MINISTRY OF EDUCATION VIETNAM ACADEMY OF
AND TRAINING SCIENCE & TECHNOLOGY

GRADUATE UNIVERSITY OF SCIENCE AND
TECHNOLOGY

VU HOA BINH

SCALAR SECTOR PHENOMENOLOGY
IN THE 3-3-1 MODEL WITH AN AXION LIKE PARTICLE

Major: Mathematical Physics and Theoretical Physics
Code: 944 01 03

SUMMARY OF DOCTORAL THESIS IN PHYSICS

SUPERVISOR 1: Assoc. Prof. Do Thi Huong
SUPERVISOR 2: Prof. Hoang Ngoc Long

HANOI - 2023




This thesis was completed at Graduate University of Science and

Technology - Vietnam Academy of Science and Technology

Supervisor 1 : Assoc. Prof. Do Thi Huong,

Institute of Physics,

Vietnam Academy of Science and Technology
Supervisor 2 : Prof. Hoang Ngoc Long,

Institute of Physics,

Vietnam Academy of Science and Technology

Referee 1 :

Referee 2 :

Referee 3 :

The thesis was defensed at Graduated University of Science and Tech-

nology - Vietnam Academy of Science and Technology at ..., 202...

The thesis can be found at:
- Library of Graduate University of Science and Technology

- National Library of Vietnam




INTRODUCTION

Motivations of the thesis

Standard model (SM) is based on the SU(3)¢c group which describes
the strong interaction and the SU(2)r ® U(1)y qroup which describes the
electroweak interaction. SM success in describing three types of natural inter-
actions: strong interaction, weak interaction and electromagnetic interaction.
SM also predict successfully the existences of ¢, b,t quarks as well as Z, W
bosons, especially Higgs boson with mass around 125GeV. The predictions
were tested by experiments with high accuracy. SM explained almost of the
experimental results about the micro-world. But there are still various ex-
perimental results which can not be explained by SM. These signals or data
beyond of SM are considered signals of new physics (NP). The most prominent
and typical are the experiments that determine the neutrino oscillations and
experiments on cosmic background radiation analysis. On the other hand, SM
itself does not have candidates for dark matter (DM) and dark energy (DE),
but the analysis of the cosmic background radiation shows the existence of a
large amount of DM and DE in the Universe. There also deviations between
experimental measurements and SM’s predictions, such as mass spliting of
mesons, branching ratio of Higgs. The tolerances of these deviations is not
large enough to be considered as NP but these can encourage the scientists
who researche on beyond standard model (BSM). Besides of new experimental
results, some problems such as the assymetry of matter - antimatter, number
of fermion generations, the herachy of fermions’ masses, the quantization of
charge or the strong C'P problem and etc are also needed to be solved.

These are the reasons why extending SM is naturally necessary. One can

extend SM by extending symmetry groups or spectrum of particles or combin-



ing these two extending ways. External symmetry can be extended by adding
extra dimesions of space or using supersymmetry model (SUSY). Internal sym-
metry can also be extended by extending the electroweak symmetry of SM.
To solve either current problems of particles physics or uniform three types
of interactions, one used single symmetry groups (SU(5), SU(10), E(6), E(8))
whose Lie algebra includes SU(3)¢c ® SU(2)r, ® U(1)y group. Now, BSMs
should be improved to solve the problems which are out of SM. The 3-3-
1 models are for example. At the beginning, the 3-3-1 models can explain
why the number of fermion generation should be 3 as well as the problem of
tiny mass of neutrino. The PQ symmetry naturally appears in 3-3-1 models
then the SCPp can be solved [1}2], etc... Moreover, the 3-3-1 model includes
the axion-like particle (ALP) [3] which extremely tiny interact with ordinary
matter. This particle can be a DM candidate.

