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Abstract

With the recent announcement of a deviation in measuring the W boson mass My,
from the Standard Model (SM) expected value carried out by CDF collaboration,
many theories concentrating on Beyond Standard Model (BSM) mechanism are now
available to testify their predictions. In this article, we introduce Little Higgs Model
, which may imply and forecast new physics on multi-TeV scale, and perform fit with
the recent results on W boson mass anomaly to test the compatibility. The results
can give guidance to prospective phenomenology research and the construction of

new colliders for High Energy Physics (HEP) discoveries.
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Chapter 1

Introduction: Standard Model
Revisited

In April 2022, the CDF collaboration finished the digging of data from the CDF II
experiment carried out in the 2000’s and announced an anomaly about the W boson

mass My [1] as
My = 80.433 % 0.0064¢atisticar £ 0.00695y5tem (GeV?) (1.1)

This result, on the one hand, is the most precise measurement based on enormous
data collected during the Run II phase. On the other hand, however, the SM

prediction, in correspondence with other experiments, reads 2]
My = 80.357 + 0.004,put = 0.004 40, (GeV?) (1.2)

in which the ’input’ variance contains perturbation expansion errors arising from
other essential parameters including the Z and Higgs boson masses, the top-quark
yukawa coupling, the electromagnetic coupling and the muon lifetime. As Eq (1.1)
shows, the measured My, has a deviation as large as 7o, indicating a discrepancy
with SM and other experiments, with a more comprehensive and contrasting figure
given in Fig 1.1. Although the further verification of data on Large Hardon Collider
(LHC) is indispensable to testify the result, the self-consistency of the anomaly
encourages us to assume the correctness of such My, measurement, generating a
new era for Beyond Standard Model (BSM) physics search.

Why is the precise measurement of My, so important? The answer lies in the
overall overlook of the ultimate objective of the high energy and theoretical physics,
where people try to find a theory or several theories suitable to explain phenomena
taking place in all energy scale. Among them, Standard Model(SM) is just treated

as a low energy effective theory, but it is also the most successful and most thor-
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oughly explained theory. Therefore, as an essential parameter of SM, the precise
measurement of My, should provide powerful constraints for higher energy theories,
serving as a stepping stone. In this dissertation, the core will be the introduction
to a powerful TeV scale theory: the little higgs, where the new My, anomaly will
be plugged in to give directional suggestions for phenomenology research based on

selected little higgs model.

ALEPH | i 80.440+ 0.0571
DELPHI  —eeetlei—m 80.335+ 0.067
L3 —— 80270+ 0.055
OPAL ——m—— 8041520052
LEP2 — 80.376+ 0.033
K5idof = 49/41
CDF ‘m— 80389+ 0019
Do - 80.383% 0.023
Tevatron ‘- 80.387 £ 0.016
: Xoidaf= 4,206
ATLAS -- 80.370+0.019
LHCb —a 80.354 + 0.032
LHC - 80.366+ 0.017
: wZidaf = 0.2
World Avg - 80.377+0.012
CDF 2022 ! @ 50.4335x00094
| I | | i | | | |
80.2 80.4 80.6

my, [GeV]
Figure 1.1: The current My, spectrum measured by previous HEP experiments|3]

The paper will start from reviewing the W boson originality from SM and the
well-known Higgs Mechanism (Chapter 1), in comparison with the following pro-
posed Little Higgs Model (Chapter 2). Then after the introduction on the postulates
about the Little Higgs Model, the My, anomaly will be fitted in (Chapter 3) to give
further predictions on other prospects of current particle physics (Chapter 4). A
conclusion and outlook will be present at the end of the paper (Chapter 5).

1.1 Higgs Mechanism and electroweak symmetry break-
ing

We will begin with a retrospection on Spontaneous Symmetry Breaking (SSB) and

the famous Higgs Mechanism, which serves as an indispensable bridge connecting the



electromagnetism and weak interaction, known as electroweak theory or Glashow-

Weinberg-Salam Theory.

The SSB will be introduced via a simple model — considering a complex scalar

field ¢ with a global abelian U(1) symmetry. The Lagrangian reads under potential
V(l¢*¢l) as

A
L($) = 0u8°0"¢ = V(1°0]) = 0,6"0"6 + *]¢"¢| — 5|¢"9I" (1.3)

where the p has the dimension of and will be interpreted as mass, and \ is a coef-
ficient. The potential V' clearly has a non-zero Vacuum Expectation Value (VEV),
meaning the minimum happens at ¢y # 0

oV 2 2

0= g = 22
o = 0= loio =5 = 5 (1.4

Choosing the ¢y = v/v/2, the corresponding scalar field near ¢y is

¢ = %(v—i—(p—l—ix) (1.5)

where the real part ¢ and imaginary part y from the complex scalar are separated.
After inserting Eq (1.5), the potential now becomes
1t

V= —p*6°0| + 510701 = =55 + 1°¢" + (higher order) (1.6)

Eq (1.6) indicates that: firstly, the U(1) symmetry for ¢ has been broken after a
specific VEV is chosen, therefore we can say the symmetry is spontaneously broken;
moreover, after the symmetry is breaking, the imaginary scalar part generates no
mass at all; therefore, the 1 broken degree of freedom transforms into a massless
boson, conserving the overall degree of freedom. Such generated massless scalar is
called Goldstone boson, or Nambu-Goldstone Boson (NGB). Such pattern is
typical in more generalized symmetry breaking process G/H, where G and H are
respectively the symmetry group before and after, and 'G/H’ is just the coset of
those missing NGBs appearing from the SSB process. This notation will become
quite useful in Chapter 2 discussing the specific little higgs model, with a more

complicated non-abelian symmetry breaking.

The Higgs Mechanism is just a process of SSB, but along with the broken sym-

metry group being the gauge group — considering a composite complex scalar field
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¢; = (¢1,...,0,)T, with local symmetry G. The Lagrangian reads
L = cT(Fu ") + (Duti) (D" ¢i) — V(¢4) (1.7)

where F),, is the field strength with gauge field A obeying G' symmetry, c is a
normalizing constant, and D = d — igA is the covariant derivative.

Now a SSB condition is applied to the system, with remnant unbroken group H.
The perturbative ¢ = ¢g+ ¢ near the VEV ¢ # 0 will make the covariant derivative

go as
Dy = Oupi — igALT (o + i) (1.8)

Using the fact that the VEV can be split into the G generator T as ¢f = T¢y,
where they are orthogonal to each other. Then the corresponding Lagrangian term

now looks like

(D) (D" ;) =(0,0:) 1 (0"0:) — ig(Op:)T A"y + ig A% 65T (0% ;)

(1.9)
+ §* A AL AR + (higher order)

in which we use the orthogonality of ¢g¢ = \,0%°. To avoid mixing in ¢ and A in
the Lagrangian terms, we can cancel the mixing by introducing the unitary gauge

as
olog =0 (1.10)

Eq (1.10) implies that for every non-zero ¢y corresponding to a NGB mode, the
resulting perturbative field ¢ is eliminated from the Lagrangian. The degree of free-
dom is no longer inside the scalar field and transported into the massive gauge field
as shown in Eq (1.9). Therefore, we can see that the Higgs Mechanism transmits

the generated goldstone boson from SSB to the vector fields and gives them mass.

Serving as the foundation of Standard Model, the electroweak theory provides
a good instance as the implication of Higgs Mechanism into these two interactions.
The symmetry breaking pattern is now SU(2) x U(1)nyper/U(1)pm, indicating a
SU(2) x U(1) — U(1) structure, where the SU(2) is the isospin group in weak
interaction and U (1)nypercharge 15 the abelian group conserving the hypercharge, and
U(1) g is the usual electromagnetism interaction.
In such circumstance with SU(2) x U(1), the covariant derivative term in Eq (1.8)

1S now

3 a,__a 1 /
D,¢=0,0—1i (gWuT +§g Bu) 0] (1.11)

in which the ¢ is a two component complex scalar field, named as Higgs Field, with
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a VEV as
1 (0
(9) = 7 <U> (1.12)

and the W¢, B are respectively the gauged boson field SU(2) and U(1)pyper, the 7¢
are the generators of SU(2) group, a = 1,2, 3 separately ,which gives

1 01 0 —i 1 0
T = —o" ol = o? = : ol = (1.13)
2 10 1 0 0 -1

The ¢® matrix is the usual Pauli matrix. The gauge coupling for these two fields
are g and ¢’ respectively, where it should be noticed that a conventional 1/2 on
hypercharge field is multiplied.

Using Eq (1.11) and Eq (1.12), the Lagrangian term in Eq (1.9) can be expanded

into

1 1 1 0
AL = 5 (0 v) (gWit" + Eg'Bull)(gW“bTb + Eg'B“IL) ( ) (1.14)
v
by implementing the Pauli matrix Eq (1.13), the expression after simplification is
derived as
102
AL = S lgW, W + g WiW™ 4 (gW,) — ¢'B,) (gW"* — ¢'B")] (1.15)

where the identity o%® = §% 4 if%¢g¢ can help in simplifying the equation.
Eq (1.15), however, is still not in the mass eigenstates, therefore requiring further
derivations. Rewrite it in the matrix form with basis A, = (Wl}, Wi, Ws’, B, )yields

2 0 0 0
1210 ¢ 0 0
AL= -2 J (1.16)
2410 0 ¢ —g¢
O O _ggl g/2

The calculation gives the mass eigenstates with eigenvector, the broken massive

vector bosons as the following:

1 . gv
+_ 1 2 —
Wi = E(WM FilW;) with mass my = 5 (1.17)
1 ) g2 +g/2v
7= ——(gW?—¢B th =Y - 1.18
W m(g w9 M) with mass mz 2 ( )
1
Ay = ———=(9W} 4+ gB,) with mass my =0 (1.19)

where we can see that the SU(2) x U(1)/U(1) generates 3 NGBs from the broken



phase of the scalar field ¢, and immediately absorbed by the massive W;t, ZS, while
the fourth gauge field A, remains massless, which is just the classical electromagnetic
field with propagator massless photon. And the higgs field ¢ abridges the symmetry

between the two interactions.

1.2 My predicted by SM

The Eq (1.17) provides a first-place prediction on the W Boson Mass. However,
further improvement and refinement is available even within the frame of Standard
Model.

