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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-loop 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-loop electroweak corrections to the gtf
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 (LC). 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 5o statistical significance. However, it is difficult
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

LC by using the spin correlations.
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Chapter 1

Introduction

Up to now, the Standard Model, a SU(3), x SU(2); x U(l)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
ete™ 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 — bb (A%)), 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
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m,[GeV] 91.1875+0.0021 91.1875
r,[GeV]  2.4952+0.0023 2.4957
oo 4[Nb]  41.540+£0.037  41.477

R, 20.767+0.025  20.744
AY! 0.01714 £ 0.00095 0.01645
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m, [GeV] 1709+ 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), x U(1)y elec-
troweak symmetry has to break down to U(1)gps 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 x?2 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



ITheor%/ uncertainty)
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5 — 0.02758+0.00035 |
----- 0.02749+0.00012 /§

=+« incl, low Q° data

Figure 1.2: The x2 fit derived from high-Q? pecision electroweak measurements,
performed at LEP and by SLD, CDF and DO, 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

307
2 A2
omy = _81r2A i
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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 )\; is the top Yukawa coupling strength. Let’s take some values of A to see how

large (5m,21 will be.

—(200GeV)?, if A=1TeV,
—4(200 GeV)2, if A =2TeV,
5771% ~ <
—25(200 GeV)?, if A = 5TeV,

—100(200 GeV)2, if A =10TeV.

\

The physical mass of the Higgs boson is
m,% = m,%o + 5m,2l,

where m%o is the bare mass parameter of the Higgs boson appearing in the Lagrangian,
and we expect that my, is at order of 100 GeV, say mj, ~ 200 GeV. Therefore, if the
cutoff scale A = 10 TeV, we have to finely tune 7”%0 at the level of one part in one

hundred in order to have my ~ 200GeV. In other words, the fine-tuning for my is

5



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)¢ 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 stop, t;, and fp that are corresponding to different chiralities of top quark,
i.e. the left-handed state of the top quark ¢; and the right-handed state tg. 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



Figure 1.4: The cancellation in quadratically divergent contributions to the Higgs
boson mass between top quark loop and top squark ¢ ( 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)/SO(5) non-linear sigma model. The global SU(5) symmetry is
broken down to SO(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 ¥ field. The kinetic term

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



h h h h

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
Lhin = S Tr (D) (D1D), th
where the covariant derivative D, % and the explicit formula of ¥ will be given in the
next Chapter. Eq. (1.1) will generate interactions of the Higgs boson to gauge bosons
as [37,38]

92 ra ap 912 1L 92 rla an g,2 / yn
Liin D “7 WiW ¥ hh+ == BB hh — = W W' ¥ hh — =B, B"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 _ —
Liop = —5/\1f6ijk6a:yQi2szkyUR - X fULUR + h.c. (1.3)

where Q = (—ibg, iug, UL)T, the indies i, j, £ run over the values 1, 2, 3 and z, y

run over 4, 5, and b, v and U are weak eigenstates of the bottom, top and extra heavy
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quarks, respectively. It is straightforward to expand Eq. (1.3) and get

V2Ai e - A2
——=—Ct {1 tph+ —
VA3 + A3 ,//\1+/\) FJAT + A3

AN+ N fT TR+, (1.4)

Ltop D ———=—1t1Trh + TLTth

where t7 /g and T} g are mass eigenstates which are given as

Xup — M URr

tp =up, tp=—p0———,
VA2 + A3
Aup + AUp

VA? + A

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

mp = 1/} + A3 f.

Therefore, the diagrams which contribute to 6771,,21 form top sector interactions are

T, =Up, Tgp=

shown in Fig. 1.6, and the contributions are

242
o-—u L, AL
A2+ 0% (2m)t k2

/\4 4.
b)=—24212/dk4212*
M+A5J (2m)* k2 —m3,

dk 1

YR S /
f //\2+/\2 27r4k2 mr

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

terms have also logarithmic divergences. Since mp = /\% + /\% f, it can be easily

10
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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

A2)\2 2\ 22
172 94 "L 194 L__mp

A2+ 23 A2+ 23 2 12
1 2 1 2 FA/AT + A5

A2
=—2402 + 24—\ /X2 4+ M2f =0
/A2 + A3

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

Higgs boson as

1 24X\2)\2 A2
om2 = ——— 7172 2 1y 1.
S T S Y VA ) (1.5)

Like the situation in the SM, the contribution to (5771% 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 A\; or Ay vanishes, 57"% 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 of a spontaneously broken symmetry.