The diversity of scalar sector of the 3-3-1 models is advantageous to
study the existence of new Higgs with mass around 96GeV or 150GeV. There
are some versions of 3-3-1 models such as the simple 3-3-1 model (S331),
the economical 3-3-1 model (E331), etc ... The version »331 which is imposed
Z11® Zs discrete symmetry (A331) help us solve the SCPp with the prediction
of the existence of DM axion [45]. In 2019, the XENONI1T experiment showed
that there might be an existence of light DM candidate with mass at keV scale.
This may be DM axion. This is the reason why we were back to do research on
A331 model and its scalar fields’ properties. Being studied through 20 years,
the A331 is still uncompleted because of the incorrection of diagonalizations
of mass mixing matrices in neutral C'P scalar sector. The physical states are
incorrectly defined leads to some incorrect conclusions. Masses of Higgs boson
in neutral C'P even scalar sector are undefinded then one can not point a boson
which can be uniformed with the Higgs boson of SM (we named this particle
SM-like Higgs boson, SMLHB). Without the physical states and masses of
particles of the A331 model, one can not study the phenomenology in this
model. The pseudo scalar field in this model is almost as same as the QCD
axion but it can interact with ordinary matter. This is completely different
from QCD axion because QC D axion doesn’t have Yukawa interaction with
ordinary matter. So that we call this pseudoscalar axion-like particle (ALP)
and the A331 is renamed ALP331. Our research was published in [3]. The

reason why the 717 ® Z5 discrete symmetry was imposed was explained. We



also corrected the rule of Z5 symmetry to make it consistent. Then, we defined
the physical states and the corresponding massess of fields (scalar fields and
gauge fields) in the model. These helps us define the couplings of Higgs with
gauge fields and matter field (quarks and leptons).

We have uniformed some particles and interactions of ALP331 with par-
ticles and interactions of SM. We also studied the contributions of NP in
some processes such as meson oscillations, rare decays of ¢ quark or decays
of SMLHB and the new light Higgs (hs5) to find the reasonable constraints
of some parameters in ALP331. By these above reason, we chose the project

”Scalar sector phenomenology in the 3-3-1 model with azxion-like particle”.

Research purposes

e Study on the scalar sector of ALP331 model to define the physical states
and masses of the particles of the model. Then, uniform some particles

and interactions with those in SM.

e Predict the existences of new particles such as ALP, a new light pseu-
doscalar, a new light Higgs with mass at EW scale, a very heavy Higgs

with mass around 10'* GeV which can be an inflaton in Early Universe.

e Study on the contributions of NP in known processes like meson oscil-

lations or rare ¢ quark decays and decays of SMLHB.

Object and scope of the research

e The mass mixing matrices of scalar sector.
¢ Yukawa interactions with some mixing parameters in ALP331 model.

e Meson oscillations, decays of SMLHB h, a new light Higgs hs and
rare decays of ¢ quark by flavour changing neutral currents (FCNCs)
in ALP331 model.

Research content

e Study the ALP331 to define exactly the physical states and correspond-

ing masses of particles in the model.



e Analysize the contributions of NP in meson oscillations, rare ¢t quark
decays by FCNC and decays of SMLHB. Then find out the reasonable

constraints of some parameters of the model.

Research methods

e Using quantum field theory, interactive field theory, Feynman rules,

Feynman diagrams and Lie group theory, descrete symmetry groups,...

e Using Mathematica software.

Structure of the thesis

Excluding the introduction, conclusions and referrences, the main con-
tent of the thesis get 3 chapters.

Chapter 1. Overview: We present a brief review of SM and 3-3-1 models
with its different versions. We also mention to an overview of QC'D axion and
axion-like particle (ALP). Besides, we give a brief review of meson oscillations,
Higgs decays, rare top quark decays in SM.

Chapter 2. The 3-3-1 model with axion-like particle (ALP331): From
the spectrum of particles and reasonable Yukawa interactions of the model,
we explain the imposing of discrete symmetry 211 ® Z5 to 331 model. This
helps the PQ symmetry naturally appear. Then, we study for the details
of gauge sector, Higgs sector with Higgs potential and Yukawa interactions
to uniform some particles of ALP331 with particles of SM. By defining the
couplings of fermions and Higgs bosons, we point out the constraints of mass
mixing angles to make sure that the flavours can be preserved by interactions
betweeen SMLHB and quarks at tree level. The numerical analysis of scalar
sector helps us find out the constraints of some couplings and explain the very
tiny value of A4 - the couplings of four scalar interaction.

Chapter 3. Higgs sector phenomenology in the ALP331: We study on
decays of SMLHB (h) such as h — Il, h — bb, boson (hs) and rare top
quark decays t — hq, t — ¢y with (¢ = u,c) to find the constraints of some
parameters about mass mixing angles or masses of the scalar fields in the
ALP331. By studing meson oscillations, we define the lower limit of mass of

some new light scalar fields.



