ua and

(La- —+ Wguwgci —> W"W’AHAHucl

processes all give rise to the €+€‘+ ET +jets signature. When the mass of the T-odd

heavy quark increases, the electroweak production rate becomes more important than

the QCD production rate. One of the reasons is that the former process is dominated

by the t-channel exchange of a relative light AH boson, and the latter process is

induced by the s-channel exchange of a virtual gluon. Another reason is that the

former process can be initiated by two valence quarks (via t-channel process) while

the latter process must involve a sea-quark parton whose density function becomes

smaller in the large 122-region for producing a heavier T-odd heavy quark pair.

The overall decay branching ratio for the above reactions is equal to Br[q__q_ —>
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LSL]. Hence, the OSL signal event rate is larger than the LSL signal event rate

as indicated by the dot-dashed line in Fig. 5.12. However, the OSL signal suffers

from a much larger SM background rate induced by the tt production. Nevertheless,

the same strategies discussed above to suppress the SM background rate in the LSL

analysis also applies to the OSL case because the signal events are all generated from

a system with a much larger mass (i.e., the invariant mass of the heavy T-odd quark

pair) as compared to the SM background processes. To be certain, a detailed Monte

Carlo analysis is needed.

(3) Single charged lepton (€i+ ET + jets) signature (1L): One may also consider

the signal event signature with only one charged lepton in its final state, with one

of Wi decaying leptonically and another hadronically. The overall decay branching

for the above reactions is equal to Br[q_q_ ——> IL] = B7”[CI—CI— —> WHWqu ——>

1L] + Br[q—q_ —> WHAqu a 1L] = 0.622 x 2/9 x 2/3 x 2+0.62 x 0.086 x 2/9 x 2 2

0.14 2 6 x Br[q__q_ —> LSL]. The production rate is also higher, as presented by

the dashed line in Fig. 5.12, for all the above T-odd heavy quark pair production

channels are combined. On the other hand, the expected background will also be

orders of magnitude higher. Hence, it is more challenging to detect the signal events

in the single charged lepton mode.

5.4.2 The Third Generation Particles

In order to cancel the quadratic divergence induced by the top quark loop for Higgs

boson mass correction at the one-loop order, we need to introduce additional heavy

quarks (heavy partners of top quark) into the LHT model. In general, there are

T+ and T. originated from the top quark Yukawa sector, cf. Eq. (2.20), and t_,

originated from the K. term interaction with b- as its isospin partner, cf. Eq. (2.18).

(1) T_T_ production with T_T_ —> AHAHtt: The T_T_ production rate at the
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LHC is quite large, which is about 30 fb for f = 1 TeV. The experimental signature

of this signal event can be either OSL or 1L. Its production rate only depends on

T_ mass and the decay branching ratio of T_ ——> tAH is about 100 %. Therefore,

it is important to test this production mode at the LHC, for the signal rate can

be predicted with great confidence. We present OSL rates for T_T_. production in

Fig. 5.13 as the solid line. There have been a few studies in the literature discussing

how to detect this channel at the LHC [64,72,80, 143], though more detailed Monte

Carlo analysis is needed to confirm how well this channel can be detected. It was also

pointed out that it could be very challenging to distinguish this production channel

with the top-squark (stop) pair productions predicted by the Minimal Supersymmetric

Standard Model (MSSM) with the subsequent decay of stop into top quark and the

lightest supersymmetric particle (neutralino) [64,143]. Distinguishing the LHT model

from the MSSM generally requires studying of all detectable experimental signatures

induced by various production mechanisms predicted by the models. However, since

the spin of the heavy particles ( 1 / 2 for T. in the LHT model and scalar for stop

in the MSSM) are different, the correlations of the final state particles may provide

some useful discrimination tools.

(2) t_t_ and b_l5_ production: For a particular choice of K. = 1, which makes t-

and b- heavier then T_, the Lt. production rate is at least one order of magnitude

(depending on the value of f) lower than the T_T_ rate. In case of Lt. production,

there will be two b—jets associatively produced with a pair of OSL or IL in its event

signature. Likewise, the b_ 5- process gives rise to a ti pair in addition to the OSL

or 1L signature. The rate for OSL+tf signature is presented in Fig. 5.13 by the

dashed line. The rate for OSL+b5 from t_t_. production is very similar and is not

shown. Depending on it, Lt- production rate could be higher or lower than the

T..T_ production rate, making it, respectively, harder or easier to observe.

95



 

   
 

—\ 102.1,mqm

g 5 heavy bottom/topsignatures 3

‘9 Tr -§—> rrETE +21: +1

3': __bb—)II+E+21+J

:5 i . Z T+q—>I1 E].+1b +j 3

§\ ‘ . § § . 3

\X
1 ._...';\..\........................................................................................................ J:

§°\\ 3

-1h ‘ 'f 5 ; é

E 3

10.#JJLJllilllllflqéjélilllnglJLk IL

600 800 1000 1200 1400 1600 1800 2000

f(GeV)

Figure 5.13: Rate for opposite-sign di-lepton and single charged lepton signatures

from the third generation heavy quark pair production at the LHC.

(3) T+T+ production: Since T+ is heavier than T_, the pp —> T+T+ production

rate (similar to the t_t__ or b_5_ production rate) is at least one order of magnitude

lower than the T_T_ production rate (depending on the value of f ). The highest

rates are for T+T+ —> W+W‘bh signature which should be checked against the SM

tt background. The rate for OSL—WE signature is presented in Fig. 5.13 by the dot—

dashed line. Again, the techniques discussed about for using the large invariant mass

of the heavy system in the signal event to distinguish it from the SM background

event could be useful for detecting the signal event in this channel.

(4) Single T+ production: The rate of single-T+ production associated with a

light quark via t-channel electroweak interaction is actually higher than the rate of
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Figure 5.13: Rate for opposite-sign di-lepton and single charged lepton signatures

from the third generation heavy quark pair production at the LHC.

(3) T+T+ production: Since T+ is heavier than T_, the pp —> T+T+ production

rate (similar to the LL or b_l_)_ production rate) is at least one order of magnitude

lower than the T_T_ production rate (depending on the value of f ). The highest

rates are for T+T+ -—> W+W‘bl_) signature which should be checked against the SM

tt_ background. The rate for OSL+b5 signature is presented in Fig. 5.13 by the dot-

dashed line. Again, the techniques discussed about for using the large invariant mass

of the heavy system in the signal event to distinguish it from the SM background

event could be useful for detecting the signal event in this channel.

(4) Single T+ production: The rate of single-T+ production associated with a

light quark via t-channel electroweak interaction is actually higher than the rate of
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T+T+ pair production via strong interaction, as clearly shown in Fig. 5.13. The

dominant experimental signature of the signal event is the same as the SM single-top

event though it is expected with a much larger missing transverse momentum. In

Fig. 5.13 the dotted line presents the rate of IL signature originated from the single

T+ production in association with the light quark. Furthermore, the transverse mass

of the signal event will be larger than that of the SM single—top event. In analogy to

the SM single-top event, the single-T+ signature is also characterized by a forward—

jet which populates in the large rapidity region and can be used to suppress tt_ and

VVbB backgrounds [150]. Again, a Monte Carlo study is needed to draw any definite

conclusion about its detection at the LHC.