This symmetry s 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.
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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 G 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 al. [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 47 f, 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)/SO(5) non-linear sigma model [37].
The global symmetry SU(5) is broken down to SO(5) by a vacuum expectation value

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

14




<E>=%=l0010 0]- (2.1)

1 0000

LOlOOO

Under an SU(5) transformation V = exp{if,T,}, the X field transforms as
T - vevT,
Therefore, the 10 unbroken generators T, of SO(5) satisfy
TuZo + 0T =0,
and there are 14 broken generators T, which satisfy
TaXo — ZoTu = 0.
The expansion of ¥ around its vev in broken directions has the form as
Y= eiﬂaTa/fzoeiﬂaTg/f - eQiWa'f'a/fgo = ¢2%,, (2.2)

where £ = eimala/f g = 1 ~ 14 and sum over index a is realized. We denote 14
Nambu-Goldstone boson fields as 7, w, H and ¢, and the matrix m,ff’a could be written

as
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[0 ot - +
_wl o _w’ —im —iott _i¢
TTVE v Vs @ V3

0 , .0 ot —i¢0+¢0

_ w” 1N wvthtin Al ’P
ToVE T T V2

= 7TaTa = im_ v+h—in? g_n —\i/w; v+htind . (2,3)

i~ i ot _wd o _wr
V2 V2 V20 V2

& i)+0)  vrhig? _uwt w®

i V2 V2 2 V2 2 V20 |

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

the unbroken and broken generators satisfy the commutation relations:
[T(Lw 7_1()] ~ TC7 [T(I.a Tb] ~ TC? [Ta» Tb] ~ TC«

which has an automorphism: T — T and T — —T, and it is this Z5 automorphism

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

2.1 Gauge Sector

A subgroup [SU(2); x U(1)1] x [SU(2)9 x U(1)2] of the SU(5) is gauged, and the

generators for [SU(2) x U(1)]; 2 are [37]

(

zz‘iooo\

0 000
Qf = , Y1 =diag(3, 3, -2, -2, —2),

0 00O

\00
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Q4 , Yy = diag(2, 2, 2, =3, —3), (2.4)

where 0@ is the Pauli matrix. Since the non-linear sigma field £ 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|
o f 2 tr D
Liin = —S—TT‘(D#E) (DFE), (2.5)

where the covariant derivative is [37]

DS =08,S—i Y [9;W5(QIT + EQ“T) + 95Bju (YT + TY;)], (2.6)

7=1.2
where W]f’u (a =1~ 3) and By, are the gauge boson fields, and g; and gg are gauge
couplings of [SU(2) xU(1)]; (j = 1,2), respectively. Note that the linear combination
of the gauged generators {Q{ —Q9, Y1 —Y>2} is a st of broken generators of SU(5) and
{Q}+Q%, Y1+Y2} is a set of unbroken generators. Using the Z3 inner automorphism
of broken and unbroken generators, it is natural to define the T-parity transformation

for the gauge fields as

W1 & Wo,

B & Bs.

The Eq. (2.5) will generate mass terms of the gauge bosons as
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f2

7 2 b r
5 — (93w MW + g W WY — 2g190W 5 Wyt

1f2 ,
+ 55 1B Bl + 92B2By — 20102 B,1 By). (2.7)
It is obvious that the relations g1 = g2 = v2g and g} = g5 = v2¢’ have to hold in
order to have a T-parity invariant (for W; «— W5 and B; « Bs) effective Lagrangian,

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

Defining
7. + VVQ i vVl _ ‘/VQ
Wr = 1 , Wiy = _ 2.8
L V2 H V2 (28)
B + By By — By
By = =1 —2 Sl S’ 3 2.9
L V2 H V2 (29)

therefore, one can check that under T-parity transformation, Wy — W and Wy —
—Wy ,i.e. W is a “even” and Wy is “odd” under T-parity. From Eq. (2.7) and the

definitions of W, and Wy, we have

_ 1 2 .12
PPPW W + f g L Wi wh Qfé’ B,yBY, (2.10)

from which masses for heavy gauge bosons Wy and By are read as

mw};{ = mwlﬁ{: =gf,
g
MBy = %f» (2.11)

where Wi = (W} FiW%)/v2, while Wi, and By, are still massless. After shifting

h — h+v and electroweak symmetry is spontaneously broken, Eq. (2.5) will generate
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the mass terms of Wy and B and mixing terms between W /H and By /H a8

f2g2 102

102
2 — (- 4f

21— W W +

3 13
i7 W3 wh

1 f29/2 5 1,2

+g;’ ;2W3HB“ S (1—ZF)B#HB;‘,
1 v2 1 1 v?
+WiwH {4 2 2(1_872)] + W W [4 2 2(1—@)]
3B B“[ g’2v2(1—i)] - w3, B [ 9g'v*(1 - ""’i)], (2.12)
2 62 # 62

where W* = (Wg F iWE) /V/2 are the SM W* bosons with a mass

Myt ~ (1 - (2.13)

2 12 f2)

and the mass of Wﬁ is shifted slightly, and becomes

102
+=fg(l—--

8P)'

After rotating (W3, B,,) into their mass eigenstates (Z,, A)

WI:?I cosfy, —sinfy Zy

By sinfg, cosfy Ay
and

Wg cosfy, sinfy Z

By —sinfyy, cosfy A
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one can get masses for all the neutral gauge bosons and mixing angles,