To begin with, considering the SU(2) x U(1) gauge symmetry for a general field,
with U(1) chargeY and under a SU(2) general representation 7% , a = 1,2, 3

D, =0, —i(gWiT" +¢'YB,) (1.20)

Compared with Eq (1.11), we can see that the Higgs Boson is just the specialization
with charge Y = 1/2.

It is useful to change Eq (1.20) into mass eigenbasis, which gives

1 /
D, = au—i%(W;T++W;T*)—i—zo(g2T3—g’Y)—iLA#(T%Y)

\/_ /92—1-9’2 H 2 + g2 ( )
1.21

where the 7% = T' +iT?, and we can choose for simplicity and normalization
T+ = (0! & i0?)/2. Moreover, since we recognize the A as the EM field, the unit

charge e and electric charge number () can be identified as

/

9°+y
Q=T+Y (1.23)

For measurements on the transformation of weak interaction eigenstates to broken

mass eigenstates, we introduce a parameter called Weak Mixing Angle 0y,

2 g’ 2 2 9"
cos” Oy = s sin” Oy =1 — cos” Oy = s (1.24)
On the other hand, from Eq (1.17) and Eq (1.18) we can also recognize
2 miy
cos” Oy = me (1.25)



Finally, by using Eq (1.22), Eq (1.23) and Eq (1.24), we can write Eq (1.20) into a

more intuitive form

. 9 e .9 . .
D, =0, — IE(WJTJF + W, T7) - i ™ Zy(T° — sin® Oy Q) —ieA,Q  (1.26)
where
e
= 1.2
g sin Oy (1.27)

is just an alternative expression of g by taking Eq (1.24) into Eq (1.22).
Then we can consider the Standard Model fermionic coupling under subgroup SU(2) x
U (1) with covariant derivative Eq (1.26). The kinetic term of the full SM Lagrangian
is

Liin = il + eriPer + QrilQr + uriPug + driddg (1.28)
where the slashed covariant derivative 2 = v D,,, the typical fermion derivative ab-
breviation with v the gamma matrix. And ¢y, = (v, ep)',er, Qp = (ur dp)?,ug,dg
are the usual SM fermions with chirality.

After inserting Eq (1.26), the lagrangian terms become

Lyin =L1idl;, + erider + QridQr + upidur + driddp

(W + W T + Z005) + eAJhy, (1.29)
The corresponding electroweak currents are
T = i(ﬂw”eL + apytdy)
V2
Tw = %(BLWMVL + dpy ur)
2= C0519W [%VLWMVL * eLvu(_% + sin® Oy )er, + epy* sin® Oyer (1.30)

1 2 2
+ ﬂLv“(i — Zsin® Oy ug, — ﬁ37“§ sin? Oy up

3
_ 1 1 - 1
+ dL’y”(—i + 3 sin® Oy )dy, + dey“g sin® Oy dy)

2 _ 1
Tpn = e (=De +uy" (F)u + dy¥(=3)d

Such currents may have implications in particle scattering process in weak in-
teraction with virtual W boson as the propagator. For example, considering the

tree-level Feynmann diagram shown in Fig 1.2. The propagator has form like

—ig
. (1.31)

p*— My
If we assume the reaction happens at low energy, where p? << myy), then the
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v d

Figure 1.2: A typical process with W as the propagator

scattering process can be expressed via the effective Lagrangian

2 2
ALy =~ 2g s (Tpyer + upytdy)(epy"ve + dpytur) = g_Qng+J€V, (1.32)
miy myy

through which we can define the Fermi Constant G
__9
4\/§m12,v

However, on the other hand, we have Eq (1.25) and Eq (1.27). Employing the

fine structure constant o with a = ¢?/47 (where we adhere to the natural unit

G (1.33)

co = h = 1), we can get an alternative expression of My,

2
2 (1_ mW) —_ra 1.34
" ( m2z V2G ( )

Eq (1.34) now provides a more accurate expectation value on W boson mass from

tree-level scattering. Though the form is similar to Eq (1.25), more of the included
observable variables ensures a more accurate value on the mass. More fine process

can be made if loop-order propagation has been included, resulting in

2
m «Q
2 W
myy (1 —

T
mQZ) B \/§GF

Precise calculation of one-loop and higher order terms can be found in Ref [4] and

(1+ Ar) (1.35)

Ref [5], which is beyond the scope of the focus of the dissertation.

1.3 Onto the road of little higgs

In the previous sections we briefly reintroduced the electroweak theory, while pre-

senting procedures to get the SM predicted W boson mass term as Eq (1.2). Nev-
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ertheless, as mentioned in the beginning, the result is in conflict with the latest
published experiment measurements. This brings us back to the problem: Is Stan-
dard Model flawless in describing the particle family and the world?

The answer, definitely, is no. Despite the finding of CDF collaboration, with the
development and application of more advanced and accurate detector and accelera-
tor, the SM has been observed to provide unsatisfactory or inaccurate explanations
to some observed phenomena, including the Neutrino Mass Hierarchy, CP violation,
etc. Therefore, to bring explanation to these observations, new theories must be
included to modify the SM.

On the other hand, the SM, a gauge theory only governing low energy — electroweak

scale ~ myy, has been avoiding to demonstrate on more generic problems, including

e How would the physics be at higher energy level A, such as gravitation at

planck scale?

e (consequently)What will the physics be like at energy between the current
electroweak scale my, to A7 Will there be new mechanism or new physics to

be discovered?
e Why Higgs itself can not be a NGB instead of the current massive one?

Knowing that the SM is more or less a low-energy effective field theory, such problem
is called hierarchy problem, focusing mainly on the scenario of physical description
in much higher energy scale. Throughout the years, theoretical physicists have
proposed many extended theories working in higher energy world, including super-
symmetry (SUSY), the grand unified theory(GUT) etc. Nevertheless, the stringent
constraint is that the theory must converge to and be compatible with the current
electroweak-scale experiment measurements. Therefore, there are theories instead
focusing on the energy just above the my, scale, namely in TeV scale, to firstly
throw light on the second question. A promising and motivating theory, reformu-
lating and generalizing the electroweak theory into TeV scale, is the so-called Little

Higgs Model, which is identified mainly with the following characteristics|6]

e Higgs bosons are NGBs, which spontaneously break at higher energy scale f,
which is proposed to be in TeV scale.

e (Subsequently) At energy down to electroweak scale, the Higgs boson acquires

mass and becomes pNGB (pseudo-Nambu-Goldston Boson)

e The Higgs bosons shall be light in energy between the two scales, meaning

radiative divergence shall be cancelled via some mechanism

12



The postulates listed above smooth out the discrepancy between the two energy
scale, nearly solved the third problem by suppose the higgs boson as pNGBs, where
the ’little’ originated. Moreover, it can give predictions at TeV scale, therefore
providing more traces to a more unified theory. In the following chapter, we will
introduce how the little higgs model is established, the challenges it faces and the

approaches to eliminate the divergence.
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Chapter 2

Little Higgs Model: Preliminaries
and Set-ups

In this chapter, the Little Higgs Model shall be explored with firstly introductions on
preliminaries of the mathematical description of the field in nonlinear sigma model
(nlom) and spontaneous symmetry breaking under such notation. Then the correc-
tions from Lagrangian, fermion loops and other possible origins will be discussed
in a minimal SU(3)/SU(2) model as a starting point. And a final approach will
be the littlest little higgs (L?H) and some alternative models with real electroweak

applications.

2.1 Higgs field in Nonlinear Sigma Model

The sigma model first is introduced to better analyse the meson in consequence of
SSB|7], where the symmetry is divided into chiral symmetry product, eg. SU(2) X
SU(2)r, and spontaneously broken to a third SU(2) group, which is interpreted
as the custodial symmetry in SM. Such motivation has been applied to consider
the 7%, which is nearly massless therefore identified as pNGB. As mentioned in the
previous section, the little higgs get the inspiration thus also is established into non-
linear realization, which is the generalization of sigma model, called non-linear sigma
model, especially in Section 2.3, where we will depict the product group model.
The sigma model starts with, as above, the discrimination of chiral symmetry G =
G x Gg, with transforming matrix L and R, in description of a general fermionic
field

Y =1L+ YR (2.1)
resulting in
Y — Ly, (2.2)
Yr — Ryp

14



The infinitesimal transformation for ) under G, shall be able to decompose into ¥y,

under GGy, and ¥ under Gg, respectively giving

5¢L = iG%TawL

(2.3)
0Yr = 1T YR
6 = 1T Y = (€l — 7€) T (2.4)

where the T, are the generators of G, with €y, eg the coefficients. In Eq (2.4) we
define

Ea 6% 61]1%
o ECA— 21
a2 a (25>
a €, — €R
€5 = — 2

to clarify the distinction of chirality and isospin states. When e = 0 the system is
in pure isospin symmetry; € = 0 reflects the pure chiral case.
Under such chiral symmetry, the Lagrangian can be write explicitly with chiral

fermionic field with a spinless sigma field X as
L =y — gpr IS¢k — gprSyr 4+ L(X) (2.6)
where the sigma field satisfies
0¥ =ief T — iXeR T (2.7)

which corresponds to a non-infinitesimal transformation under the broken subgroup
H in an adjoint representation
Y — LYR' (2.8)

We can see from Eq (2.6) that the definition of ¥ originated from the Higgs field
sector, compared with the yukawa coupling terms in standard SM lagrangian. Under
the limit ¢ — 0, the sigma field just has the interpretation as the approximate
massless meson.

In a more generalized case, under the spontaneous broken GG/H, the group elements

of GG can be written as

g=¢“"h  where PC G/Hh C H (2.9)

where ¢

are coefficients parameterizing the coset space G/H, while P, being the
representation. One can easily see that any group element g can be represented in
such a equation.

It can be demonstrated that if g is simply an element from the subgroup, the transfor-
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mation of X is linear; but if ¢ is from the coset, the transformation now is non-linear,
corresponding to a generalized non-linear sigma model. A detailed introduction
on it will be presented in Appendix A.
In the following sections, we will take the little higgs field as a non-linear sigma field
> with the form like

¥ = ¢ltlaXayy (2.10)

with >y the VEV in subgroup H.