5.4.3 q_VH Associated Production

As discussed in Sec. 4.3, the Higgs boson production rate via gluon-gluon fusion

process is always smaller than that predicted by the SM. However, because in most

part of the model parameter space, a heavy T-odd ZH decays almost entirely into

a ZH pair, it provides a new production channel for the SM-like Higgs boson. The

experimental signature of the q- VH pair production can be classified as follows.

(1) q_WH production: This signal process gives rise to OSL and 1L signatures

with one less jet as compared to the T-odd heavy quark pair production, but without

the LSL signature. The OSL signature rate for this process is presented as the solid

line in Fig. 5.14.

(2) q- ZH production: The interesting decay chain of this signal process is q- ZH —+

q’WHZH —> q'W+AHAHH in which a high pT Higgs boson is associatively produced

with a W—boson. Its event rate is large, at about 12 fb level for f = 1 TeV and It = 1.

With a large ET in the event, it could be detectable, though a detailed Monte Carlo

study is needed. The respective rate for q'W+AHAHH signature is presented in
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Figure 5.14: Rates for opposite-sign lepton and the Higgs associated production sig-

natures from T-odd boson and quark associated production, VHq_, at the LHC.

Fig. 5.14 by the dashed line.

(3) q_AH production: The decay chain q_AH —+ WHq'AH —+ WAHq’AH pro-

vides the Wi+ ET signature which is, however, not a promising channel to look for

the signal, because the SM backgrounds, such as the WZ(—+ In?) production, is much

larger than the signal event.

5.4.4 The T-odd Gauge Boson Pair Production

The experimental signatures of VHVH events are similar to that of q- VH events, but

with one less high-pT jet. Therefore, it requires a larger production cross section to

detect such a signal event.
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Figure 5.15: Rates for OSL, WH and HH signatures for various VHVH production

at the LHC.

(1) ZHWH production: The event rate of ZHWH —> AHHWAH is about the

same as that for q_VH production, but with almost 100 % decay branching ratio. The

rate as a function of f is presented in Fig. 5.15 by the dashed line. Its experimental

signature is the WH associated production with large ET.

(2) WEWI} production: The event rate of WEWIT —> W+AHW'_AH is about

5 times smaller than that for q_VH production. The solid line of Fig. 5.15 presents

this OSL signature rate. Hence, it may be more challenging to detect such a signal

event in the pure leptonic channel.

(3) ZHZH production: The event signature of ZHZH —> AHHAHH is the pro-

duction of a pair of Higgs bosons with large ET in the event. Its production rate is
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about one order of magnitude smaller than the ZHl/VH production rate, as indicated

by the dot—dashed line in Fig. 5.15. On the other hand, in spite of its small production

rate, this process offers an interesting production channel for Higgs boson pairs.

5.4.5 Heavy T-odd Higgs Boson Production

The highest heavy T-odd Higgs production rate, with its cross section around 1 fb for

f 2 1 TeV, comes from the q5++q§— or d"q§+ production channels. For the model

parameters under study, there is no allowed two-body decay mode for gb++ boson,

due to mass constraints. Nevertheless, 3—body decay modes of ¢++ can take place at

tree level, and it is also possible to have 2—body radiative decay modes dominating

the decay branching ratios of gb++. Hence, there will be multiple jets and leptons in

such kind of signal events. However, the signal event rates are too small.

5.5 Searching for the W};W}? Production at the LHC

In previous section, we show the productions of all the new particles predicted in the

LHT model and categorize their interesting signatures at the LHC. We also estimate

the signal event rates for given parameters. In this section, we will present a detailed

Monte Carlo study on how to search for the signatures and examine the discovery

potential of the T-odd gauge boson, WH, at the LHC, including background study

from the SM. The motivation of choosing WH is because that, the mass of the WH

depends only on the symmetry breaking scale f. If we could measure its mass at the

LHC, i.e. f is determined, it will provide a very useful information to test the LHT

model.

The matrix elements of both signal and background processes are calculated by

using MadGragh [161,162], while the decay widths of the new particles are calculated
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Figure 5.16: The tree-level diagrams for a l/VH pair production at colliders.

in CachEP [146] with the LHT model files given by Ref. [125] , and we adOpt CTEQ

6.1L parton distribution function [131] for our numerical studies.

5.5.1 Production

The tree-level diagrams for a WH pair production are shown in Fig. 5.16, where F

and F’ denote quarks, and the subscript “—” means the T-odd particle. The WH

boson pair can be produced either via the s—channel process with a photon or a Z-

boson exchanged or via the t-channel process with a T-odd fermion exchanged. Since

the t-channel diagram involves the heavy T-odd fermion, therefore, its contribution

depends on both mWH and mF_- Here, we choose the model parameters (f, sq)

instead of the physical masses of the new particles as the theoretical inputs.

In Fig. 5.17(a) and Fig. 5.17(b) we show the total cross section of the WH pair

production as a function of sq and f, respectively. The T-odd quark in the t-channel

diagram affects the total cross section significantly: (i) for 500 GeV < f < 1000 GeV,

there exists a It?” (~ 0.6) which minimizes the total cross section; (ii) for a fixed

nq, the cross section decreases rapidly with increasing f. In order to understand why

the minimum of the total cross section occurs, we separate the total cross section into

three pieces,

Utot = 0's + 015+ Jim: (55)
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Figure 5.17: Production rates of the pp ——> Will/VI} process at the LHC for various

values of parameters f and reg.

where as, at and aim denote the contributions of the s—channel diagram, t-channel

diagram and the interference between the s- and t—channel diagrams, respectively.

For illustration, we choose f = 500 GeV and plot each individual contribution in

Fig. 5.17(c). The s-channel diagram involves the gauge bosons only, therefore, its

contribution depends on f but not on liq, cf. the flat blue curve. On the contrary,

the t—channel contribution decreases with increasing nq, because the mass of the T-

odd quark in the t-channel propagator grows with increasing Kg, cf. the red curve.

Although the s-channel and t-channel contributions are both constructive, their inter-

ference is destructive. The total cross section reaches the minimum when sq ~ 53”",

where the s- and t—channel contributions are comparable. When Ith > ream", the total

cross section is dominated by the s-channel contribution, therefore it drops rapidly

with increasing f since the s-channel contribution suffers from the 1/§ suppression,

where s is the invariant mass of the WH boson pair. When Kg >> slim", the total cross

section approaches to the s-channel contribution and both the t-channel contribution

and the interference effect are negligible.
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5.5.2 Decay of WH boson

The WH boson will decay into a T-odd particle and a T-even SM particle. Its decay

pattern is mainly determined by the masses of new T-odd particles. In the LHT

model,

I

f
m 2—20.156 ,AH \/5 f

mWH 2’ 9f '2: 0.653f,

mc— 1’ 2f‘égf 2 1.414Kgf,

mq_ 2 \/2Itqf 2 1.414/tq f. (5.6)

It is clear that the AH boson is always lighter than the WH boson. But the T-

odd quark (lepton) can be heavier or lighter than the WH boson, depending on the

parameter sq (fig). Let us denote F. as the T-odd fermion whose mass mF_ is x/2rtf .