102
/ 51}2

mz = 2 (1- 12 27 7 cosfy’
my =0, (2.14)
and
4
cos Oy ~1
4 , - (2.15)
. ~ 594 v
| =

cosby = g/\Vg*+ 9"

) . (2.16)

sinfy = g'/v/g%+ g

\

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
mwy = 59”51\[1

the relation between v and vg,; is

1’U2 3

v
vsm = v(l — 1272 + O(F

) (2.17)
where vgps ~ 246 GeV. Through the rest of this thesis, all the physical quantities
will be expressed in terms of vg)s instead of using v, and the subscript SM will be

omitted. The masses of T-odd heavy gauge bosons, Wﬁ, Zy and Ag, 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
myy
mQZ cos2 Oy

P

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|

L g = —rf(G2€ve + D1 S92 Q) + hec., (2.18)
where
q1 0 T
dc
0 0
wl = 9 d"2 = ) 1/}C = XC ]
0 0
de
L IR
0 q
L 4L L 12 dL
U
q; = —02 ai=1123ca
d;

Q = diag(1, 1, —1, 1, 1) and £ is defined in Eq. (2.2). Here, the SU(2) doublet g; is
embedded in an incomplete SU(5) multiplet, and the flavor u (d) means u (d), c(s),
t (b) for quarks as well as ve (e), v, (1) and v7(7) for leptons. Under the T-parity

transformation, 1] < —gv and £ — QQ. From Eq. (2.18), we can see that the
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q g [ Up1 | U2 | URr | Upe | ur | dp

Y; | 1/30 | 2/15 | 8/15 | 2/15 | 8/15 | 2/15 | 1/3 | —1/6

Y | 2/15 | 1/30 | 2/15 | 8/15 | 2/15 | 8/15 | 1/3 | —1/6

Table 2.1: U(1); 2 charges for fermions. . The SM hypercharge is given by Y = Y7 +Y5.

T-odd fermion, ¢ = (q; + q2)/v/2 will get a Dirac mass term with §. and leads to

the masses of T-odd fermions as

122

my = VoKf, my =~ 26f(1 — gﬁ) (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 x to be flavor universal for quarks and leptons individually.
Usually, « 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 g. and x., 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 Yj o 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:

9 s - _ ,
L= —W;;ﬂ(uL'y“dL_ + iy _~"dg)

V2
+ Z ((9cuTss + g'suY')Zh,
f=u,d

+(—gsuTsf + g'caY)Auy) Lt fr— + he,
where Y/ = —1/10, and sg(cy) = sin 0y (cos#) which is shown in Eq. (2.15).

2.3 Top Sector

In top sector, singlet fields Uy; and Uy are introduced and embedded together with

the q; and g doublets into the following multiplets

q1 W 0
Uy 0
Q1= and Q9 =
0 Uy
0
L JL L © 4L

For the top-Yukawa interaction, one can write down the following T-parity invariant

Lagrangian [54,57,59]

A _ _ ..
Liop = —ﬁiffijkfzy [(Ql)izjzzky_ (Q2):0)i2j12ky] uR

— /\gf(ULlURl + ULZURQ) + h.c., (2.20)

where €;;; and €y are antisymmetric tensors, and %, j, k run over 1 — 3 and z, y

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

Q1 —X0Q2 = q < —q2. Upy & —ULa,

- -QI0 = ¥-—I=300%,

Upi < -Up2 , up < up.

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

2 2
v? v? -
A 4—f§)UL+UR+ - M f(l1- 'Q‘F)UL+UR+

X f(Ur Upy + U _Ug_) + hec., (2.21)

where we have defined the fields as follows:

. 1 F @

ur+ = \/i )
Ur. = U1 ¥ Ur2
L+ — \/§ )
Ups = Uri ¥ Ur2
\/i )

the subscript “£” means the quantum number “even/odd” under T-parity. The T-
odd particle, U_, gets a Dirac mass term Ao f, and we denote this T-odd field as T—
hereafter, i.e. mp_ = Aof. From Eq. (2.21), we see that in order to calculate masses

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

(2.22)

The relation between mass eigenstates (¢, T4+ )[, g and gauge eigenstates (u+, Uy)r R

are related by rotation matrices as
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tr, U+ cosf —sinf Uur,4
=1L = , and
T, Ur,y sin3 cosf Ur+
tp UR+ cosa —sina UR+
= R =
Tpy ] Urs sina  cosa Ups

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

[ 5o My a 2433822222 2y
{ M2 f 4i,\21+/\2§)2 12 (2.23)
M2
N
( 222 _y2
: - A A5(A5—A7) 42
sina ~ —=L—_(1-
VAZ+AZ U2 )
< 20222 9 (2.24)
cosa =~ —’\2—( s G ).
\ ‘/)\%+/\% 2(/\1'*"\2)2 f
The masses of ¢t and T+ quarks are therefore
A1 A2 Mg 2
my ~ ——=——u(l — _%—%7_2)’ (2.25)
NOYEDY; 40 +A9)% f
MAZ g2
mry = A+ N f(1 - —5122 ) 2.26
T+ 1 2f( 2(/\%_*_/\%)2 f2) ( )