2.2 Constructing a simplest LH: SU(3)/SU(2) as a

example

In this section we will build an elementary little higgs model as an example to show
how the mechanism is cultivated and the methods of computing the divergence.
Take a SU(3)/SU(2) instance, where the spontaneous broken VEV reads

0
So= |0 (2.11)

S

which is similar as Eq (1.12), the f interpreted as certain energy scale under which
the spontaneous symmetry breaking is taking place. The difference is just that we

are now using Eq 2.10 notation, with the Lagrangian built with sigma field

1 2ixoxe

Y(x) = ?eTEO (2.12)

where the X“s are the broken SU(3) generator, 7® the coefficient, and a = {1,...,5}

corresponds to the number of the broken degrees of freedom. They will have a form

like
aya _ [ O2x2 H(x) ﬁ I, 0
27t X = (H(a:)T 0 ) + V2 (0 _2> (2.13)

where the matrices are block matrices, with H(z) a 2-dimensional vector, and Ogxs,
Ioxo are separately 2 x 2 zero matrix and unit matrix. The sigma field Eq (2.12)

satisfies
Ny =1 (2.14)

After the declaration of the sigma field under such condition, we can turn to the

Lagrangian to consider the divergence and determine the energy scale f.
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2.2.1 Gauge coupling

Again, for the gauge coupling we will first consider the kinetic term in the lagrangian
Liin = f20,510"% (2.15)

the constant f? is chosen to normalize the kinetic term, i.e. to cancel the coefficient
in Eq (2.12).
Under the unbroken subgroup SU(2), the derivative shall be transformed into co-

variant derivative with gauge field Wy
D, = 8, —ig?Q" (2.16)

in which the Q* are generators of SU(2), a = {1, 2, 3}

a __ U_; O
oo (39 o

The o is the usual pauli matrices.

Considering the gauge coupling, we can expand the sigma field to the first order

1 i (S0, H@)\| (0 1[0\ . [(H()
=il G ) 0510 (%

where we implement Eq (2.13). The 5 NGBs broken by the SU(3)/SU(2) are re-

spectively, 4 in the complex 1 x 2 Higgs vector, 1 in the remaining scalar s.

(2.18)

Inserting Eq (2.18) into the kinetic term of the lagrangian

Liin = f2(0,5" + igW @ StQ™) (94 — igW Q%)
' i et at i (2.19)
=(0,H" + égW;f H'o" O'H — §gWa“U“H + L(s)

where the terms about the parameter s are separated in the latter equation. Quali-
tatively, Eq (2.19) shows that the kinetic term will generate a mass term like 2 H'H.
For higher-order expansion of Eq (2.18), a quartic term \(H"H)? will be included.

The mass term results in a quadratic divergence (shown in Fig 2.1) according to
the Coleman-Weinberg potential by gauge boson field loop like
2

2= (:1g7T2A2 (2.20)

where we put all the non-important terms into the coefficient ¢, and A is the high

energy cutoff. A detailed instruction of how the Coleman-Weinberg potential takes
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Figure 2.1: The one-loop Feynmann Diagram of the contribution to the higgs mass
term

effect in the process is introduced in Appendix B. For the quartic loop correction,

the term similarly looks like
2

/ g
A=c m/@ (2.21)
Therefore, after analysis on the gauge coupling, we can get the leading quadratically
divergent term in Eq (2.20) and the quartic divergent term as Eq (2.21). These are
the terms we need to fix and finally get back to the SM electroweak breaking under

certain constraints on the scaling factor f.

2.2.2 Fermionic yukawa coupling

Similarly, we also need to consider the yukawa interaction between the fermionic
terms and the higgs coupling, which will result a diagram just like Fig 2.2, where
the @, L are the SM left-handed leptons, and the ¢ denotes the generation of the

fermion, with compensating u¢, d¢, e¢ charge conjugate fermion.

> Qil Li
N
-, N
/7 AN
/ \
/ \
i \
I | —
\ !
Ht \ / H
\ //
AN
~ 7/
~_ s

C C [
u;,d;, e

Figure 2.2: The one-loop correction of the quark and lepton yukawa coupling with
Higgs field, the dashed line denoting the fermions as propagators
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The corresponding loop-diagram contribution is

2 \72
2= ci%/@ (2.22)
under the high energy cutoff A. The y; are the yukawa coupling for different quarks
and leptons, while N; = 1 for lepton and N; = 3 for quark. However, the yukawa
coupling constant is proportional to the mass of the fermion, and the heaviest top
quark M; ~ 170(GeV/c?) is about 5 order of magnitude larger than the lightest
up quark m, &~ 2.16(MeV/c?)[3]. In fact, the y; < 0.03 for all quarks and leptons
except the top quark, whose yukawa coupling y,is at order 1. Therefore, we shall
consider only the top quark yukawa coupling, ignoring the side effects of all other

leptons.

2.2.3 Collective symmetry breaking

From the discussion above, we can see that the gauge coupling Eq (2.20) and top
quark yukawa coupling Eq (2.22) both have quadratically divergent terms. A mech-
anism shall be included to cancel the divergence, otherwise there will be another
"UV disaster’. The discrete concept is called collective symmetry breaking. We
will discover how the process eliminate the mass divergence in the current SU(3)
example.

Consider, instead, the doubled broken symmetry [SU(3)/SU(2)]?, where two sets of
sigma fields like Eq (2.12) are generated

1 im 6
w-17(9
d | d (2.23)

where we use II; to denote the broken generator form Eq (2.13). For simplicity, we
assume they have the same breaking energy scale f.

The corresponding Lagrangian kinetic term now contains two pieces
Liin = fA(D, X1 DS + D, ¥ DHS,) (2.24)

Then a similar calculation method as we did in Section 2.2.1 can be implemented to
deal with the gauge coupling. Nevertheless, the Lagrangian now does not contain
any quadratically divergent term to one loop like in Fig 2.1, since the two sigma

field will cancel each other. However, the one-loop containing both of the field shall
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be mentioned with more concentration.

~ ~
xt ik ad X
Figure 2.3: The one-loop contribution to the mixing two sigma field

As shown in Fig 2.3, the coupling between two sigma field will yield a divergent

mixing term in the diagram

4 2
1gﬂ2 log (%) DIpAE (2.25)
which, though shown implicitly, does not involve a quadratically divergent term
about the HTH, but with a logarithmically divergent one. The specific method can
contribute to eliminating the quadratically divergence.

Consequently, given that the one-loop correction has been canceled, the gauge cou-
pling constant of either field (since in the example they are identical) can be set to
0, resulting 10 NGBs popping up, but half of them will be absorbed into the gauge
field just like ordinary higgs mechanism. The remaining 5 free ones turn out to be
the exact massless NGBs, or the little higgs generated. Any other terms participate
into the mass of higgs must contain the mixing of two sigma fields, nevertheless as

shown in Eq (2.25), they can not generate a vicious quadratically divergent term.

For the fermionic divergence, the pattern is the same. However, a new top quark
T will be included into the quark family, in order to make a triplet ¥ = {¢,0, T} =
{@, T} under the doubled SU(3) original group, where the @ is simply the third
generation of SM quark. The corresponding yukawa coupling Feynmann diagram

Fig 2.4 composes of two fragments, which can be seen from the yukawa term

H'H
212

Lyue = M S0+ Mo 20085 ~ A f (1 - ) TT® + \H'Qt (2.26)

The divergence from the two diagrams can be calculated as

2
Yt a2t

- _ANH'H
1672 * 1672

yi f* (1 _H'H

7 ) H'H = const. (2.27)

Therefore, it can be acquired that under collective symmetry breaking [SU(3)/SU(2))?
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Figure 2.4: (a) The leading divergence of the top quark coupling, where the less
contributing bottom quark b is omitted. (b) The compensating T loop to cancel the
top quark coupling

the divergences previously discussed can be eliminated.

2.2.4 Back to electroweak symmetry breaking

After the discussion and clarification of the divergence elimination methods, it is
indispensable to talk about the electroweak symmetry breaking again within the
newly built frame, to give a smooth connection between the regular SM and our
little higgs model as well as determining collective symmetry breaking energy scale
f.

The remaining gauge coupling is Eq (2.25). By introducing a convenient parame-

(0
El — 61K€1H
f
—
22 — €1K€_1H
f

in which the coefficients are cancelled by choosing the unitary gauge. Then the

terization

(2.28)

expansion of EIEQ reads

Sjga = (7 ) (;) -

= f2—2H'H +--.
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where we only consider the terms with only H. The equation will result in the

divergence in the higgs mass as
SIS, 2= (fP—2HH+ - ) (fP—2HH+ )= f*—4f?H'H+ ... (2.30)

Therefore, back to Eq (2.25), the mass term will be at the scale

4 2
g A 2
| — 2.31
1672 Og(/ﬂ)f (2.31)

To establish the connection between our model and the SM electroweak symmetry
breaking theory, such mass shall be at the scale ~ M?2 as discussed in Section 1.2.
A more comprehensive analysis can yield a connection among the cutoff A, LH

collective symmetry breaking scale f, electroweak scale M,
A ~Anf ~ (47)2 M, (2.32)

by inserting loop factors. Considering the numerical electroweak scale, the f can
be determined to have a value near TeV order. Consequently, we can summarize
in our example SU(3)/SU(2) will experience a collective symmetry breaking first
up to the TeV scale, which will produce several NGBs that can acquire mass finally

when the energy is down to the usual electroweak scale ~ 100 GeV.

Finally the general little higgs mechanism can be introduced|8] after the analysis
carried out throughout the section: The little higgs mechanism is the spontaneous
symmetry breaking happening in some energy scale that produces several pesudo-
Nambu-Goldstone bosons called ’little higgs’, under which the symmetry is broken
collectively. The ’collective’ means that the symmetry is broken if there are two or
more remaining non-vanishing gauge coupling constant. Otherwise, setting any of
them to be zero can restore the symmetry and preserve the masslessness of the little

higgs.

2.2.5 The simplest little higgs

After a theoretical derivation of the simplest SU(3)/SU(2) collective symmetry
breaking pattern, it is time to excavate into a realistic little higgs model under
such set-up named Simplest Little Higgs Model|9|, which is constructed with
symmetry group SU(3)coior X SU(3)wear X U(1) x.