Chapter 1. Overview

1.1. SM and scalar sector phenomenology in SM

1.1.1. The idea of SM

In the 20" century, SM is considered the most successful theory of Par-
ticle Physics by using the SU(3)¢c group to describe the strong interaction in
quantum chromodynamics (QC D) and SU(2), @ U(1)y group (the Glashow -
Weinberg - Salam model (GWS)) to describe the electroweak interaction. Be-
fore GWS model, one knew about weak interaction with two charge currents:
Ju = J had jlep There was only one current in electromagnetic interac-
tion: Jﬁm = ¢(l) MZ) @Eézivuw((g;, with [, ¢ are the denotes of leptons and
quarks. To descrlbe these three currents, one need a symmetry group with
at least three generators. The simplest symmetry group which can be used
is SU(2). But weak charge and charge corresponding to currents in .J,, are

defined as below:
) = 5 [ (@i @) T = (@) (1.1)
) = [aenm@ = [a{(00@) 0w+ (19@) 00w ha

so that Ty (t),T_(t) and Q(t) are not in form of closed algebra because of
[Ty, T_] = 275, with T5 is:

1= [ (00 @) @+ (@) @ + (@) @ )

To close the algebra of currents, one added an U(1) symmetry. This is the
reason why one use SU(2), ® U ( )y symmetry group in electroweak theory.
The charge operator is: @Q = T3+ Y. with T is a diagonal generator of SU(2),
and Y is hyper-charge.

There is not FCNC of quarks and leptons in SM. All the currents of in-
teractions are conserved at tree level. In the EW sector, fermions and bosons
(W*,Z, A, h) are unsatisfied the DM properties. In the QCD sector, the



SU(3)c group has got eight generators so that one have to introduce eight
gauge fields - gluons into the model. These gluons carry strong interactions.
Without SSB of SU(3)¢, gluons are massless. QCD theory is tested by ex-
periments with very high accuracy. When studing the current problems of
particle physics, one usually keep SU(3)c group unchanged and extend the
gauge symmetry group of EW sector.

SM successed in predicting the existences of s,b,t quarks and W+, Z
bosons, espcially Higgs boson with mass around 125GeV. Not only problems
of neutrinos’ masses, DM and DE but also problems of number of fermions
generation, assymmetry of matter-antimatter and some abnomarl results from

the experiments are unsolved by SM.

1.1.2. Meson osctllations in SM

Neutral mesons are the combinations of same type quarks and anti-quark
(KY, K°), (Bs, By), (Bg, Bg). The interaction of charge currunts can be pre-
dicted by the oscillations of (K°—K"), (Bs— B,),(Bg— By) as in the diagrams
(1.1)),(1.2) va (1.3).

d Vud Vus S b th t V;is S
W-
K" u u K° B W w+ B
wt
E—— —_ - -
s VJS ud d s Vvt’; t tb b

Figure 1.1: Box diagram of K — K° oscillations by interactions of charge

currents in SM.

b V;b V;fs S b V;bb t V;Es S
—_— —
e
BY ¢ t BY BY WH - BY
_I_
W k 7 ES 7
S Vis Vi d s Vie t Vi b

Figure 1.2: Box diagram of B, — B, oscillations by interactions of charge

currents in SM.
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Figure 1.3: Box diagram of B; — B, oscillations by interactions of charge

currents in SM.

In comparision with experimental data, the predictions of SM got some
small deviations. These can be tolerances of definding the elements of Vo s
matric or tolerances of definding bound couplings fy; in QCD theory at low

energy or caused of missing some next to leading order contributions of SM.

1.1.3. Decays of Higgs into two fermions in SM

The decay width of Higgs h — ff with f =u,d,c,s,b, 7, i, e is:

2 2\ 3

_ g 4m

T'(h— ff) :/dF: %mh (1——2f> . (1.4)
T

1.1.4. Rare top quark decays in SM

In SM, ¢ quark is the heaviest particle (~ 172 GeV) which means m; >
mp > myz > my. Since, decays of t quark can be t — gh, t — qZ, t — qv
with ¢ = u,c and t — ¢'W with ¢’ = d, s,b. These decays can appear at tree
level by charge currents. But by neutral currents, the interactions between
Higgs and fermions should be conserved at one loop level. Then, ¢t — gh,
t — qZ, t — qv happen by radiative mechanism. This is the reason why
these decays called rare decays. Some rare decays are t — gh and t — qy
with ¢ = u, ¢ with very tiny branching ratios. These helps us to impose some

constraints on new interactions of BSMs.