Note that the mass of the T-even Ty (m7 . ) is always heavier than the T-odd T (mp_)
quark. The model parameters in the top sector are A\;, A9 and f. However, A\; and

A2 could be related by the top quark mass, i.e. Eq. (2.25) .
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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, U; and Us, 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]
. Ad I,/ AN RS
La=ig s feser: [(\I/Q)Iziyzjzx - (\pl)mziyzjzx] dp, (2.27)

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

_ - _ -
—02q1 0
/ 0 / 0
v = , Uh =
0 0
I 0 ] | 2@

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); 2
(Y1, Y2) fixed to be (1/10, —1/10). One of the possible choice for X is 2;31/4’ and I

refer )3:13:/34 to Case A and 2;31/4 to Case B for latter studies.

2.5 Higgs Sector

As we have shown, there are SU(2);, 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]

Copp = a3 fAevTeyedhey (Siy S5, S mVEre 4 5,8 Srmuges)

+agft | Tr Y (QFD)QIT)* +¢°Tr ) (VD) (,2)*
r=1,2 r=1,2

1

—MZ(Trd!®) + - - (2.28)

where a; and a4 are constants of the order of 1, ® is a SU(2) triplet scalar field,

whose form is given as

—igtt  —igt/V2

—ipt/V2 (—ig? + ¢%)/V2

¢ =

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 TrdT® 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 { 12 u— (2 i_
quark 5 W L 4
d s b = {: [
Ve M vr Ve Vp_ vr
lepton s s
e /i B (-3 =, 72
gauge gluon, W*, Z, ~
boson
scalar h

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

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

space and is a dark matter candidate. The free model parameters are f, kg, K7, A1,

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

couplings, as shown in the Table 2.3.
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Parameter Particle mass Relation

f mwy ~gf f=mwy/g
Kgq my_ =~ \/§an kg = mq_g/(\/imWH)
Ky my_ ~ V2K f ke = my_g/(V2myy,)
A2 mp_ =X f Ay =mp_g/mwy
gmy_my
A1 me = MAgv/{/A2 + A2 Al = (gzm%_vz_z;;gm%VH)lﬂ
mr, > /A2 + )3 f

mp, Motk ot g0 40 ~ Vempflv | mp > mgug/(V2myy,)

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 ¢, g— represents a T-odd quark, /_ 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, A1, A2, Ky, kq and the Higgs boson mass mj;. However, the Ay
and Ao 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-
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t, T, t, Ty, T, T,

b 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
s 1 1 2 223
S = 8 [(— - c%) Inz; + (1+z) + 7 zt) Inz; — §} , (3.1)

2 |\ 3 (1 — z4)2 (1 —x4)3 3
2 2 2
3 S5 mi |55 2 %
= T Bmd |z 1D T )
wlw My | Lt t

(3.3)
where z; = 1nt2/m%+; sg = sin 3 and cg = cos 3, where (3 is the left-handed ¢ — T’y

mixing angle given in Eq. (2.23); sy = sinfy and ¢, = cosfy, where 6, is the

weak mixing angle. If we take z; <« 1 limit, the Egs. (3.1), (3.2) and (3.3) could be
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simplified as

1 (M\2m? | 5 ™,
- (& 24 .
S 3. ()‘2) m% 5 +In m2 | (3.4)
2
3 1 A\ mf , m’T+_1+1 A\ 2 .
87rs A2/ m2 m2 . m?2 2\ g ’ (3.5)
'T+ Z 't
5 (A mt2
—. 3.6
~ 6 (/\2) m%+ (36)

It is obvious that the T parameter is much larger than both S and U parameters due
to the enhanced factors 1/(s2,c2) ~ 5.6 and m? /mQZ ~ 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}j} and Zy.

And the contributions to the T parameter is [76]

T _ 9 q vl A2
WH 167r9 le28f2 m”H,

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

Le =153

23 Tr[(QfDuE) (Q¢DHE)"]
i,a
where J. 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 o2 9. d4rm
TT—oddga.uge 47"5(” f2 ((5 + - 1 In ;—) ,

32



where A = 4r f 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 2?

TT—oddfermion = _MFv

where o = e2/(47). Note that & 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, Zbb, 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]

2
_ 4 2 m
« m A T
5gfbb _J9 t2 1), 1+

Cy 8782, m%VmT+ /\g m? ’

where 5gf”5 denotes the correction to the left-handed coupling of the Z boson to
bottom and anti-bottom quarks, Zb;by. 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 6gfb5 [79]. The Fig. 3.2 shows the two dimensional contour
of the x? fit, taking d. = 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 = \;/\g and f. The contributions
of the T-odd fermions to the 7" 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 A\; and )\ 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 = A\; /Ay and consider the
untarity of a set of scattering processes that include the third generation quarks (t,
b, T), gauge bosons (WH, Z) and the Higgs boson, in which R is involved. The
amplitudes for tf — tf, T4 T, bb, WW, 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
Gt = Fom B d(cos 9)dﬂ“,(0)TMt/.
Here dllm,(G) is the well-known Wigner d-function. For fermions, i and p’ are defined
by p = (A= X)/2and i’ = () — X)/2, where \'s are the helicities of the fermions:

X (X) for the initial state fermion (anti-fermion) and X’ (') for the final state fermion

(anti-fermion), and for bosons, u = 0. T#u’ is a helicity amplitude with p and p’.