When K. < 0.11, mF_ < mAH < mWH, therefore the T-odd lepton or T-odd quark

will be the lightest T-odd particle and plays the role as a dark matter candidate. As

pointed out in Ref. [163], the dark matter candidates should be charge neutral and

colorless objects. Hence, we focus our attention to the case of fig (Rq) > 0.11 our

study, i.e. demanding AH to be the lightest T-odd particle. When both sq and fig

are larger than 0.462, i.e. mAH < mWH < mF__, the WH boson only decays via the

WH —-+ W + AH channel. When 0.11 < It < 0.462, i.e. mAH < mF_ < mWH, then

WH boson can decay into either 147AH or F._ F’ (F' being a usual SM fermion).

In Fig. 5.18(a) we summarize the decay pattern of WH in the plane of leg and Kg,

where the following decay modes are considered:

WH -* WAH -> 135—, ((14,) AH,

WH ——> 64/3 —> EAHI/g,

WH —-> Vg_€ —-> I/gAHll,
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of rig and Fig; (b) The allowed region (blue) of [Sq for the WH —+ tb_ mode being

opened.

WH -> (14’ —’ qAHq’-

Here, €(V, q) denotes the charged leptons (neutrinos, quarks). We also include the

subsequent decay of the second T-odd fermions whose decay branching ratio is 100

% for 0.11 < Ii < 0.462. In the above decay modes, the WH —> tb- —v tbAH mode

is special because of the large top quark mass (mt). In order to open the decay

mode WH —> tb_, the mass constraint mWH > mt + mb_ has to be satisfied and

the allowed region of rig and f is shown in Fig. 5.18(b). As shown in Eq. (5.6), the

mass relation between the W , AH and F_ is fixed by It and does not depend on f.

Thus, the decay branching ratios of the WH —> WAH and WH —> F_ F’ modes do

not depend on f if the tb_ mode is not opened. Once the tb_ mode is opened, the

decay branching ratios of other modes will be slightly reduced.

In Fig. 5.19, we show the decay branching ratios of the WH boson as a function

of mg and sq, respectively. Explicit numbers of the decay branching ratios for the

selected benchmark points are listed in Table 5.2.
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Figure 5.19: Decay branching ratios of the WH boson for f = 500 GeV.

5.5.3 Phenomenology at the LHC

The production rate of a WEWI} pair at the LHC is sizable, but the detection for its

signatures at the hadron collider was expected to be challenging in the literature [72,

125]. However, we will demonstrate that the LHC not only has a great potential

to discover the collider signature of the WEW}; pair production, but also has the

capability to explore enormous parameter space of f and It.

At the LHC, we demand the two WH bosons both decay leptonically in order to

avoid the huge QCD backgrounds. We further require the two charged leptons in the

final state having different lepton flavors. Hence, the collider signature of the signal

events is e+u— ET (or e‘u+ ET), where the missing energy (ET) is originated from

two lightest T-odd particles AH and two neutrinos. For simplicity, we will present the

study of e+u_ ET signature throughout this section, but it is very straightforward to
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(Hg, reg) (0.3, 0.3) (0.5, 0.3) (0.3, 0.5) (0.5, 0.5)
 

f (GeV) 500 700 1000 500 700 1000 500 700 1000 500

 

 

6-1/ 4.45 4.61 4.33 0 0 0 15.0 15.9 16.3 0

v-6 4.84 4.81 4.41 0 0 0 16.3 16.5 16.6 0

U_D 14.5 14.4 13.2 20.1 20.1 17.9 0 0 0 0

D_U 13.4 13.8 13.0 18.5 19.3 17.6 0 0 0 0

Lb 14.5 14.4 13.2 20.1 20.1 17.9 0 0 0 O

to- 0 0 7.79 0 0 10.6 0 0 0 0

     WAH 1.84 0.8 0.33 2.55 1.12 0.45 6.19 2.76 1.25 100

 

Table 5.2: Decay branching ratios (%) of the WH boson for a few benchmark points,

where E = e, ,u, T, l/ = Val/[1,14, U = u, c and D = d, 3. Note that all the SM fermions

(except the top quark) are treated as massless.

include the contribution of e‘u‘L ET mode as those two decay modes are identical *.

When WH is the second lightest T-odd particle, i.e. sq and Kg are both larger

than 0.462, the signal events only come from the following process

pp —> IVEI/VI; —» AHW+(-—> e+I/e)AHW_(—> Iron). (5.7)

However, when the T—odd leptons are lighter than WH, i.e. Kg < 0.462, the signal

will mainly come from the process

pp _. wfgwlg _. 61126314 _. e+p*uep,,AHAH, (5.8)

where 1:”,- = e, u, 118 or up. The total cross sections of these two processes are

shown in Fig. 5.20 where the left plot is for the process in Eq. (5.7) with Kg = 0.5

 

*The mass difference between e and u can be safely ignored in our study since we are dealing

with new particles whose masses are at the order of TeV.
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Figure 5.20: The total cross section of pp -—> WEWP—I —> e+u—+ ET at the LHC for

different parameter space: Left plot: Kg > 0.462; Right plot: Kg < 0.462.

while the right plot is for the process in Eq. (5.8) with Kg 2 0.3. If WH is the second

lightest T-odd particle, the signal will only come from Eq. (5.7) since the WH can

only decay to WAH; otherwise, the process in Eq. (5.8) dominates. The total rate of

the signal events depends on the masses of L, q- and WH, and as shown in Fig. 5.20,

the total cross section is sizable when f is small and fig is large. This is because that

the mass of T-odd gauge boson is light and the destructive effect from t-channel and

s-channel interference term is small.

The main intrinsic backgrounds come from the W+W_ and the ZW+VV’ contin-

uum productions with the subsequent decays W+ —+ i+113, W’ -—> €_l7g and Z —> I/I/l

. There also exist other reducible backgrounds from the top quark pair production

and the Wt associated production which can be highly suppressed by vetoing the

additional b—jet from the top quark decay with large transverse momentum or in the

central rapidity region. The vetoing efficiency is so large, about 99.9 ‘70 for the tt back-

ground and 99.6 % for the Wt background, that we only need to consider the intrinsic

 

1‘Generally speaking, we also need to consider the background from Higgs boson decay into a W

boson pair, which is gg —> H —> W+W‘ . The total rate depends on the mass of Higgs boson. For

instance, the total cross section is ~ 95fb when the Higgs boson is 120 GeV, and ~ 230fb when

Higgs boson is 170 GeV. However, it can be completely suppressed by imposing the kinematics cuts

discussed later.
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Figure 5.21: Transverse momentum of (PL/u" (pg/u), rapidity of e+/,u,_ (rye/H), in—

variant rnass of 6+ and If (meg), energy of e+/u_ (Ee/t‘), missing transverse mo-

mentum (,ET ), cosine of the opening angle between e+ and u”(cos 66),) distributions

for Kq = 1 and f = 700 GeV. All curves are normalized by their total cross sections.

backgrounds in this study. The total cross section of the W+W_ pair production

background is about 0.865 pb while the other intrinsic background from W+W“Z is

negligible (~ 0.08 fb). These cross sections already include the decay branching ratios

of W —> 61/ and Z —+ I/V. Below, we just consider the W+W_ pair production as the

background at the LHC.