The SM particles are embedded in such symmetry group. For each, generation, the
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abbreviated (SU(3)cotor, SU(3)weak)u(1)x representation reads

. (2.33)

The triplet W, Uy, contain the usual SM left-handed quarks and leptons in the first
two components and an additional third quark/lepton. One of the u°, the d¢ and
e¢ are the charge-conjugated (therefore left-handed) singlets, where the 3 stands for
the anti-fundamental representation of SU(3). The other u¢, along with the n¢ are
the third component Dirac partner from Vg, U;.

According to collective symmetry breaking, such SU(3) — SU(2) pattern requires
two scalar field ¢y, ¢2 as ¢; = (1,3)_1/3. The Lagrangian terms have forms like

Liin ~ WHPWq + W DU, + -+ (D)) (D#61) + (Do) (DF o)

A\ A€
Lyuk ~ Mo Wouf + A phWqus + F oYl + A"GIWnt + Fhidaliet (234)
Lpot ~ NZ(bJ{QﬁQ

With the parametrization of the VEV of the two scalar fields

_ iR 0 _ el 0 _on 102 h
e (f) P2 (f) @_ﬂﬁf(m 0) (2:35)

with the energy scale f? = fZ + f2. The mass terms can be solved, alongside with

the new gauge bosons W=, WY Z' several new fermions 7', U, C' and the scalar field
1 [9]-
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2.3 The Littlest Higgs L?>H

Having established the little higgs theory, it is time to look into more complicated
higgs model. After the first appearance of ’big moose’ model[8| utilizing the col-
lective symmetry breaking into interpretation of electroweak symmetry breaking,
a number of little higgs models based on different symmetry groups and versatile
symmetry breaking patterns have been proposed. In this section, we will discuss
one of the most economical, i.e. including relatively few numbers of postulates, and
most attractive models, the littlest higgs model|[10], which is also abbreviated as
L?H.

2.3.1 Basic setup

The littlest higgs model is embedded in a SU(5)/SO(5) non-linear sigma model,
where the original SU(5) is spontaneously broken to SO(5) at an energy scale f ~ 1
TeV, generating 14 NGBs and resolving 10 unbroken degrees of freedom. The model

itself is considered as a symmetric two-index tensor

=15 (2.36)

which means that the sigma field has the following transformation under SU(5)
matrix U
¥ — UnU” (2.37)

In the symmetry breaking process, the VEV, or the condensate is chosen as

00010

0 0 1 0 00O01
=101 0]=1]00100 (2.38)

1 00 10000

01000

which is a 5 x 5 matrix, with two 2 x 2unit matrix at the up-right and down-left
corners, in addition to a 1 in the center. For simplicity, we will use the former block
expression in the following derivation.

According to Eq (2.37), the generators X® in the coset SU(5)/SO(5) and T* from
the unbroken subgroup SO(5) have

7% + ST =0 (unbroken) (2.39)
X% — % XT =0 (broken) (2.40)
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The sigma field 3, under both constraints: 7. symmetric two-index tensor trans-
forming as Eq (2.37) i. in the broken generator basis as Eq (2.40), is generated
as

T 2iI1

ill il
Y= 672067 = 6720 (241)

where the II matrix is constructed from the 14 broken generators
14
I=> =X (2.42)
a=1

Again, the unitary condition X% = 1 is regulated.

2.3.2 Gauge interaction

The higgs field is considered as a subgroup of the intact symmetry breaking, in
which the gauged group [SU(2) x U(1)]* from SU(5) is chosen to be the original
group that will be broken to the usual SU(2) x U(1) in electroweak process. Notice
that in the process the collective symmetry breaking is utilized.
The generators in the [SU(2) x U(1)]? are chosen with the form

30 0 0 0
200 ]03 0 0 o0 .
Qi=10 00, WMi=5/00 -2 0 0 f=q5diag@33-2-2-2)
0 00 00 0 -2 0
00 0 0 -2
00 0
Q=100 0 [, Ygz%diag(zz,z,—?),—?))
00 —%

(2.43)
just as in Eq (2.17), the 0% are the usual pauli matrices. Additional U(1) charge
is denoted as Y;. And for the two ()¢s, we are using the notation introduced in
Eq (2.38).

The covariant derivative is, consequently,
2

D, =05 -1 [g;Wh(QIS+XQ) + g} Bju(Y;E + TY;)] (2.44)

J=1

Eq (2.44) has such form since we have two different [SU(2) x U(1)]; groups, while

sigma field is, as the preceding notation, a symmetric two-index tensor.
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Therefore, we can write the Lagrangian kinetic term

2
L = L 1{(D,2)7 (D#9) (2.45)
where the trace constant is chosen to be Tr[X%X°] = §%/2 to normalize the la-

grangian.

The higgs field symmetry breaking pattern can be identified qualitatively. The
original product group [SU(2) x U(1)]? from SU(5) initially breaks to a single
SU(2) x U(1), which can be recognized as the usual electroweak group, with a sym-
metry breaking energy scale f ~1 TeV at tree level non-linear sigma model. Then,
the SM higgs model participate in, transforming the SU(2) x U(1) — U(1)gnm, at a
scale v = 174 GeV|3|, which can be illustrated in to the following process

9 f~1TeV v=174GeV
- =y -

[SU(2) x U(1)] SU(2)weak X U(L)y UL em (2.46)

After a schematic illustration, the quantitative calculation can be carried out in
Eq (2.44). The 14 broken NGBs from SU(5)/SO(5) can be written in the represen-
tation of electroweak symmetry group SU(2) x U(1) as

109 30 2i% @ 34 (2.47)

where the number indicates the representation in weak gauge group, and the sub-
scripts are the hypercharges from U(1). In such representations, the fields are de-
noted respectively as 1, w, H and ¢. Moreover, the transforming matrix in Eq (2.41)

is explicitly[11]

_W o Wt H* At 9"
(-4 75 v i¢ i)
_wo W n  H° _jot —ig?+¢%
V2 2 V20 V2 V2 V2
_ H- HO* 4 HT HO
=1 s Vs NG (248)
—i e HD W n o wo
- Y B V2
\ —if i"+ép  H* _wt W .y
V2 V2 V2 V2 2 V20

in which the superscripts are the electric charges that the field particle carries,
and the coefficients are to make the normalization complete. However, during the

symmetry breaking, the n and w fields will be absorbed into the gauge bosons, thus
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the Eq (2.48) can be written alternatively as the off-diagonal block matrix

H
0 ¢
M= % 0 H_ﬁ (2.49)
H*
¢t 5 0

The gauge field interaction can be calculated given the Eq (2.41) and Eq (2.49),
which will just follow the derivation in Section 2.2.1, but with 2 different SU(2)
gauge fields Wy, and two U(1) gauge field B;,. Under the basis (Wf,, W5,), the
gauge coupling constants gi, go form a matrix considering the mass terms generated

2 2 o
{f 91 9;92 (2.50)
—3g192 g5

The mass eigenstates can be solved once the eigenvalues and eigenvectors of the

in the Lagrangian Eq (2.45)

matrix are derived. We denote the two eigenstates as Wi, W}, meaning the light
and heavy mass eigenstate

Wi = sinypWi 4 cosyp Wy My, =0

L

Wi = —cos Wi +sinpWy My, =1/ g? +9§£ (2.51)

siny = J2

Vit g5

where we define a mixing angle 1 representing the mixing between the two states.
The U(1) gauge field can be calculated with same method, but with a different

normalizing constant. In (Bj,, Bs,) basis, the corresponding gauge coupling ¢}, ¢5

20 \-g195 9

generating the following mass eigenstates By, By

have

B, = siny By + cosy By Mg =0

L

_ f
_ _ /2 2_J
By = —cosyBy +sinyBy Mg, 97 + 95 /20 (2.53)

/
sint)’ = 92

V9t + g%
Similarly, the mixing angle between B, By, is defined to simplify the expression.

Back to the electroweak subgroup SU(2) x U(1), the gauge coupling constant g, ¢’
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are

! !
gi192 I g192 (254)

i+ TR+ #
After the clarification of the gauge coupling, it is worthwhile to discuss the divergent
terms. According to the collective symmetry breaking, such configurations should
produce no quadratic divergence for the higgs field H in Eq (2.49), which can be
shown explicitly when deriving the quadratic mass term in the kinetic Lagrangian

that they should satisfy the following form
1 @ vropa
Z(ngzwmwf + QigéBluBS)HTH (2.55)

such gauge interaction will result in a diagram similar to Fig 2.3. Notice that the
direct multiplication g?W2HTH (or ¢2B?H'H) is in absence ,which eliminate the
quadratically divergent term. The same idea can be shown more clearly in the mass

eigenstates Eq (2.51), which gives

1
_[QQ(WLaqua - Wg[uwga — 2cot 2ngIuW£a)

4 (2.56)

+ 9/2<BL/LBZ - BH,uB]lf] — 2 cot Qw/BHMBZ)]HTH

This expression illustrates the idea concisely, in which the quadratically divergent
term in light gauge field cancel with that of the heavy one, as shown in Fig 2.5.
For the U(1) sector, the condition is the same. The only remaining divergent term
comes from the logarithmic mixing one, therefore generating no pathological infinity.
Nevertheless, such symmetry is not accidental, but inserted within the collective
symmetry breaking.

On the other hand, the ¢ triplet defined in Eq (2.49) can not have such beautiful
mechanism to help cancel its mass term, therefore will guarantee a mass term at the
scale of f ~ TeV.

a / \ a
Wiy 1 v Way

Ht g* H Ht -g° H

Figure 2.5: The one loop contribution from the SU(2) sector to the Higgs boson
with mass eigenstates.
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2.3.3 Top quark sector

Thanks to the collective symmetry breaking, the disastrous quadratically divergent
gauge interaction contribution is cancelled. However, the quark family yukawa cou-
pling still give the challenges, where we can not simply choose a third quark to
defend all the divergence, just like what we do in the SU(3)/SU(2) simplest exam-
ple. Therefore, a more complicated but useful method is to introduce a weak-singlet
Weyl fermion pair Uy, and compensating Ur with +2e/3 electric charge, which is

coupled to the heaviest quark family Qsr, = (tsz, bs )T and corresponding t3r as
Lo Mo f
top — _?fXLeijkemnEjmzkntR - )\ZfULUR + h.c. (257)

where the x is defined as the composition of usual SM quark and the Weyl fermion

XL = (aZUQL L3> (2.58)

pair

and the vital importance is the range of the indices. The index i,7, k = {1,2,3},
and m,n runs m,n = {4,5}, thus for the sigma field ¥, the indices indicate that
the upper right 3 x 2 block is extracted. According to Eq (2.41) and Eq (2.49), this
means that the ¢ and H” //2 blocks and their multiplication with other terms in

higher order is included in the lagrangian yukawa term.