Writing the channels in the order t f_, (T4)+(Ty)—, WYW~, hZ, t_t, and
b_b,, where the subscripts “+” denote the helicity states, the J = 1 partial wave

amplitude matrix al is given by

1_\/57”%)
167w
( 0 0 -1 —i -1/V2 1 \
0 0 —R? —iR? R%2/\V2  R?%/V?2
-1 —R? 0 0 0 (1+ R?)
(3.7)
0 iR? 0 0 i(1+ R?) 0
-1/vV2 R%*/V2 0 —i(14 R?) 0 0
\ 1/v2 R%*/V2 (1+R? 0 0 0 )

Here we have assumed that the center-of-mass energy /s 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 (Ja} .| < 1/2) yiclds the upper bound on the

parameter R as
R < 3.3, for m¢ = 175 GeV.

In terms of sy (= sin @), this bound corresponds to
Sa < 0.96,

since R = sq/cq. This bound generates a upper bound on A;

mt
vy/1 — s2

for my = 175 GeV.

A = < 2.5, (3.8)

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

relation between A\ and s, as
Al = ————= >0.71, (3.9)

for s2 > 0 and m¢ = 175 GeV. Therefore, combining Egs. (3.8) and (3.9), we have

the range for A\ as
0.71 < A\ < 25. (3.10)

We could also discuss the “naturalness” constraint on these parameters. If we calculate
the one-loop contribution to the Higgs mass parameter (m;,) induced by the top sector,

the correction is described by

2
2 _ Y 2 2
Amh = (,167T2 7nT+ = G,Hmh,

where y; = v/2m4/v and c is a constant of O(1). This correction should not be

much larger than the Higgs boson (on-shell) mass squared m%, otherwise fine-tuning
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Figure 3.3: Allowed region of parameters A\; and s,.
relation between \; and s, required by top quark mass (m; = 175 GeV ). Dashed
line (green) shows an upper limit on s, from the unitarity bound on the J = 1 partial
wave amplitude in the coupled system of (tf, T T';, bb, Ww, Zh) states, as expressed
in Eq. (3.8). Dash-dotted lines (blue) show that naturalness consideration puts lower
limit on s, (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 ag = 10 and my = 120 GeV.

Solid line (red) represents a

is needed. Thus the coefficient ag is a measure of the “naturalness” of the Higgs mass
correction. If we take ag (= ag/2c) to be smaller than 10, we get the upper limit on

mrp, as

.
HH Tnh
<
mr, S 67TeVy /35 (s

In other words, using the mass relation mp, =~ myf/(sacav), we have

[10 /120Gev f
=
Sa 2 0.11 ay ( mp, ) (1TeV)‘ (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
9* - -
me”‘ VLY LYWL,
where A is the new physics scale. One then can determine the scale A unambiguously
from the unitarity condition by setting g2(A)/4w = 1 for the new strong interaction
coupling. For example, A(eeee) > 10.3TeV, A(eedd) > 26.4TeV, and A(uudd) >
2.4 TeV 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

(€-) and quark (¢_), i.e. Ky = k4 = K, the strongest constraint is from O(eedd) [76],
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which leads to

Ke = kg < 3.4%. (3.12)

However, there is no physical reason to believe that the lepton and quark sectors will
share the same k. 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 x; and k4 are universal individually. Under this assumption, we

obtain the constraints on k, and x4 separately from O(eeee) and O(uudd) as follows:

f

< 8.6—/—
Kg_SGTeV

f

<37.1——
Ra = TeV

However, k4 and k, are correlated by the O(eedd) which leads to

2,.2
WTIRNLII 1283 f2

53 — Kg n(Kq < m. (3.13)
Note that if we take the x4 = k; 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 ky and k4 for the corre-
sponding f. The constraint is tight for small f: when f = 500 GeV, large x4 prefers

smaller x, and vice versa, for example, k; > 4 requires k, < 1. This constraint

becomes quite loose when f becomes large.
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Figure 3.5: Allowed region of x; and kg 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 T4 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
WFib and W,F T, b in the Littlest Higgs model with T-parity are
. Y v 9 . g 2v
iVip—=cgY" Pp, and iVyp—=sgY"* P ~ iV;p—=s-—~v*Pr,
tb\/§ 37 L tb\/i 37 L tb\/§ af’y L
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Figure 4.1: The contour of §, mass of the T-even T'; quark mr, and the T-odd T
quark mp  in the so — f plan.