Kinematics of the signal events is distinctively different from that of background

events. As to be shown later, these differences can be used to significantly suppress

the background and enhance the ratio of signal to background (S/B). For illustration,

we show normalized distributions of various kinematics observables of the signal and
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background events in Fig. 5.21: transverse momentum (1);!“ ), rapidity (rye/’3), energy

(Ea/fl) of charged leptons, invariant mass of two charged leptons (me/j), missing

transverse momentum ( ,ET) and cosine of the Opening angle between two charged

leptons (cos 66),). The curves labeled by Itg = 0.5 and Hg = 0.3 correspond to the

signals described in Eq. (5.7) and Eq. (5.8), respectively. A few interesting points are

summarized below:

0 Compared to the background, the typical feature of the signal events is that the

final state particles are more energetic, cf. Fig. 5.21(a), (c), (d), (e).

c As the decay products of heavy WH bosons, the two charged leptons mainly

appear in the central region, cf. Fig. 5.21(b), because W3 is hardly boosted.

0 We also note that, unlike the background, two charged leptons of the signal do

not exhibit strong correlations, see the nearly flat behavior in the cos I96” distri-

bution. It can be understand as follows. Since mWH is much larger than mW

and mAH’ W and AH will be predominately in the longitudinal polarization

state, i.e. behaving as scalars. Thus, the spin correlation between e+ and u—

is lost, which results in a flat distribution. On the contrary, the two charged

leptons in the SM background are highly correlated.

o The signal distributions change a lot when varying the value of Re. In particular,

for a Small fig, i.e. Kg = 0.3, the peak positions of the p31”, me”, ES/p’ and ,ET

distributions are shifted to the large value region when compared to those of

large Kg, i.e. Hg = 0.5. This is due to the fact that for a small Kg, the charged

leptons (e‘L and ,u‘) or the neutrinos (V6 and 17),) are directly generated from

+
the WH boson decay, e.g. W'13; —> 6+I/e_ or W13!— —> Ve€_, and therefore are

more energetic.
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Figure 5.22: Statistical significance contour of signature of pp —> WEWI; —>

FLT—ugDIgAHAH in the plane of liq and f at the LHC. The upper two plots are

for Kg : 0.5 while the lower two are for He = 0.3.

In order to mimic the detector, we require p3!” and 716/“ to satisfy the following

basic cuts:

peT > 20.0 GeV, pl}. > 20.0 GeV, |ne| < 2.0, WI < 2.0

Furthermore, taking advantage of the differences between the kinematics of the signal

and background events, we impose the following optimal cuts to extract the signal

out of the SM background,

,ET > 175 GeV, cos 08,, < 0.6 (5.9)

After imposing the optimal cuts, the main background from the W+W‘ pair produc-
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for pp —> WTI-Wh—I ——> e+,u"z/ez7#AHAH process after imposing the kinematics cuts

given in Eq. (5.9) at the LHC.

tion can be suppressed by more than 99% and gives rise to 19 background events for

L = 10 fb‘1 while 192 events for L = 100 fb"1, where L denotes the integrated lumi-

nosity. These background rates include both e+If and e—u+ modes. In Fig. 5.22 we

present the 50, 3o statistical significance and 95% confidence level (C.L.) for Kg = 0.5

(top raw) and Kg = 0.3 (bottom raw). For Kg = 0.5, the WH boson is the second

lightest T-odd particle and the signal events come from Eq. (5.7) only. When f is

500 GeV, the signal can reach more than 30 statistical significance for Kg ,2 1.5 with

= 10 fb‘1 and Kg ,2 1 with L = 100 fb’l, respectively. Furthermore, the f can

be probed up to about 770 GeV with L = 10 fb"1 and 950 GeV with L = 100 fb—l,

respectively, at the 95% CL. On the other hand, for Kg = 0.3, the T-odd leptons are

lighter than WH and the signal events predominantly come from Eq. (5.8) due to the

large decay branching ratios. In this case, one can probe more parameter space of the

LHT model, cf. Fig. 5.22 (c) and (d). For example, assuming Kq = 1, one can probe

f up to 900 GeV with L = 10,fb-1 and 1050GeV with L = 100 fb‘l, respectively, at

the 50 level.
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As shown above, it is very promising to use the eu+ ET signature to detect the

WHWH pair production at the LHC. But such a signature can originate from two

processes, either Eq. (5.7) or Eq. (5.8), depending on the value of Kg. Therefore, one

immediate task after observing such a signature is to determine from which process

it comes. It turns out that this question can be easily answered by the p5!“ and

Ee/f‘ distributions, cf. Fig. 5.23 where we have imposed the optimal cuts. In case of

Kg 2 0.3, the charged lepton is directly emitted from the T—odd gauge boson decay,

therefore its transverse momentum is typically larger than the one of the charged

lepton emitted form the W-boson decay, i.e. Kg = 0.5. Same argument also works for

the energy distributions. Hence, one can fit the observed p3!” and Ed“ distributions

to the LHT model predictions to measure Kg, though Kq, which merely change the

normalization of both distributions, remains unknown.

5.6 Searching for a W§W§ Pair Production at Linear

Collider

Compared to the LHC, the Linear Collider (LC) does not have a sufficient energy

to produce very heavy WH bosons. For example, a TeV LC can only probe the WH

boson mass up to 500 GeV, which corresponds to f 2 750 GeV. However, the LC

provides a much cleaner experimental environment (no QCD backgrounds) which is

perfect for precision measurements. As mentioned before, because of suffering from

the extremely huge QCD backgrounds, one has to use the leptonic decay mode for the

VVH boson search at the LHC. One can observe a deviation from the SM prediction,

but one cannot determine the mass or spin of the WH boson due to the four missing

particles (two lightest T-odd particles AH and two neutrinos) in the final state. In

this section we preform a comprehensive study of the WH pair production at the LC

and address on the following questions:
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0 Can one determine the masses of WH and AH?

0 Can we reconstruct the kinematics of the missing particle AH?

0 Can we measure the spin of WH?

As to be shown later, all these questions can be answered at the LC with the help of

the known center-of-mass (c.m.) energy.

5.6.1 Production

The tree level diagrams of producing a W;WI; pair at the LC are shown in Fig. 5.16,

with F being electron e‘ and F. being T-odd neutrino Ve_. We present the total

cross section of the WH pair production as a function of Kg and f in Fig. 5.24(a) and

(b), respectively. In analogue to the WH pair production at the LHC, there also exists

a REM” due to the destructive interference effect, but now Kznm is very sensitive to f.