H
$-142 f?* {)5 ’?T
I R 1
0 ’ji ot
HHT oH* HHT
5 B E T +9d (2.59)
_c Hig HIH+HT H* HT gt
2
fg f ﬂH*HT ot H Hl/Zf
e ] >

+ higher order

The mass eigenstates can be calculated from the given expression of ¥, and as the

preceding arguments show, the only considered part is the upper-right 2 columns.

Aotsp — MUR
tL:t3L tR:— MtLZO
VA4S
LN (2.60)

Aot MU
T, = Uy tR:M M, = \/ A2 + \2f

VA4 A2

in which a third heavy top quark naturally shows up, similar to the discussion in

Section 2.2.3. And the Lagrangian can be written in the mass eigenbasis
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~ 1
Al(\/EQgLH - ?HTHUz)th + h.c.

2.61)
N N 1 (
=NQarHtr + ArQs  HTR — —HTHTIT()\TTR + Mitr) + hec.
V2f
in which we define H = ioc?H and
20\ 202
— g — L (2.62)

— , A
N/ VY SN vy

The first term in Eq (2.61) is just the SM top quark coupling, with the \; interpreted
as top quark yukawa coupling constant. A more precise derivation of all the terms
for the top quark coupling can be found in Ref [12].

The collective symmetry breaking pattern can be found in such designation. Just as
the statement above, ’any one vanishing coupling value will result in the masslessness
of little higgs.’, if the A\; = 0, the Eq (2.57) has no sigma field component, meaning
it is invariant to the top quark section. Such pattern is also embedded in Eq (2.62),
where the coupling constants become 0. On the other hand, if )5 is set to 0, the only
remaining A\; part will not break the SU(3) symmetry, therefore ensuring the little
higgs as NGBs. Consequently, on either case, the little higgs remains massless. And
the only contribution shall be the one involving both terms, generating logarithmic

divergence as discussed repeatedly in preceding section. More explicitly, the mass

T
t t

g , a\

Ht i H Ht ilp H
V2o T N/ e
t T Ht iAr H
2f

(a) (b) (c)

Figure 2.6: The one-loop correction to the higgs mass in the top quark sector, with
the vertex value explicitly depicted.

eigenstates generate the one-loop contribution as the 3 diagrams shown in Fig 2.6.
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The expressions for the Feynmann diagrams are respectively|12]

d*k 1
—_— 2 —
(a) — —6X; / or) i
d*k 1
a2
(b) — GAT/ T (2.63)

V2X\2 [ d*k My
(c) =6 173 5
f (2m)4 k2 — M2

Such quadratically divergent term can be cancelled since in Eq (2.60) the My has

been derived as
A+ A2

V2Ar

Therefore, the vanishing quadratically divergent term from top quark sector is

Mp =[N+ A\ f =

f (2.64)

demonstrated. Moreover, the mass of the predicted new heavy top quark can be
measured in the future collider experiment, which will be mainly discussed in the

following chapter.

2.3.4 Electroweak symmetry breaking under L?H

In the preceding section 2.3.2, the gauge interaction is analysed and the conclusion
that, the higgs field has no quadratically divergent mass term, but the ¢ triplet term
can induce one, has been derived. In this section, how the detailed interaction of
such terms takes place from f down to electroweak scale My, is discussed. First,
the Coleman-Weinberg potential should be considered for ¢ and H. The one-loop

correction, as mentioned in Appendix B, gives a quadratically divergent term

2
V(quad) o A

g 1672

TrMZ (%) (2.65)

where the M is the gauge boson mass matrix that can be calculated from the

kinetic term we have derived in Eq (2.45), having a form like

(M3 = gHT(Q+2Q5) (@S +EQN)+g7 (E+EY,) (Y 5+5Y]))}
J

(2.66)
Using Eq (2.32), where A ~ 47 f, the potential term can be expressed

vimed = qfty "1 g2 > " Tr(QIEQUE) + ¢ Tr(Y;SY; L) (2.67)
b

J

where the coefficient a is a constant gathering all non-important term and has a

scale of order 1, just as the ¢ and ¢’ constant in Eq (2.20) and Eq (2.21). Expanding

31



the Eq (2.67) to quadratic term in ¢ and quartic term in H results

v —a(g? + g7) 1| i; + ﬂHH+HHﬂ
(2.68)

ﬂHH+HHM

On the other hand, the quadratically divergent term from the top quark sector to

+a <g2 + 92 )f2|¢2]

Coleman-Weinberg potential is
Vt(quad) = —a'/\%ewmeyzeijkekmnZinﬂE*myZ*”z + h.c. (2.69)

Again, in Eq (2.69), the i, j,k,m,n = {1,2,3} and w,z,y, 2 = {4,5}, making sure
that the ¢ and H” /v/2 are included.
Further expansion of H and ¢ results in

VD) — /22 2 gy + L (H, H, + H;H;)|? (2.70)

Af
The results from Eq (2.68) and Eq (2.70) show that the quadratically divergent term
of H are cancelled, as indicated from collective symmetry breaking. However, the

mass term of ¢ remains as
M = [a(g? + g7 + g5 + g5) — dX]|f? (2.71)

At energy below the triplet mass, the triplet ¢ should be integrated out from the
Lagrangian, giving a quartic potential to the Higgs field as A\|HTH|? where [10]

2 2 a’Af 2 2
y Wit )92 + 95) (2.72)

a>\2
91 +9 +92+9

The remaining logarithmically divergent contribution in Coleman-Weinberg po-

tential comes from )
V(log) 3 MV (Z)
g 6472 A2

Expansion of ¥ can be implemented into the equation to yield the mass parameter

2 TrMA(E) log (2.73)

uﬁ, where the Eq (2.51) is used to condensate the expression to the heavy gauge
field WH, BH

2772 A? 2972 A?
39" My, log —5— + ¢"Mp, log —5— (2.74)

12
’ Vi, 3,

" 64n?
Additionally, the triplet ¢ also exerts a logarithmically divergent contribution to the
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higgs mass from Eq (2.67) as

A, A
167T2M¢10gﬁ¢%

pe = (2.75)

where the A is defined in Eq (2.72).

For the top quark sector, the loop contribution has a logarithmic divergence as

i
(log) _ 3 T 2 My(2) M (%)
Vi = — T6m2 Tr[M(2)M] (X)]* log — a2 (2.76)
resulting in a negative contribution to the Higgs mass
N2 M A?
2 t M

Wy = log (2.77)

! 82 M2

Therefore, from Eq (2.74), (2.75), (2.77), the dependence of the one-loop contribu-
tion to Higgs sector is on the four new particles with mass at f scale, the gauge
bosons Wy, By, the heavy top quark T and a triplet scalar field ¢.

After the electroweak symmetry breaking, the littlest higgs model should break into
the ordinary life — the SM predicted world. Nevertheless, there are still traces to
some minor effects.

Firstly, the Higgs field in L?H will be decomposed into

H= . (2.78)
h+ir®
v+ 72

where the v = 174 GeV is the usual electroweak parameter, and h is the physical
higgs field. The 7% and 7° field will be absorbed, along with small amount of w* /w°
at order v?/ f? and ¢* /¢ at order v"? /v? (v’ is defined below in Eq (2.79))[13], by the
SM W+ and Z° bosons. Therefore, the mass of W* and Z° will receive corrections
at order v?/f?, which will be interpreted in Section 3.

Moreover, the Coleman-Weinberg potential will contain H'¢H term, generating a
tadpole diagram for ¢ after the Higgs acquires mass at the low energy v, which will

therefore violate the custodial symmetry SU(2)

WO iR NS |

7% ) = an T i [a(g} + g7 + g5 + g5) —ad'A]]  (2.79)
ol

which shall also generate an anomaly at microscopic view.
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2.4 Alternative models based on L*H

In the preceding section the basic characteristics of the littlest higgs model has
been introduced and derived. Serving as a supplementation, some alternative little
higgs models are presented, with modification of the original symmetry group or
implementation of new mechanism to the existing model. Such modification will
exert effects on the predicted behavior of certain particle and the energy level of f,

which will be explored in the following subsections.

2.4.1 SU(6)/Sp(6) model

The SU(6)/Sp(6) little higgs model is a variation to the Littlest higgs model, where
the original symmetry group is now SU(6) and break down to the compact symplec-
tic group Sp(6). There are 35 — 21 = 14 NGBs, the same number as in the Littlest

higgs case. However, the VEV is an antisymmetric 6-dimensional matrix

1
sy [ U Tl (2.80)
]13><3 0

The gauge field symmetry of higgs field is the same as the preceding L?H, an
[SU(2) x U(1)]* spontaneously broken to the usual SU(2) x U(1). The 14 NGBs
split 4 of them to be absorbed in such symmetry breaking, similar to the fate of
n,w in L*H model. However, there are no triplet generation like the ¢ in Eq (2.48).
Instead, there are two Higgs doublets along with one complex singlet to divide the
10 NGBs as

2% ) 2_% @ 1 (2.81)

In this model, in consequence of having the almost identical symmetry breaking pat-
tern with L?H, there will also be the heavy gauge field bosons, no triplet but 2 com-
posite higgs doublets, and some heavy quarks, with the same derivation methods.
Nevertheless, the value of the bosons are shifted as a result of different symmetry

groups, which can be calculated as|14]

/ / /

where the SM gauge coupling g, ¢’ are defined just the same as Eq (2.54). Therefore,
it is obvious that the SU(6)/Sp(6) model has the same structure as the L? H, except
that it eliminates the divergent triplet ¢. Such elimination, on the other hand, affects
the mass of the heavy gauge bosons, as well as the energy scale f, which enables us

to choose a relatively smaller value of f, though still at the level of TeV.
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2.4.2 L?H with T parity