where V}, is the value of the (¢, b) element of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, cg = cos/J, s3 = sin /7 and s, = sina whose definitions are already shown in
Egs. (2.23) and (2.24), and Pp, = 1—;—'5 is the left-handed projection operator. Note
that the Viyes = VN,\/I——s"?7 in the above equation is denoted as the effective CKM
matrix element‘l/;;‘,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 1Wtb 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 s, and the symmetry breaking scale f, as [80]

2 4
(o2 -0 v v
SM — OLHT 2 | (’)( )

1) 8§ —
oSM *f2 f4

Fig. 4.1 shows the contour of § in the s — 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 s, and f, their masses
are also shown in Fig. 4.1 and can be related to 4. For example, if § < 2% (the region
right to the yellow dashed line), f 2 780 GeV, mp, 2 1.1TeV and my_ 2 830 GeV;
if 2% < & < 5%( the region between the yellow and red dashed lines), 600 GeV <
f<11TeV, 870GeV < mp, < 1.6 TeV and 580GeV S mr_ < 950 GeV ; if 5% <
§ < 8%( the region between red and blue dashed lines) , 550 GeV < f < 680 GeV,
800GeV < mr, < 1TeV and 500GeV < mp_ < 620GeV. Furthermore, single
top quark events are produced via s-channel (g7 — W* — tb), t-channel (gb — ¢'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. d5_channel = Ot—channel = Owe- 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, m; ~ 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 ¢qg — g — tt processes at the LHC. The one-
loop leading EW corrections to the anomalous gtf 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 git and One-loop Electroweak Correc-
tions

We shall apply the ET to calculate the leading electroweak Yukawa contributions and
adopt the following notations: 79(7¥) is the Goldstone boson eaten by the Z-boson
(W-boson); w9(wt, 7) is the Goldstone boson eaten by Zy (Wg, Ag) *. 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 Ty 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

A _ _ .
Liop = —'2T/1—§f€ijkfxy [(Ql)izja:zky - (QzZo)iijEky] uR

— Mo f(Ur1Upy + UroUgg) + hec.,

and
Ch_ = —rf (Dot + T1Te0E ) + hc.

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 T. The coupling of the {FS
interaction relevant to our calculations is given as i(gy + g475), where F (S) denotes
the heavy fermion (scalar). There also exist couplings between T-odd SU(2) triplet
scalars ¢ to the top quark, but they are neglected in this work since they are at the
O(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 v?/f? mixing between w* and the SU(2) triplet T-odd scalars ¢ [76],
which is neglected in our calculation.
tThese Feynman rules coincide with the results in Refs. [72,125,126], up to the O(v/f) accuracy.
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masses of the heavy particles are given as follows:

A1)

mt~—2—————
2
NSYESY

!

9f
m .0~ gf, my~ 5 my_ ~my_ ~ V2Kf

v, 7TIVT+ ~ /\% + /\%f, myp_ = /\gf,

where g (g') is the weak (hypercharge) gauge coupling strength, and v ~ 246 GeV.
Following the parametrization in Ref. [82], the effective matrix element of gtt,
including the one-loop corrections, can be written as
—1gsT% @ THoy, (4.1)
with
.o LW m 2my 0
[# = (I+a)* +ipo™ qu+€ (1 = —=d" | s (4.2)

where the loop-induced form factors «, 3 and £ are usually refered to the chromo-
charge, chromo-magnetic-dipole and chromo-anapole form factors, respectively. Here,
gs is the strong coupling strength, T are the color generators, ¢ = p; + p7, and
§=(pt+ p{)Q. After summing over the final state and averaging over the initial state

colors and spins, the constituent total cross section of q7 — g — tt is [82]

8ma? 4m? _
G = 27;:5 1- % {s +2m?2 + 2R [(é +2m2)a + 3myé ﬁ] } (4.3)

where ag = g‘z /(47) and R denotes taking its real part. Note that £ 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-loop correction (Fig. 4.2 a), the other is the self-energy correction
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Figure 4.2: Feynman diagrams of the one-Loop corrections to the gt coupling in the
LHT model: (a) the vertex correction; (b) and (c) the wave function renormalization.
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Table 4.1: The relevant couplings to the calculations of the leading electroweak one-
loop corrections to g7 — g — tt.

to the external top quark lines (Fig. 4.2 b) and (Fig. 4.2 ¢). 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 gt coupling are given by (T+,T+, h./7r0),
(t—,t—,n/w0), (b=,b—,w*) and (T-,T-,n). The couplings of the gFF' vertex are

just the usual strong coupling while the tF'S 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

A=1—’yE+ln47r,
€

where 2¢ = 4 — n, n is the dimensionality of space-time and yg 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 gtt as
—igs T Uy ('7“ + (5Féten) Ut,

where

verter

8T en = A* (%52{/* + %522“75 + %625 + -;—52375) + 0T,
— (52{/ + 6Zf4'y5) + oI (4.4)