As shown in Fig. 5.24 (a), HEM” shifts from about 0.5 to 1.0 when f increases from

500 GeV to 750 GeV. We also note that when Kg is small (e.g. Kg 2 0.3), the total

cross section drOps much slower than the total cross section of large Kg, see Fig. 5.24

0))-

Following the LHC study, we split the total cross section into the s-channel, t-

channel and the interference contributions. In Fig. 5.25 we explicitly plot the total

cross section (black curve), the s-channel contribution (blue curve), the t-channel con-

tribution (red curve) and the interference contribution (INT) (green curve). Fig. 5.25

(a) and (b) show the total cross section as a function of Kg for f = 500 GeV and

750 GeV, respectively. We have learned from the LHC study that the minimal cross

section for a fixed f occurs when 0(3) 2 o(t). When f increases from 500 GeV

to 750 GeV, the s-channel contribution drops rapidly since it suffers from the 1/8

suppression, but on the other hand, the t-channel contribution does not. Of course,
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Figure 5.24: Total cross sections of a WEWP—I pair production at Linear Collider for

various f and Kg.

increasing f value will increase the mass of WH boson and reduce the t-channel con—

tribution, but the suppression in the t—channel contribution is much less than that in

the s-channel contribution. Therefore, the position for 0(3) 2 0(t) is shifted to larger

Kg region. The reason why the cross section of Kg = 0.3 drops slowly in the large

f region can also be understood from the competition between the s- and t-channel

contributions. In Fig. 5.25 (c) we show the total cross section as a function of f for

Kg = 0.3. For such a small Kg, the T-odd neutrino’s mass is small (m.,,_ 2 0.42f).

Then the t—channel contribution dominates over the s-channel contribution. In the

large f region, i.e. 600 GeV < f < 750 GeV, the s-channel contribution as well as

the interference effect both decrease to zero, and the total cross section approaches

to the t—channel contribution which does not drop rapidly with increasing f.
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Figure 5.25: The distributions of s-, t-channel diagrams and interference term in the

WEWI} production at the LC.

5.6.2 Collider Phenomenology at the LC

At the LC, we are able to search the WH boson using its hadronic decay mode

14’H —> AHl/V —> AHjj . Below, we consider the following signal process

6+8- ——> WHWFI —+ W'+(—> jj)VV—(—> jleHAHI (5.10)

which gives rise to a collider signature of four isolated jets associated with large

missing energy originated from the two undetectable AH bosons in the final state.

The main intrinsic background is from the process e+e‘ —> W+W-Z —> 3'jjjI/I7

whose cross section is about 5.6 fb. In Fig. 5.26, we show the cross section of the

signal process given in Eq. (5.10) at the LC. The total cross section relies on how large

the decay branching ratio of the WH —> W'AH mode is: (1) when both Kg and Kg are

large, Br(WH ——> WAH) = 1 which leads to a large cross section, see the black (solid)

curve; (2) when either Kq or Kg is small, Br(WH ——> WAH) is highly suppressed, so

the total cross section becomes small, see the blue (dashed), the red (dotted) and

the green (dot-dashed) curves. In this work we focus our attention on the first case,

i.e. large Kq and Kg, in which WH is the second lightest T-odd particle. Since the

cross section of the signal process is much higher than the WWZ background, it
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Figure 5.26: Total cross section for e+e— —> IVIJgWh—I —+ AHAHjjjj at the LC.

is not difficult to disentangle the signal from the background. Therefore, only the

basic kinematics cuts, but no further hard cuts, are applied to select the event in the

following study. For comparison, we also present the background distributions.

5.6.2.1 Mass measurement of WH

In order to simulate the detector acceptance, we require the transverse momentum

(par) and rapidity (779) of all the final state jets to satisfy the following basic cuts

17],! > 15GeV, [773'] < 3,

We also demand that the four jets are resolvable as separated objects, i.e. requiring

 

the separation in AR _=_ \/(677)2 + (6(0)2 between any two jets to be larger than

0.4, where 677 and 64) denote the separation in the rapidity and azimuthal angles,

respectively. In order to reconstruct the two W bosons, one need to isolate the four

jets coming from the W boson decay. Unfortunately, one cannot tell the jets apart

experimentally because the information of quark’s charge and flavor is lost during the
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hadronization of the light quarks. In order to measure mWH, one needs to reconstruct

the two W bosons, i.e. finding out which two jets come from which W boson. In this

study we use the W boson mass as a constraint to reconstruct two W bosons:

o In order to identify the jets, we order the four jets by their transverse momen-

tum,

j j j j

10;} Zr]? 2107‘? 2291‘}-

. We loop over all combinations of the four jets, i.e. (jljg, j3j4), (j1j3, j2j4) and

(j1j4, j2j3), and calculate the invariant masses of the reconstructed W bosons.

We then calculate the deviations from the true W boson mass (mW) for each

combination,

 

A = \/(m1(.ljl— mw)2 + (”12(le — mw)?

and select the combination giving rise to the minimal deviations to reconstruct

the W bosons. Although the efficiency of the W boson reconstruction procedure

is very high (N 99.1%), we cannot distinguish the two reconstructed W bosons

because the charge information is lost. But as to be shown below, we do not

need the information of the W boson charge to determine the mass and spin of

WH. Just for bookmark we denote the W boson consisting the highest pT jet

as W1 while the other W boson as W2.

In Fig. 5.27, we present the energy distributions of the reconstructed W bosons

(EW) where the energy of W1 (EWI) peaks in the large energy region while the energy

of W2 (EWQ) in the small energy region. The asymmetry between W1 and W2 is due

to our requirement that the W1 boson includes the leading-pT jet. Since the AH

bosons are massive, the EW distributions exhibit sharp drops in both small and large
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Figure 5.27: Normalized energy distributions of the reconstructed W bosons for Kq =

1 at the LC.

energy regions, which can be used to measure the masses of WH and AH [164]. The

ending points of the energy distribution of the W boson are given by

E1 = ”Y (EEV i Max), (5.11)

where l3 = , /1 — 4m%VH/s, ”y = 1/\/1 — 132 and Efjv (pity) is the energy (momentum)

magnitude of the W boson in the rest frame of WH,

2
mW — H+mW

WH

if“ _ (“H +mm [min - (mAH — mwfl _

2mWH

 

 pa; = (5.13)

From Ei we can derive mWH and mAH as follows:

,/_‘E+E_ 771%,, m3, ma,

1 — 1~ v.14
mWH= l/EE+——+ E_1+ E+E- + E2 E3 ’ (O l
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2(E+ + E_) mt»
mAH —mI.VH 1- \/.’S_ +
  2 . (5.15)

me

In this study, we choose two sample points: (1) mWH = 320 GeV and mAH = 66 GeV

for f = 500 GeV; (2) mWH = 450 GeV and mAH = 101 GeV for f = 700 GeV. Hence,

for the former sample point, E+ = 426 GeV and E- = 85 GeV, while for the latter

sample point, E+ = 345 GeV and E- = 146 GeV. The small tails of the lower and

higher ending points are due to the width effects of WH boson and W—boson. After

reading out the ending points from the EW distribution, one can determine mWH

and mAH from Eqs. (5.14) and (5.15). The accuracy of this method highly depends

on how well one can reconstruct the W boson momentum and how well one can

determine the ending points. Furthermore, the collider detection is not perfect. In

order to mimic the finite detection efficiency of the detector, we smear the momenta

of all the final state jets by a Gaussian distribution with

_A_E_50%

E JE’

where E is the energy of the observed parton and the resolution of the energy mea-

 (5.16)

surement is assumed to be 50%x/E. The EW distributions after energy smearing are

shown in Fig. 5.27 (b). We note that the shapes of the distributions of both signal

and background are changed slightly, but the positions of the ending points remain

almost the same, which lead to 4% and 8% error in the mass measurements of WH

and AH for f = 700 GeV, respectively.