Besides the SU(6)/Sp(6) model, the elimination of triplet can be carried out just
within the original L?H, but with a further symmetry called T parity, which is
similar to the R parity in Minimal Supersymmetric Standard Model (MSSM). The
T parity will be implemented into the product groups, namely the [SU(2) x U(1)}?,
which can be treated as the product of two SU(2) x U(1), denoted as G; = [SU(2) x
U(1)];- Such modified L?H is called the Littlest Higgs with T Parity (L*HT).
To better describe the geometry of T-parity, the whole SU(5)/SO(5) symmetry
breaking should be considered. Remember in Section 2.3.1 we denote the unbroken
SO(5) generators as 7%, and the broken SU(5)/SO(5) coset generators as X®. In

T parity, such generators satisfy
[T T ~T¢  [T* X"~ X° [X% X"~ X© (2.83)

where the Lie brackets are just qualitatively given, only to illustrate the idea. For
the symmetric two-index tensor, such Lie algebra will generate an automorphism

with negative parity on the broken generators

T - T¢

(2.84)
X* - —X*°

which can be concisely written as the relation of generators 7 of the whole SU(5)

group
T — E()(TG)TEO (285)

with the Xy the usual VEV defined in Eq (2.38). The X field and II will transform
as
Yo Y =0808, I — —QIQ (2.86)

where
Q =diag(1,1,-1,1,1) (2.87)

Under such preliminaries, the higgs doublet H is T parity even while the triplet ¢ is
T odd. Therefore, the gauge interaction term as discussed in Section 2.3.2 can not
inherit the term like HT¢H, as a result of T-parity conservation. By this means, the
quadratically divergent term for ¢ is eliminated therefore acquiring no mass term.
The gauge bosons from either GG, G5 under T parity can be transformed into the
other group via

Wi, <5 W, B, <5 B, (2.88)

35



Eq (2.88) leaves powerful constraints on the gauge coupling constant g, g2 as well as
the primed ¢}, g5, since the transformation change no numerical values. Therefore,
the two coupling constant should have the same value. In consequence, the mixing

angle is forced to be

Lo T
siny = 1 sin 1) 1 (2.89)
G=90=v29 g =gy="2g

and the heavy gauge bosons are now
My, =gf  Mp, = (2.90)

For fermion section, the L?HT suffers from some extra mechanism, since there
should be additive terms to ensure the T-odd fermions acquires mass correctly.

For the first two generation fermions, the usual SM fermion doublet of generation
1,15 can be embedded into the SU(5) representation

U, = (%) U,y = (O> (2.91)
0 (o

where the 0 stands for a 3-dimensional zero vector. The SU(5) spinor transforms as
\Ifl — U*\Dl, \IIQ — U‘IJQ U e SU(5) (292)

To give mass terms for the T-odd terms, the mirror fermions ., x., which is de-
fined to preserve the parity, are included and represented as a SO(5) right-handed
multiplets W,
e
V.= | x. (2.93)
Ye

The W, transforms under SO(5) as ¥. — VW., where the transforming tensor V'
itself is defined through the transformation of the matrix £ = exp (ill/f) from the
non-linear sigma field ¥ = exp (2ill/ )%

£ = VESUTY = UEVT (2.94)
After defining the spinors, the T-parity is exerted for

Uy 5 Sols, U, S -0, (2.95)
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Therefore, the yukawa fermion sector in the Lagrangian for the down quark family
Is ]
NS e IXTL, . — X (T%),3 5 ]d (2.96)
mﬂjﬁryz Yy Hyz 0)x~iy~jzl“R .
in which the primed parameters are the correspondence under T-parity. X is a scalar
for gauge invariance, transforming as a SU(2);, singlet, and has a U(1); 5 charge
respectively as (Y7,Ys) = (1/10, —1/10). The value is chosen to be X = (X33)~ /4.

Such T-parity invariant Lagrangian will result in such mass term

L, = —kf(UelW, + Ty 50 QT QW) + he.c. (2.97)

For top quark family, the situation is a little bit more complicated, since there

will be an additional 77,z heavy top quark. The representation in SU(5) is now

o?Qi; 0
\Iltl = TlL \Ith - TQL (298)
0 o2Q3;

where the Q%; = (¢4, 0%,) is just the top quark family in SM, except that there are

now 2 components in the representation. Under T-parity, they transform as
T T T
Wy <= Wy, Tigr <= Tig, Tor < —T1ar (2.99)

The corresponding yukawa term is just similar to Eq (2.96), except a additional

heavy top quark sector

A _ _ _ _
;qu'kqu[qﬂizszky - (\I/ZO)lZ;mEzy]tR + )\Zf(TILTlR + T2LT2R> (2100)

2v/2

where again as Eq (2.57), the {4, j,k} = {1,2,3} and {z,y} = {4,5}. The T-parity
eigenstate is the superposition of the two sectors defined in Eq (2.98)

- Q:l),L F Q%L Ty, — AV E=VLY) Ty = Tir F1or
V2 V2 & V2

where the subscript 4 indicate the T odd/even property of the parameter, with +

(2.101)

stands for even and — for odd. The Lagrangian can accordingly be transformed into

the eigenstates as

Ss - 1+ - - _
ALf (7%&#1% + TETLthRJr) + N f(TpTry +Tp-Tr-) (2.102)
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with sy = sin @, Cs; = COS @ The T-odd heavy top quark is straightforward

Mp_ = M\of (2.103)

Solving the \; part with eigenbasis (f,, Tr )M (try, Try )T, with matrix M
Mf i) V2h 0
M=| 2 (2.104)
A1 f cos? 2 Nof

the mass eigenvalue is, to the first order of v/ f

Ao

VA2 +/\§U’

My, = Mgy = My, = /X2 + A2f (2.105)
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Chapter 3

Interpretation: My, Anomaly with
Approximate LH

In the preceding sections the SM higgs mechanism and the little higgs model has been
introduced and explained. In this chapter, the Little higgs model will be investigated
to predict the effects onto the energy level f, combined with the recent W boson
mass anomaly. In the beginning, the electroweak observables are introduced to
give a convenient parameterization of the SM elementary variables. Then, the My,
anomaly is included to the specific little higgs model, giving a corrected prediction

to the particles and symmetry breaking energy interpreted by the model.

3.1 Electroweak Precision Observable (EWPO) and

oblique parameters

In SM, there are electroweak parameters defined to preserve the key characteristics
of SU(2) x U(1) structure, including the W boson mass My, the weak mixing angle
sin? Ay, which contains the dominant information to the energy level, the branch
ratio of specific reaction etc. Therefore, an accurate measurement, or in other word,
the precision measurement, of such parameters are of vital importance to the high
energy physics, not only to fortify the existing SM to higher precision, but also
provide more powerful constrains on further BSM models, in reverse refining the
prospective models. Such parameters, either defined within SM, or some promis-
ing observables predicted by BSM models, eg. the anomalous ;1 magnetic moment
g, — 2, are classified as Electroweak Precision Observables, or EWPO in some
documentation.

In such measurements, with the developments of new detecting technology and
higher energy accelerator, as well as measurement on wider energy spectrum, the

achieved precision of the data can be at such high level that the loop-corrections,
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or radiative correction shall be included to provide an authentic theoretical pre-
diction value. Recalling the procedures implemented on My, in Section 1.2, the
idea is just the same: to include higher-order interference comparing with the data
extracted from experiments. Focusing on such correction, the Oblique parame-
ter, or Peskin-Takeuchi S,T,U parameter named after who proposed them[15], are
defined to provide a convenient expression for the radiative correction. Moreover,
the effects of new physics, which shall have tiny but non-zero corrections to the
SM observables, can also be expressed in the oblique parameters to have a realistic

correspondence.

The oblique parameters are based on the vacuum polarization effects. The vac-

uum polarization amplitude involving two gauge bosons I, J can be denoted as

Iy g = (3.1)

where the p, v are the subscript of the component of the gauge fields, and the ¢
denotes the momentum. Examples of some electroweak gauge bosons are shown
in Fig 3.1. For I,J = v, the masslessness of photon requires the TI4(0) = 0 to
preserve its transverse property. However, if the gauge bosons are massive, like
W, Z, such requirements will naturally lift off, and the generalized decomposition of

the amplitude is

I1%(q) = rs(q*) g™ — Al¢*)q"q” (3.2)

The II;; is the so-called one particle irreducible propagator, or abbreviated as
1PI. The word ’irreducible’ means that the diagram can not decompose into other
one particle propagator, i.e. there is no other one particle intermediate propagator

(or a line) in the diagram.

t.b ¢ t.b

Figure 3.1: Examples for the vacuum polarization diagram of W and v propagator.
Again, here the heaviest t, b channel is only considered

Such vacuum polarization amplitude can provide corrections to the mass of the
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gauge bosons, like for the W boson

2 92712 2
My, = ==+ ww(Myy) (3.3)
which is similar to Eq (1.35), generating new mass corrections to W boson.
Such effects on kinetic terms of the SM Lagrangian on the usual gauge bosons can

be denoted as

1 1
AL = ——W3uHW3W3(qz)Wf—WauHWSB(QQ)B”—§BMHBB(Q2)B“—W+MHW+W_ ()W

2
(3.4)

where the definition of W, , W_ Eq (1.17)are utilized. In addition, Such expressions
of II;; are sometimes written as Ils3, I3, I1, _ to abbreviate the W boson field.
Since the vacuum polarization is a loop effect, the 4 momentum ¢ can be assumed
to be small, compared with the divided tree-level effects, therefore expanding the II
as .

1s(%) = T15(0) + ¢°I0;,(0) + 117,(0) + O(4") (3.5)
Up to the ¢* terms, consequently the Eq (3.4) contains 12 factors, or more precisely
form factors, among which there are 3 constrained by the experimental outcome,
Iy w (0) = Iz = 1 as the normalization to the gauge coupling, and Iy, w_ =
— M3, as the renormalized mass of W boson. 2 further constraints shows up as the
masslessness of v requires 1Iz, = Il,, = 0, which can be decomposed into the basis
of {Ws,, B,}. The remaining 7 of them are undetermined parameters, denoted as
S, T,U,V,W,X,Y. A comprehensive definition and derivation about the expression
of these oblique parameters is included in Ref [16] (without normalization). In the
scope of this dissertation, the only important parameters are the S, T, Y, W, with the
value given in Table 3.1 the first column. Notice that the hatted S, T are correlated
to the original S, T'[15] by

4 sin® 9W§

«

S ~119S T =

SRR

~ 1297 (3.6)

where the « is the usual electroweak fine structure constant, but with a value between
1/129 ~ 1/127 as a result of much higher energy level (above electroweak scale) to
the regular EM field energy level.