Here, 62{,'; denote the wave function renormalization constants of the external top
quark lines, defined by Z, ; =1+6Z, =1+ 6Z€,’t-+ (5Z2{75, while 6I" o denotes the
triéngle loop corrections to the vertex. Clearly, the § Zy, counterterms only contribute
to the form factor «, the §Z 4 counterterms only contribute to the form factor £, but
the vertex corrections 6I' o contribute to all three form factors. We thus write the

form factors as follows,
a=ap+6Zy, B=PBp  E=Ea+0Zy (4.5)

where ap, Oa and A denote the coefficients of the +#, o#Yq, and y*v5 terms in
OT'7, respectively. Note that there is an additional term g/~5 in 6’1 . After adding
the §Z 4 counterterms, we can write the combination of v#+5 and g*~v5 in a compact

form as the £ 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:
S =#[Sv (1°) +a (1) 3] +meZs (7). (46)
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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

0
0Zy = Ly (p2 = mt?) - 2mt o2 (Ey + S)]pg_mt (4.7)

0Z4=-%y (p2 = m?) . (4.8)

In the LHT model, they are given by

(5Zv=#g%’#{fl (ms) Ao(mF)+(mF mS mt)Bo(mi?)}

2mg
+ 1_617—r§ [9{2/ (—-m% + m%- — m%;» — 2mym F)
+34 (~mf + = b+ 2mamp)| By (m?) (49)
6Z4 = %T_QVQA {A (ms) - Ao (m%) + (m% m% + m,) By (m%)}
(4.10)

where Ag and By 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,

o () = B ). B (o) = o o )
B 2

. . L . N
Now consider the vertex corrections 6%, which we decompose into the form

factors aa, OBa and € listed below. The form factor ap is given by

_9vgy
1672

{al + ag9By (8) + a3 By (mt) + 01400}

9494
1672

{ aq +012BO( )+(1330 (mt) +a4Co} (4.11)
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where
ay = S + 2 [ Ag(m%) + Ag(m? )] (4.12)
T o (5—am?) T s—ame OV T AOVRRID '
1
oy = —16mf — 32mpm3 + (—16m% + 16m% + 143)m?
2 2(§_4m?)2[ t Fmi +( F s )m
A .2 2 4 24
+8mpdms — 8° — 2mpd + 2m.53], (4.13)
1 3 2 2 ey 2
oz = 2mpmy + (32mE — 32mec — 6:
3 2(§—4mt2)2[ Fmi & (Samip = 3oms = 05
(4.14)

— 8mpdmy — 2§(m%~ - m%)] ,

1 6 5 2 2 aa
ag = —————=—|16m; + 32mperm; + (32m% — 32mée — 65)m

4 2G-4 %)2[ t Fmi + ( F S ymy
+ (32m% - 32mpm%~ - 24mF§)m?

+ (16m}1;~ + 16m§ - 32m%m% +235% — 28m%§ + 20m%§)mt
+ (4mps? — 8m%s + 8mpm%8)my + 2mE52 + 2mEs + 2ms — 4m%m§§] ,
(4.15)

and

!
Q934 = X234

!/
al = aj,
mF—»—mF

Here we introduce the following shorthand notations,

AN - 2 2 - ~
By (8) = By (s;mt,mt) , Co=Cy (m?, $; m%,m%,m%») ,

where Cy (...) is the usual three-point scalar function [121]. The form factor S is

given by
gv 9y N
Bp = —1&—‘2/- {131 + B2Bo (3) + 33Bo (m?) + ﬂ400}

g’ , .
AIA L8, + 3380 (5) + B5Bo (m?) + B4Co } (4.16)

+ 1672
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where

mg 1

- —Ag(m%) + Ao(m})| 4.17
0= g g LA + Ao (4.17)
1 3 2 .2 2 . . .
B = m [2mt — 8mpmy + (—=6mg + 6mg + 5)m; + 2mFs] ,  (4.18)
t
1 .
B3 = m {-—Zm? + 8mFmi3 + (IOm% — IOm% — 8)m?
t
— 2mpémy + (m% — m%:)é] , (4.19)
By = (—S—_W [m? + 4mpmz1 + (2m%~ + 2m% - s)mt3
- mF(4m%‘ - 4m?§ + é)mt2 (4.20)
+ (—3771,‘11, + m%(Gm% +3) — 3m§ — 2m%§) my + mp(m% - m2S)§] ,
(4.21)
and
Br="01,  Bozq="0234
Finally, the form factor £ is given by
v 3 2
€n = —7¢ o {1+ @Bo(3) + &Bo (mf) +&Co} (4.22)
where
£ = 1 om? — 2m% + 2m% + s] (4.23)
A 2 g 9 .
§—4mg t
fo= ——2 [m2—mi+ 3m?] (4.24)
§— 4mt2 L '
-2
£3 = §_——4_m% .mf - (2m%~ + 2m% +3)m? + m% + m}i;» - Qm%ﬂm% + m%ﬂé] .
(4.25)
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Since only By and Ay scalar functions contain the ultra-violet (UV) divergence,
1 . 2 7 -
By = - + finite, Ao (q ) = — + finite,
€ €
one can easily check that the UV divergences in 61”3 indeed cancel with those in the

counterterms.