5.6.2.2 Spin correlations

Although one can derive the WH mass by using E+ and E- from the EW distribu-

tions, one still needs to verify that such a signal indeed comes from the LHT model

and not from other new physics models. For example, the minimal supersymmetric
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extension of the standard model (MSSM) with R—parity can also have exactly the

same collider signature (4j+ ET) from the process

e+e‘ —» WW?— —+ &&W+(—> jaw—H 29'),

where the photino (j?) is the lightest SUSY particle which plays as the dark matter

candidate. Examining the kinematics distributions is not sufficient to discriminate

the LHT model from the MSSM. Below we will show that the spin correlation between

the W boson and its mother particle is a good tool to tell these two models apart.

Taking advantage of the known c.m. energy of the LC, one can reconstruct the

kinematics of the two missing AH bosons and in turn study the spin correlation

effects for model discrimination. Details of the event reconstruction are shown in the

Appendix. Below, we only present our results of the phenomenological study. After

event reconstruction, we denote AH1 as the reconstructed AH boson associated with

W1 while AH2 as the one with W2. The inequality C2 > 0 (cf. Eq. (0.16)), has to be

satisfied in order to reconstruct the momentum of AH’s. Since C2 depends on mWH

and mAH’ inputting the correct masses of WH and AH will significantly enhance

the efficiency of the event reconstruction. Furthermore, it is easy to show that the

dependence of C2 upon mWH is much stronger than the one upon mAH' Hence, if one

inputs the correct mWH, then one may reach the maximal reconstruction efficiency.

The reconstruction efficiencies are summarized in Table 5.3 where we consider both

cases with and without detector smearing effects. The detector effects reduce the

efficiency of the signal reconstruction about 10% but increase the efficiency of the

background reconstruction by a factor 2 ~ 3.

Using the known kinematics of the AH bosons, we can reconstruct the momentum

of the WH bosons. We then can plot the cos 6* distribution of the W boson in Fig. 5.28

where 6* is the angle between W boson and WH boson in the rest frame of WH boson.
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f (GeV) input (GeV) no smearing with smearing

 

 

me mAH signal BKGD signal BKGD

 

500 317 66 87% 0.5% 80% 1.4%

 

600 384 84 90% 0.3% 82% 0.7%

 

700 450 101 89% 0.1% 79% 0.3%        
 

Table 5.3: Efficiencies of the AH reconstruction after requiring C2 > 0.

The left figure shows the true cos 6* distribution where we assume all the particles in

the final state, including the AH bosons, are perfectly tagged. The right figure shows

the cos 9* distributions after the W boson reconstruction. The distributions can be

understood as follows. In the LHT model, the decay products of the WH boson, W

and AH, are highly boosted because WH is much heavier than AH and W. Then the

AH and W bosons would be predominately in the longitudinal polarization states.

Therefore, the decay of WH ——> AHW could be treated as a vector boson decaying

into two scalars. Due to the angular momentum conservation, the spacial function

of AH and WH would be dominated by p-wave (~ sin2 0*), as shown in Fig. 5.28

(a). Duo to the W boson reconstruction, cf. Fig. 5.27, W1, the W boson containing

the leading jet, prefers to move parallel with the WH and thus peaks in the forward

direction while I/Vg peaks in the backward direction.

How could we use this angular correlation to distinguish different models? Let

us consider the signature of W+W’+ ET which is generated by two heavy vector

bosons in the LHT model. That signature could also be induced by many other new

physics models:

a It can come from the decays of a heavy scalar ((1)) pair, e.g. e+e_ —> <I><I> —>
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Figure 5.28: Normalized distribution of cos 6*, where 6* is the angle between the W

boson and its mother particle WH in the rest frame of WH for f = 500 GeV: (a) true

distribution; (b) after the W boson reconstruction.

W+W_ + VV, and the missing particle (V) must be a vector boson. Due to

the scalar decay, the cos 6* distribution should be flat, cf. the red dotted curve

in Fig. 5.29(a).

o It can also come from the decays of a heavy fermion (7) pair, e.g. e+e— —>

.77 ——> IV+W"' + xx, and the missing particle (x) must also be a fermion. It

is well know that the cos 6* distribution should be in the form of 1 — cos 6*,

1 + cos 6*, or the combination of them. Here we plot the first two distributions

in Fig. 5.29(a), cf. the blue dashed and green dashed curves.1

The distinctive difference in the true cos 6* distributions will be affected by the W bo-

son reconstruction, but the predictions from different models are still distinguishable,

cf. Fig. 5.29(b) and (c).

 

I

— We note that the cos 6" distribution is flat if the heavy fermion is produced unpolarized. It

then is impossible to tell (I) and .7 apart from the cos 6* distribution. However, the distribution

of the WH pair production in the LHT model is still distinguishable from those of <1) and .7.
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Chapter 6

Summary

The Littlest Higgs model with T-parity (LHT) [37,54,57,72,74] is an attractive Little

Higgs model which provides not only a solution to the Little hierarchy problem but

also a possible dark matter candidate. The detailed model structure and the effective

Lagrangian of the LHT model could be seen in Chapter 2. Because of the T-parity,

T-odd gauge bosons do not mix with the Standarf Model gauge bosons, the mass scale

(f) of new particles predicted in this model can be as low as 500 GeV [76], as shown

in Fig. 3.2. From the partial wave analysis of the scattering processes of (ti, T+T+,

()5, W+W_, Zh) system, the model parameter /\1 has to be bounded in the region of

0.71 ~ 2.5, as shown in Fig. 3.3. In order to implement T-parity in the fermion sector

of the model, the heavy T—odd SU(2)-doublet fermions, which are T-parity partners

of the SM fermion doublets, have to be introduced. The mass of the T-odd fermion

will be bounded from four-fermion operators. If the parameter K. is universal for all

of the T-odd fermions, the mass of the T—odd fermion should be lighter than 4.8 TeV

as f = 1 TeV. However, if T—odd leptons have different values of K. from that in the

quark sector, the constraints are quite loose, as shown in Fig. 3.5. The importance

of the T-odd fermions in the U17 —-> l/VEWE-I scattering precess has also been stressed

through partial wave analysis in Sec. 5.1.
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The LHT model modifies the coupling of the top quark to W- boson and bottom

quark, known as the Wtb coupling, due to the mixing between the top quark and the

T-even T+ quark. Therefore, the single-top quark production at the LHC will different

form the predictions in the SM. The deviations of the single-top quark production

cross section from the SM will strongly imply the allowed region of f, cf. Fig. 4.1.