On the other hand, such form factors have a close relation with the Stan-
dard Model Effective Field Theory (SMEFT), under which the dimension-6 op-
erators, non-renormalizable but is a convenient way to parameterize the universal

new physics, are implemented into the SM Lagrangian. The related dimension-6
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Dimensionless form factor Operator
(9'/9)S = My, 5(0) Owp = (H'T"H)WS, By,
M2 T = Ty,w, (0) — My, w_(0) Oy = |H'D,H|?
2My?Y = pp(0) Opp = (0,Bw)*/2 = T}
2M W = 1Yy, 4y, (0) Oww = (D,W},)?/2 = J

Table 3.1: The dimensionless oblique parameters or form factors and the correspond-
ing SU(2)-invariant universal dimension-6 operators|17]

operators are

1
L= Lgy + 5 (ewBOws + cuOn + cgpOpp + cww Oww) (3.7)

with correspondence

~ 2cos by

S = cwp, T=—cu, Y=—g%pp, W=—gcww (3.8)

sin ew

Back to the SM will require all coefficients to be 0, which simultaneously neutralises

all the oblique parameters.

3.2 Fitting M, with Littlest Higgs Model

Using the convenient notation of oblique parameters, the fitting of recent My,
anomaly into L?H can be implemented. Recall Eq (2.51) and Eq (2.53), where
the mass of two extra heavy gauge bosons and two corresponding mixing angle v, ¢’

are defined, which can also be written as

/
sin1) = i, cos 1) = i, sin®)’ = g—,, cos) = g_/ (3.9)
g1 () 91 92

The universal corrections via oblique parameters are|18§]

. 2M3g, 9 5 cos? Oy
S—W<cos Y+ —— S O cos? ¢
n 5MZ,
S

A2 (3.10)
W = ngV;/ cost 1)

20 M2
Y = .2 fI;V cost 1

where the triplet ¢ effects on T are omitted. The anomaly T ~ 1073 will result in
the energy scale f ~ 9 TeV, as shown in Fig 3.2a[17]. According to Eq (3.9),the
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green area compatible with the littlest higgs model with small cos and cosv’ im-
plies that the coupling ¢s, g5 shall be much larger than the g, ¢’ value, therefore
eliminating the W)Y corrections.

For the Littlest Higgs with T parity, the result for the oblique parameters are nearly

the same. Considering the same mass of heavy boson, the plausible oblique param-

eters are o112 2
a cos
S = ngV;/ (COSQ¢ + - QVV:// cos? @//)
& M3
S
o (3.11)
W = 7 fvg cost 1)
AM?2
Y = g’2fm2/ cost ¢/

Nevertheless, such derivation is not available since as shown in Eq (2.89), the re-
quired sinvy = 7/4,sin)’ = 7/4 result in the fixed value of such parameters, there-
fore not compatible with the My, anomaly. Such patterns can also be seen from

Fig 3.2a, where the center (7w/4,7/4) is excluded from the contour.

3.3 Fitting My, with SU(6)/Sp(6) little higgs model

With the same method, the modified little higgs theory with SU(6)/Sp(6) can also
be investigated. After the implementation of Eq (2.82) and Eq (3.9), the universal

corrections are now

. 2M2 2 cos? Oy
S w 2 2 1
772 (cos Y+ T . cos” 1
M2

gQJVCVQ (54 cos4p)

4 M3,
9 f?
8ME,
g/2f2

~»
Il

(3.12)

W = cost 1)

Y = cost 1)

where the new parameter tan 5 = vy /vy is the ratio of the VEVs of the two higgs
doublets, as discussed in the preceding section. Under the assumption cos4f = 0
to simplify the calculation, which means that the two higgs VEVs will have a ratio
~ 0.414, either 5 or 1/4, the fitting results is to indicate a descended energy scale
f ~ 7 TeV, as shown in Fig 3.2b.
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SU®) “littlest” Higgs model

J'Tf2 T T T T ‘ ; T]
[ 1
.
I‘-._' E|
L 8 . j i
9
S A :
0 _IAXd = 4()- 1 L 1 1]
0 Jr,f4 /2
"]b’
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SU©) little Higgs model
JT/Q T T T T | | T]
| I\
6
7
S wAl :
0 7|A)(2 ~ 46. ! 1 1 Ll
0 n/4 /2
lpr
(b)

Figure 3.2: The fitted diagrams with 1,1, where the red contour is the specific
value of energy scale f in TeV.
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3.4 The incompatibility of simplest little higgs

Though the littlest higgs and the modified SU(6)/Sp(6) models show satisfactory
compatibility with the recent My, anomaly, the simplest little higgs model, on the
other hand, denies the correction of the CDF discovery. The analysis of how the
violation takes place shall be a little more complicated than the previous study on
similar models, since the existence of an heavy extra Z’ boson.

The Z’ boson gives non-universal corrections to the precision observables, therefore
the extracted S, T, W,Y can not fully explain the modifications on the model. For-
tunately, the incompatibility of the simplest little higgs model can be seen from the
incoherence of these parameters with the My, anomaly, which can be seen from the
following derivations.

To define an extra Z’ boson, the following parameters are indispensable: a Z' gauge
coupling constant gz, the mass term My and the Z’ charges for SM fermions and
the higgs boson: Zy, 2}, Z, ., Zp, 2, Zg,,-|19] For a universal Z’, it is obviously
that such charge will be identical to the SM hypercharge, Z! = Y;. The oblique

parameters are given as|18|

R M2 / /Z/
S: W (CW— CYg) (CW—Cyg——QgZ H)
g

Mz, g 9
R M2 / /Z, 2
“ g g (3.13)
M
W ="
M2,
M2
Y = W 2
M2z
where the coefficients ¢y, ¢y are defined as
9z Z,
Cy = —/Y i
2~"g en (3.14)
Z/
Cy = % g(ZéRYL — Zi)/eR>
€R
For the expression of T, the equation can also be written as
. My, g 9272y ’ 2 9% 2 2
o M [(5 220) | <, oz 2, 22
(3.15)
where the SM hypercharge Y., = —1,Y, = —1/2 are implemented. Under the

condition Zj; = Z,, T = 0 is extracted from as the equation shows.

For simplest little higgs model, the U(1)x just stands for the Z’ charges, therefore
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the gauge coupling gz and the mass M2, are

g 2f%¢g*
9z = e Mz = 3_ 2
1 -3z

(3.16)
I
which is just the implementation of the discussion in Sec 2.2.5 and the detailed
derivation in Ref [9]. The corresponding oblique parameters are
A 4g%Y  2M? .
§=aw =L =g =0
g g

(3.17)
the latter of which is a direct corollary of Eq (2.33), where the defined Xy, = X, =

—1/3. Such parameterization can not be in coherence with the My, correction, since
there are no correction given for T at all.
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Chapter 4
Extrapolation: From the Little Higgs

In the previous sections, some promising little higgs models are introduced and fitted
to the recent My, anomaly, some of which are compatible and some not. In this
chapter, we will focus on the possible phenomenological prediction of some little
higgs model, as well as some interesting mechanism happening in the energy scale
of the little higgs.

4.1 Lepton Flavor Violation with little higgs

The lepton flavor violation(LFV) process is that one heavy lepton decay into
one or several leptons of different flavor, such as u — e, 7 — p, the energy scale of
which shall take place at around ~ 10 TeV scale. In Ref [20, 21, 22|, the researchers
propose the LFV compatible with the L2HT and simplest little higgs model, where
they discussed the decay process | — I,y and | — l,1,1, with penguin diagram and
box diagram, coming from the one-loop corrections.

For the simplest model, there should be 3 more heavy neutrinos enabling the LE'V
process, especially within the nuclei, where © — ey or © — 3e take place. The
constraint on energy scale f is rather loose: f is estimated from 7.5 TeV to as large
as 85 TeV. Such high upper limit, to a great extent, is set to satisfy the condition for
the LF'V. For the exclusive parameter in simplest little higgs model tan 8 = f;/ fs,
where they are defined in Eq (2.35), the fitted result is tan § € [1,9] from the large
interval of total f.

For the Littlest higgs model with T parity, it is compatible with an additional inverse
seesaw mechanism, also generating 3 heavy majorana neutrinos. Analysis focused
on 7 lepton decaying into hardons: 7 — uP, 7 — pV and 7 — puPP, with P(V) a
pseudoscalar (vector) meson, namely 7° 1,7’ in single meson channel while 7%, K
in double channel, and V' = p,¢. Again, such process are generated via the high
energy as far as ~ 10 TeV scale, and by the one-loop penguin and box diagram.
The conclusion they gave for the L2HT T-odd fermions are all below 4 TeV, and
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the new physics energy scale f ~ 1.5 TeV, which is quite different from the results
for littlest higgs, where its energy scale is as large as 4 times the L2HT one. This
comes from the reason that the heavy majorana neutrinos are at ~ 19 TeV and has
relation M ~ 4x f, suppressing the energy scale.

In conclusion, the little higgs compatible LFV shows great research potential for
both the model itself, as well as the leptonic behavior. Such mechanisms, as the

numerical value shows, shall be excavated with the LHC and future collider.

4.2 Little Higgs Phenomenology

In chapter 3 we studied the effects of several little higgs models on EWPO, via the
presentation of the oblique parameters, but only a fraction of them, and gave the
compatible energy level region. In Ref [23], a global fit based on experimental results
for the littlest higgs model are performed to show the bound of energy level f as in
Fig 4.1, where f is given as a function of ¢’ = cos®)’. The result is in coherence with
the derivation from Section 3.2, which shall corresponds to f ~ 9TeV at cos1)’ ~ 0.
Inserting the T-parity for the littlest higgs change the situation as shown in Fig 4.2,
in which the lower bound at the same condition cosv’ ~ 0 reduce to f > 3.6TeV.
However, as the previous section indicates, the non-universal effects including lepton
flavor violation appears in this model. The SU(6)/Sp(6) model is considered in
Ref |5, 13, 18], which gives the similar result f > 3TeV, since the model itself is just
a modification based on Littlest Higgs. Such result is also looser than the finding in
Section 3.3.