4.2.2 Numerical result

The model parameters for the numerical evaluation are A\;, A9, k and f. As A1 and
Ag 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 A; is chosen. As pointed out from the
partial wave study in Sec. 3.2, A\; should be bounded in the region 0.71 < A; < 2.51.
Furthermore, if « is not universal for quark and lepton sectors, as shown in Sec. 3.3, the
upper bound for « 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:

Al = 2.5, K =25, f =1500GeV, my = 175 GeV,

mpy = 80.4 GeV, myz = 91.2GeV, my, = 120(500) GeV,

where myy, mz and mj, denote masses of the W 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
my, =1302GeV, mp_ =364GeV,

m_ ~my_ =3536GeV, m i o=327 GeV, m, =T78GeV.

Since, as a result of the interference with the Born matrix element, £ does not con-

tribute, we need only the form factors o and 3, which depend on both the couplings
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(g9v and g4) and the masses of the scalars and fermions flowing in the loops. We split

the form factors in the LHT, ayyr and Br g7, as follows:

OLHT = @SM + CHEAVY, BLHT = Bsa + BPHEAVY

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 @ 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: mj, = 120 GeV and my, = 500 GeV. We note a few interesting points listed

as follows:

e For m;; > 500 GeV, ag)y is negative but ag g vy is positive. Furthermore, in
the region of 400 GeV < m;; < 2000 GeV, agpavy = |agas|- Therefore, their
sum, ay g, is around zero. The small kink in ag g 4yy near m;z ~ 2mp_GeV
is due to the threshold effect from producing the T_T_ pair. However, in the
large my; region, e.g. m;; > 2500 GeV, aggavy receives a large corrections
from the (T4, Ty, h/70) loops, and is much larger than |agps|. In particular,
agEAvy reaches its maximum around the threshold region, i.e. m;; ~ 2mp e
As a result, apyr is positive and much larger than agps in the large mys
region, see the (black) solid line (m; = 120 GeV) and the (blue) dotted line

(mp = 500GeV) in Fig. 4.3(a). In the small m;; region, i.e. m; < 500 GeV,

afgEAvY is negligible and o g1 ~ agps-

e The form factor By p4yvy is always negative, see the (black) solid line (LHT)
and the (red) dashed line (SM) in Fig. 4.3(d). In the large m,; region, both

Bryr and Bgar 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) o; (c) and (d) /4. (b) and (d) is the same
as (a) and (c), respectively, but focusing on my; < 1TeV region.

factor /3 can contribute to the branching ratio of b — sv 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,

do /dmy;, given by

2~ [ dordsa { oy (1. iy (22,Q) o (a0 = )+ (11 )},

where & labels the hard process cross section, and f, /, (z,Q) denotes the parton dis-
tribution function of finding the parton ¢ in the colliding proton with the momentum
fraction z. @ 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., gg — tt. 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

Ao ([ do dog dog
o0 " \dmyg dmy) " dmy’

where oy 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 m,; region of Fig. 4.4(a). It
is clear that the relative corrections are dominated by «, because « is much larger than
(. 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 m;; < 2000 GeV. In the large m,; 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
my;. 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 g — g — tt at the LHC. (b) is the same as (a) but focusing on the
small m,; 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 loop, 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 T4+ 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
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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 U; and Us, which are embedded into the following multiplets:

(Y (o)
U 0

0 Us
\ 0 \ % )

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

A1 - - - -
Lo =5 eijkeay |(QUis%ky ~ (@250)iEiaThy| ur
— /\2f(UlUR1 +UQUR2) + h.c,, (4.26)




here €;;; and €zy are antisymmetric tensors, and 7, j and & run over 1 ~ 3 and z and

y over 4 ~ 5. Under T-parity, these fields transform as
Q1 < —XoQ2, Up, «= —Up, and up — up.

The above Lagrangian contains the following neutral Higgs boson interactions
Sy _ 1+cy - _ _
Li~—-Mf (—\/—,2_UL+UR + TUL+UR - Xof (UL+UR+ + UL_UR_))

—Aof (UL+UR++UL_UR_)+h.C., (4.27)

V2(v+h)

and sy = sin(—f———) which are originated from the non-

\/‘5.(v+h)
(2Lt

where ¢y = cos
linear sigma model field ¥. As shown in Sec. 2.3, one T-odd fermion 7 gets a mass
mpr = Aof (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 Ty quark are linear
combinations of uy and Uy, (up and Ugy) with masses m; =~ Ajho/ /\% + /\%v

and mp, =~ )\% + )\%f , as shown in Sec. 2.3.

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

given by

LHT 7 LHT
—-L= Ihit htrtp + InTT hT TR + h.c.,

where
gLHT % {1 3 Z(?}f;2?f4;_z T } (4.28)
_ gsM {1 3 :(?112;2?234;; 4o } , (4.29)
g’%f]g",_v_%E%;+...:—9552’T%;+..., (4.30)



with R = A\;/Ag and v ~ 246 GeV , and gfg{ 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 w