Moreover, the T-odd particles have significant effects to the Higgs boson and top quark

physics at the LHC through the quantum corrections. We study the production and

decay of the Higgs boson in the LHT model. The production cross section via gluon-

gluon fusion, which is the main process producing the Higgs boson at the LHC, could

be highly suppressed, while the vector boson fusion process is about the same as the

SM predictions. The branching ratio of the di-photon mode, on the other hand, is

enhanced by as large as 35%. As a result, the discovery modes of the Higgs boson

produced via vector boson fusion processes will become more important in the LHT

model than in the SM. The various channels of searching for the Higgs boson at the

LHC are summarized in Table 4.2. The heavy new particles in the LHT model can

also modify the gtf coupling via quantum corrections, and affect the production cross

section of tf. Since the LHC is a true top factory, producing hundreds of millions

of t0p quarks every year, it becomes possible to accurately measure the total cross

section of the top quark pair production, which provides a good probe of searching

for new physics. In Sec. 4.2, we study the anomalous gtf couplings induced by the

one-loop electroweak (EW) corrections in the LHT model by using the Goldstone-

boson equivalence theory, and study its effects in the ti pair production through

quark-antiquark annihilation process at the LHC. We found that the negative EW

corrections in the SM are partially canceled by the positive EW corrections from the

new heavy particle 100ps in the LHT model. The net one-loop electroweak correction

is close to zero in the range of 500 GeV S, mtf SJ 2000 GeV. For a larger value of mg,
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the new heavy particle loop correction dominates, and the leading EW corrections

in the LHT model could increase the cross section by about 20%. However, such a

deviation might hardly be recognized as the cross section drops rapidly with increasing

mtg.

Because the mass of the new particles in the LHT model could be lighter than

TeV, they can be copiously produced at high energy colliders. In Chapter 5, we study

the collider phenomenology of the LHT model with emphasis on the contributions of

the T—odd fermion to the production of the heavy T-parity partners (either bosons or

fermions) at the LHC and Linear Collider (LC). We show in Sec. 5.2 the production

cross sections of all of the new particles, including the first and second generation

heavy T-odd quarks (q_, q = u,d,c,s), the third generation heavy T-odd (t_, b-

and T.) and T—even (T+) quarks, T—odd fermion vector boson associated production,

the heavy T-odd gauge boson pairs and also heavy T-odd Higgs bosons productions

for completeness. After discussing the typical decay branching ratios in Sec. 5.3, we

study the probable experimental signatures predicted by this model at the LHC. We

conclude that the like-sign di-lepton signature of the lst and 2nd generation heavy

T-odd quark pair production is the most useful channel to discover these new have

quarks at the LHC. Also, because the heavy T-odd gauge boson ZH almost always

decays into a pair of a Higgs boson H and a T-odd photon AH, the production

processes with ZH in the final state provides a new production mechanism for single-

Higgs or Higgs-pair production.

In order to search for signatures of new physics at colliders, we need to consider

the background from the SM which could generate the same collider signatures and

whose event rate is usually much larger than the signal from the new physics. In

the LHT model, the T—odd heavy gauge boson WH pair production is of particular

importance because the mass of WH only depends on the symmetry breaking scale
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f. One thus can unambiguously determine f by measuring mWH' In Sec. 5.5 and

Sec. 5.6, we present detailed Monte Carlo studies about the collider phenomenology

of a WH pair production at the LHC and the LC, respectively. In order to avoid

huge QCD background at the LHC, the purely leptonic decay modes are considered.

Depending on the mass order of WH and the T-odd fermions, the discovery potential

at the LHC could reach a 50 statistical significance level even for f about 1 TeV

with an integrated luminosity of 100 fb"1, by using 60+ ,ET signatures, as shown in

Fig. 5.22. However, the mass of WH is very challenging to be reconstructed at the

LHC due to four missing particles in the final state.

At LC, owing to the clean background at the LC, we are able to search the WH

boson using its hadronic decay mode which leads to a 4 jets associated with large

/ET signature. Due to the known center-of-mass energy at the LC, the masses of

WH and AH can be determined from the ending points of the energy distributions

of the two reconstructed W bosons. For example, one can measure the mass of WH

(AH) within an error of 4% (8%) for f = 700 GeV, even after including the detector

smearing effects. Following the study of the W+W‘ pair production at the LEP [165],

we present an algorithm of reconstructing the kinematics of two undetectable AH

bosons. It enables us to study the spin correlation between the W boson and its

mother particle (WH) which is a powerful tool to distinguish other new physics models

from the LHT model, as shown in Fig. 5.29.
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Appendix A

Feynman Rules

The CachEP LHT model files, which include the complete Feynman rules, are avail-

able at the website http://hep.pa.msu.edu/LHT/ . In this appendix, I will list part

of the Feynman rules which are used very frequently for the phenomenology study.

And also note that some Feynman rules of LHT model are presented in the litera-

ture [72, 125,126], and the Feynman rules shown here are based on Ref. [166], which

has been checked to agree with the results in the arXiv version (v3) of Ref [72] with

the substitutions: T+ —> ——t’+ and T_ ——> —t’_ . In Tables A.1, A2 and A.3, we have

defined the following coefficients. 5H = sin 6H describes the sine of the mixing angle

between heavy neutral gauge bosons, cf. Eq. (2.15) and CH = cos 6H. Also, 35 = sin 6

(so, = sin a) is the sine of the mixing angle between left-handed (right-handed) top

quark and T-even T+ quark, cf. Eq. (2.23) (Eq. (2.24)). In addition, PL 2 #5 and

PR = 5215 are the left-handed and right-handed projection operators, respectively.

We note that in those tables we have suppressed the CKM matrix element depen-

dence. For example, from Table A.3, we can read out the coupling of ijb to be

th(z'—§——2-cfi'prL), after restoring the CKM matrix element th derived from the inter-

action Lagrangian. In the above expression, the product of thCfi, which is defined as

Vtiff, should be identified with the CKM matrix element determined from the low

energy processes (or from measuring the SM single-top direct production rate at the
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Table A1: Feynman rules for the first and second generation T-odd fermion interac-

tions with heavy T—odd gauge bosons and the SM fermions.

7+ — _. ‘

wH tb_ WH bt-

71a

it.

"i" SaPR)

 

Table A2: Feynman rules for the third generation T-odd fermions interactions with

T-odd heavy gauge bosons and the top quark, bottom quark and T—even T+ quark.

Tevatron or the LHC [148—156]. Thus, from Table A.3, we read out the coupling of

W+T+b to be th(z‘—9—s[3*mPL), after restoring the CKM matrix element dependence,

which can be rewritten as Veff(2’—9—Zfic—EZ’Y;LPL)- The coefficient of W+T+b coupling

*4?ng is approximately equal to Vtiffsfi up to 212/f2 corrections, for SB or v/f , cf.

Eq. (2.23).

p

zflit 33V)PL— 3%va Zflm

ZIJT+T+ i 8%V)PL— sszPR

 

Table A.3: Feynman rules for the SM guage interaction with the top sector.
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Appendix B

Scalar Functions

The one-loop integrals could be decomposed in terms of Passarino—Veltman [121]

functions which are defined in n = 4 — 26 dimensions. Definitions of one-point (A),

two-point (B) and three-point (C) functions are:

dnk 1 i.
26

= ——A , .

H ,/(27r)"k2 —m2 1671'2 0(m),

 

 

dnk 1 k k k .

25
v p» u 1/

—B , B ,B l ,
H f(QTFYI (lg—m?) [(k+l)2—m

g] —221671' 0 u pu(,7n1 m2)

d"k k2, 1:21

2€/( " —BO, 13W m1, m2)

2w)” (k2 — m?) [(k +1)2 — m§]=167r2

 

26/ dnk 1, kn, kukl/

“ (270710;? — m?) [(k + z)? — mg] [(k +1 + s)2 — mg]

=167r———2C0, C)“ CWU, 9, 7m, 7722, m3).