-
>
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-
o

(o2}

lower bound on f [TeV]
IN o

N

0.1 0.3 0.5 0.7 0.9
¢

Figure 4.1: The regions of excluded f value as the function of ¢ = cosv’ from the
C.L 68%(yellow), 95%(blue), and 99% (green).|23]
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Figure 4.2: The regions of excluded f value as the function of ¢ = cosv’ (reversed
from Fig 4.1) from the C.L 95%(light blue), and 99%(dark blue).[24]

After a brief revisited discussion about the energy scale f, the accompanied heavy
gauge bosons, the heavy quark and the potential triplet from the littlest higgs model
shall be explored along with the new physics at such energy level. The gauge boson

Wy discovery should be through the following channels with partial width

2 2
W3 s 1ty = L0 8 9‘3;;2¢
2 2
B g~ cot” 1
(Wi — qq) = BT "
3 g® cot? 21) (4.1)
Wy — Zh) = BT
2 t2
Dy — W) = £

with M = M(Wy). The available channels are discussed in detail in Ref [11]. The
first one W3 — 71~ is the cleanest since the decay channel only generate lepton.
However, such pattern is not characteristic and is not the unique consequence of the
littlest higgs model. Therefore, a more ripen method is to analyse the W3 — Zh
channel, where the cot 2t is a characteristic coefficient from Eq (2.56). The AT-
LAS collaboration is now undertaking the measurement, with the prediction and
simulation|25] of the possible channels on Fig 4.3, in which only the final product
from the Zh and W*h decaying channels are listed. For the Zh one, the typical
final remnants are [*17bb and jjvy7, and for W*h, they are [Tvbb and jjvyy.
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Figure 4.3: Simulated results for the accessible regions with the cot ¢ versus M (Wy)
plot|25]

Unfortunately, the heavy top quark itself can not be the decisive evidence of
the presence of the little higgs model either, since many other plausible theories
provide such predictions at the TeV scale. To be confident that the T quark is
induced by the littlest higgs model, the Eq (2.64) shall be emphasized. With the
known A; from Standard Model, the Mp shall be measured from LHC and future
colliders. Combined with, if possible, the observed Wy, the accurate value of f shall
be determined and verify the littlest higgs model. With the recent search on the T
quark along with its coupling k7 to SM particle|26], the coupling k7 is 0.35 when
the My is around 1.2 TeV, and 1.6 for My as large as 2.3 TeV. This result shall help
measure the true mass of the potential heavy top quark, and testify the little higgs

model.
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Chapter 5

Conclusion: The HEP awaited

In this dissertation, we introduce the latest observation of My, anomaly, review-
ing the Standard Model electroweak theory as the introduction, which inherits the
gauged W boson. Then the transition from SM electroweak energy to higher en-
ergy is discussed, where we extract the idea of an energy scale interval f connecting
the realistic macroscopic world to the ultraviolet hierarchy problem at TeV. Subse-
quently, the little higgs model is implemented as a competitive theory predicting the
energy scale itself and the new physics with novel particles. We introduce the little
higgs mechanism comprehensively, focusing on several discrete models: the simplest
little higgs, the littlest higgs, the littlest higgs with T parity as a modification, and
the little higgs with SU(6)/Sp(6) breaking. Moreover, the compatibility of these
models with the My, anomaly is discussed in the following pages, where for the
compatible littlest higgs and SU(6)/Sp(6) little higgs, the calculation gives a pre-
diction or limitation on the energy scale f. Finally, the phenomenology and possible
leptonic flavor violation mechanism in the designated energy scale is argued, giving
specific limitation on the energy scale of the undiscovered particles.
The limitation of the energy scale is slightly different in these models, from the
lowest 1.5 TeV predicted by littlest higgs with T parity, along with the lepton flavor
violation pattern forecasting a 19 TeV heavy neutrinos, to the original littlest higgs
at f > 9 TeV. Onto the road of such high energy, there will be patterns involving
heavy gauge boson, and the presence of a heavy top quark. These potential particles
shall be discovered with the unique decaying channel implying the remnant of little
higgs mechanism, and shall be discovered with the current frontier accelerator the
High-Luminosity Large Hardon Collider (HL-LHC), additionally the possible next-
generation collider such as Circular Electron Positron Collider (CEPC), Compact
linear collider (CLIC) and the Future Circular Collider (FCC), with parameters
described in Table 5.1.

The little higgs model provides a bridge connecting the SM energy and the UV
completion. Studying the effects of such models will definitely contributes to the
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Collider AL-LHC[27] CEPC[28] CLIC[20] FCC-ee[30, 31] FCC-ch
Luminosity(ab~tyear™!) 3 0.4 0.5 5 2
CoM Energy(GeV.,.) - 240 380~3000 240~365 -
CoM Energy(TeV},.) 13 75~125 - - 50

Possible Build Year Operating ~ 2030 ~ 2040 ~ 2036 ~ 2050

Table 5.1: The basic parameters of high energy colliders under operation and on
proposal. The center-of-mass colliding energy are divided into leptonic collision
(GeVe,) and hardonic collision (TeV}..).

development of the theoretical implication of grand unification theory, supergravity
and the origin of our universe. Low energy effects concerning the EWPO and higher
order precision confinements shall also contribute to the development of new theories,
correcting the predictions and indicating directions for them. With the recent My,
anomaly, we hope such BSM postulates will one day be testified to be correct, or to

be special case for a more general unified theory.
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Appendix A

Non-linear sigma model

In this appendix we will interpret what the 'non-linear’ refers to in its name. Back to
Section 2.1, where we use the example as a G/H condition. Considering an element

go C H. we can write it as

9o = ho (A1)

where the exponential term is simply 1, another general element ¢’ is as Eq (2.9)

goes
g/ _ eic’lPl’h/ (AQ)

Then the product is
g0g = hoe''FiH C G (A.3)

But we can also define a ¢ C G to be
g=c“Ph = gog’ = hoe” T R (A.4)
Thus the elements from the subgroup and coset will have a correspondence
hoe " B = ' Fipy (A.5)

After a product calculation within subgroup H, namely hh/~! = hy, Eq (A.5) now

becomes

hoe' P hg hy = ¢ Pihy (A.6)

This equation implies that the hoe' i hyt = el hg = hy and therefore the trans-
formation of ¢ — ¢ is linear if the element g, is within the subgroup.

However, if g is instead gy C G/H
go = €'oro (A.7)
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then with Eq (A.2) and Eq (A.4) we can get, finally
eiClOPl()eiC/lPl/ — eiClPl (A8>

in which the ¢ is clearly transformed non-linearly. This just corresponds to the

higgs field defined in Section 2.3, where they are in the coset group.
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Appendix B

Coleman-Weinberg Potential

The Coleman-Weinberg effective potential|32] is useful in dealing with the radiative
correction in spontaneous symmetry breaking models, which was firstly proposed by
Coleman and Weinberg in 1973.

Considering a simple massless, quadratically-interacting real meson field, with La-

grangian density

1 1

L= 50u9)(09) = 30"+ 5(Zo = D0u)(0"9) = 3 m* = 12— D" (B1)

where the term Z,, Z,,,, Z are the coefficients for renormalization, and the latter 3
terms serves as the counterterm. Notice the though the example is a simple massless
condition, there will still be a mass counterterm.

To the lowest order, in tree level, the only contribution to the potential is

A

which gives a simple diagram of four external legs and one vertex. However, the
next order calculation including the one-loop interaction of the terms results in all
the terms and counterterms, as well as an infinite series coming from the Eq (B.2)

in one-loop diagrams, contributing to the overall effective potential

A, 1,1 A / Ak X1 Ao\
=Zptr sz —(Zy—1 SENT (2 B.
V=@ g Zme” - Dt +i (27r)4;2n (k% 1 ic) (B-3)

where the latter term is just the propagators integrated within the n vertex one-
loop. Rotation of the k° into ik® shall be implemented to convert the integral into

a Euclidean one, which reads

N A O
=L (5 (B4)

n=1
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Using the taylor expansion for In(1+z) = > 2" /n, the total effective potential can

be derived into

A, 1 1 1 [ d'% Ap?
V=20 4 200+ —(Zy — 1! —/—1 1+ == B.5
AR E A It il BT =Rl 7 (B-5)

To start the renormalization process, the integral is firstly evaluated with a cutoff

k = A, resulting

A, 1 1 AA? A2t Ap? 1
=2 ~ 7m0 + = (2 — 1) 2 1 — = B.
V=3¢ +5Zne" + (A= 1) + 59" + (B.6)

A1 25672 \ " 2A2 2

where the form of 1/A? terms all go to 0 therefore excluded from the expression.

To make the renormalized mass term to vanish

d2v AA?
o= 0=0=Z,= 2 (B.7)
Moreover, the quartic condition is
d*v 32 AM?Z 11
——(p=M)=A=Z,—1=— 1 - B.8
qgt P = M) = 2= 4 3272 (n STC ) (B.8)

with M satisfying Z,(M) = 2, and the corresponding total effective potential reads

Ay A2t ©? 25
V=% ez e — 5 (B.9)

This is the idea about the generation of a simple massless meson’s Coleman Weinberg
Potential. For a more complicated case like discussed in Section 2, the non-abelian

Coleman Weinberg potential V' is consisted from V =V + V5 + - - where
Vo=V, +V,+V; (B.10)

which are the quadratic contributions from respectively scalar, gauge-fields, and

fermions, along with a zero order Vjy. These contributions can be calculated sepa-

rately by )
Vi= o Te(W?In W], Wy = aia?%
Vo= DM MY, M= oy Aig Ag (B.11)
Vi = iy lmm PG, s = g

in which the yg,, is simply the yukawa coupling term for fermion term vgt¥qts.

These terms are useful in dealing with the quadratically divergent terms in little

o6



higgs models.
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