The integration formula of these scalar functions are as

2

A0(m) = m2 [A — ln 1 +1],

#2

1 3:262 — :1: 62 + m2 — m2 + 7722

30(6, m1, m2) = A —/ d1: 1n ( 2* 2) 1,

0 It

 

130

 



A 1 2:262 — 1: £2 + m2 — m2 + m2

B (6, m ,m )=——+ dlen ( 1 2) 1,
1 1 2 2 O H2

1 :1: 1

C 6’, s, m , m , m = (1:1: (12 ,

0( 1 2 3) /0 jg Ja132+by2+ccry+dat+ey+f

where

 

1

A = — —e/E+ln47r,

e

a = —32, b = —€2, c = —26 - s, d = —m% + mg + 32,

e=—m¥+m3+€2+2€-s, f=—m§.

The tensor integrals could be further decomposed and written in terms of the

external momenta and the metric tensor gm, with the scalar functions. The explicit

decomposition for B“, C), and CW is given below [167].

For two-point finctions,

B/1(€3 ml? 7712) = €HBI(£? 7n]? m2):

1

B1(€,m1,m2)= W [A0(m1) — A0(m2) — (62 + m? — m3)BO(€, m1, m2)] ,

Bill/(153 mi, 7712) = fill/B2107, m1. m2) + gin/B22“, mi, 77112),

1
2 2 2

m +m 6

32103, m1, m2) = @2- [Aomzl — meo — 2(52 + mi — mng1- 1—2-2- + E] ,

1 £2
B22(€, m1, 7712) = 6 [A0('m2) + 2m¥BO + (£2 + m? — 777.3)B1 + m? + m3 — 3] ,

30(5, 7711, m2) = 1400172) + "lfBoM, m1, m2),

B#(gam1am2): €HBI(€a m‘la m2),

B1(€, m1, m2) = —A0(m2) + mgBflf’, m1, m2).
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For three-point functions,

CW, 83 mi, 7712 m3) = 5201103, 8, 771.1,m'2am3)+8p012(€, 8, m1, m2, m3),

Cpl/(5, 8, m1, m2. m3) = 0.0021 + Susi/022 + (6,3,, + €u«9p)023 + aux/C24,

with

C11(€,s,m1,m2, 771.3) :

012(6, 8, m1, m2, m3) =

C24“, 8,7711, m2,7713): [30(8, m2, m3) + 7"1011 + 7"2012 + meCO +1] ,

C21“, 8, mi, 77127713):

022(65 8) 77121, 7772, 7773) =

023([3 8, 7n}, 7772, 7713) :

R
I
H
R
I
H
R
I
H
Q
I
H
R
I
H

E
I
H

T2 = (6+ 3)2 — £2 + m3 — mg,

_ l _ _ 2 2 _ 2
R1_ 2 BO(€+ Sam'19m3) B0(Sa m2) m3) (8 + m’l m2)CO i

R2 = [80(6, m1, m2) — 80(13 + 5, m1, m3) + (—s2 — 26 - s '— mg + m§)CO],

R3 = -C24 — % [T1011 - 31(5 + 8: m1, m3) — 3009,7712, 77113)],

R4 = m:- lT1012 - B1(6 + 8, m1, 771-3) + 31(8» m2, 7713)],

R5 = —% [T2011 — B1(€, 771}, mg) + Bl(€ + 8, ml, m3)],

1

Rs = -C24 — 5172012 + 31(5 + 8, m1, m3ll~
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Among above functions, some of them contain UV divergence. It is very useful to

track these divergenses in the calculations. Here I list the UV divergences of the

integrals up to (9(1/6):

A0071) => —,

Bow, m1, m2) => ,

B1(5, m1, m2) => ——

321% m1, m2) => —

B22“, m1, m2) :> (62 — 3m? — 37713),

_E

1

C24“, 3, m1” m2, m3) => 4—.

e
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Appendix C

AH reconstruction at the LC

In this Appendix, we present an algorithm of determining the kinematics of AH at

the LC. This algorithm has been proposed in the study of the W boson at the LEP

through the process e+e_ —> W+W— —> €+Vg€’_ DE’ [165]. The difficulty is attributed

to the existence of two missing particles in the final state. The following kinematics

analysis, presented below, shows that the two unobserved momenta of AH bosons can

be determined from the reconstructed W bosons up to a twofold discrete ambiguity,

in the limit where the W- and WH-width are neglected.

Here we consider the process

we“ —+ AA’, A —> BC, A’ —> B'C’ (0.1)

where A(A') is the mother particle while B(B’ ) and C(C') are the decay products of

the mother particles. Here we require B(B’) is observable while C(C’ ) undetectable.

Furthermore, we assume

mA = mA/, m0 = mC/. (0.2)

One of the advantage of the LC is the known center-of-mass energy of the system.

For example, the momentum of the incoming particles are

pe+ : ( Eta 0: 0: Et )3 178— = ( Eta 0, 0, —Et )3 (C3)
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where E = J3/2, where \/s is the total energy of the linear collider.

From the momentum conservation, we obtain

EA=EB+E0,EA/=EB/+ECI, (CA)

17A = BB + fiCafiA/ = 173’ "HBO/a (05)

where E,- (13,-) denotes the energy (three momentum) of the particle 2', respectively. At

the LC,

EA=EAI=Et, EC=Et—EB, ECI=Et—EBI- (C.6)

From Eq. (C5) and the on-shell conditions of the final state particles we obtain

253 .50 = BE, — mi, — (E33 — "2.23) — (B3 — mg.) , (0.7)

258, .170, = E31, — mi, — (E23, — mQB,) — (E3, — mg”) . (C.8)

Using the momentum conservation,

I78 + 133/ + BC + 170' = 0a (C.9)

one obtains

2173/ '50 = (E24 — W201) — (E31 — mil’) — (Eg/ — mZBI) " 215B '58- (010)

At last, the on-shell condition of particle C gives us

had? = B3. — 172.20. (0.11)

Hence, one can determine fig from Eqs. (C.7), (C.10), and (CH). We expand fig in

term of 13'B and 133/ as following

130 = MB + 131731 + 073 x 133/. (0.12)
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Then one can derive a and b from Eqs. (C. 7) and (C. 10)

(..): . .1 .( Ira/If was/Mme...
B lfiBlzlfiB/I -(I7B'I3'BI) ‘PB'PB/ [PBl2 N

where

 

M [EA— mA— (EB— "‘23) — (Eg. — 77%)] , (C14)1

2

1 _. _.

5 [(Eg,_mc,)— (Eh-mm) — (Ea—mg) —2pB-pB]. (0.15)N

The remaining variable (C is determined using Eq. (CH):

1

[58 X 53’]

 

_. _. 2 —. _.

C2 = 2 [13% — mg — A2 |10B|2 — B2 [p81] — 2ABpB -pB/]. ((3.16)

The sign of (C cannot be determined. This explicitly exhibits a twofold discrete

ambiguity. The inequality (C2 > 0 is expected to be violated only by finite W- and

WH-width effects. Needless to say, using wrong mg and mA will lead to a negative (C2

which can serve to measure mA and mg as mentioned earlier. In the exceptional case

where the momenta of particle B and B’ are parallel, one obtains a one-parameter

family of solution for which the azimuthal angle of fig with respect to fiB is left

undetermined.
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