1.2. CP violation in strong interaction

Studying on vacuum'’s structure of QC'D, one recognized the appearence

of an invarriant term which violate the C'P symmetry. This term has form as



below:

-1
G-G= §ewﬁ(;/g;'/(;wﬂ, (1.5)

where, G is dual field strength tensor and defined as:

Ge, = %emﬁaaﬁya. (1.6)
This C'P violated term is really a problem of QCD because until now, exper-
iments couldn’t dectect any signals fo C'P violation in QCD. Theoretically,
this C'P violated term gives contributions to EDM of neutron. The EDM of
neutron is undeteted that gives the upper limit of dy with confident level 90%
is dy < 2.9 x 1072%ecm. This constraint required the fine turning parameter
0 which is associated with G - G, be very tiny. To make theory consistent
with experiment data, § < O(107Y). How to explain the tiny of 6 is called
Strong C'P problem - SCPp. SCPp can be solved by U(1) pg symmetry with
the appearence of a pseudoscalar axion QCD after SSB U(1)pg global sym-
metry at f, ~ 1011 GeV scale. Axion-like particle (ALP) appears after SSB
U(1) global symmetry. ALP’s potential and effective Lagrangian are as same
as those of axion QCD but mass of ALP doesn’t get from non-perturbative
QCD effects. And ALP doean’t interact with gluons as axion QCD does.
Hence, ALP can not solve the SCPp.

1.3. The 3-3-1 models

The 3 —3 —1 models are based on SU(3)c ® SU(3)r, ® U(1) x symmetry
group. The charge operator has form: QQ = T3 + 871s + X. The 3-3-1 models

are classified by values of j.

1.3.1. The 3-3-1 model with 3 = +/3
The minimal 3-3-1 model (M331)

Quark sector: the first two generations are triplets SU(3)r, the third
generation is anti-triplet SU(3);. Scalar sector: requires three triplets and
a sextet. Lepton sector: charge lepton is introduced to the bottom of anti-
triplet lepton. The Higgs potential is complicated with various parameters.

The model gets Landau pole.



The simple 3-3-1 model (S331)

Quark sector: The first generation is triplets SU(3)r, the next two gen-
erations are anti-triplets SU(3) . Scalar sector: is the same as E331 model’s.
Lepton sector: is the same as M331 model’s. The FCNC could be tiny be-
cause of independence of Landau pole. If one introduces some sterile scalar

multiplets, there will DM candidates in the model.

The reduced minimal 3-3-1 model (RM331)

Quark sector: is as same as v331 model’s. Scalar sector includes two
triplets x, p. Lepton sector: is as same as M331 model’s. The model gets
Landau pole so that the contributions to FCNC is large and this is not con-

sistent with data from experiments.

1.3.2. The 3-3-1 model with =+

The 3-3-1 model with right-handed neutrino (r331)

Quark sector: the first two generations are anti-triplets SU(3) 1, the third
generation is triplet SU(3). Scalar sector includes three triplets x, p,n with
two triplets (x,n) have the same quantum numbers. Lepton sector: right-
handed neutrino is introduced to the bottom of triplet lepton. There are an

unnatural hierarchy and unstable DM particle with mass around MeV.

The economical 3-3-1 model (E331)

The spectrum of quark and lepton is as same as M331 model but the
scalar sector is the one reduced from v331’s. There are two triplets have same
quantum number but number of lepton. If number of lepton is violated, these
two scalars are extremely equivalent, hence one can remove a scalar. The
two scalar in E331 model are x,7n. E331 has least number of multiplets, the

amount of independent parameters is less than the other 3-3-1 models.

The 3-3-1 model with axion (A331)

The spectrum of particles of A331 model includes all the particles of 331
model and a singlet complex scalar ¢ ~ (1,1,0) with VEV v, ~ 10! GeV.
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The gauge symmetry of the model is SU(3)c ® SU(3), @ U(1)x ® Z11 ® Zs.
The physical state of axion [4] is:

1 Vy/
0= Iy + 1) (1.7)
14 ¢

Y%

From Eq. (1.7)), axion a is a combination of two components Iy, I+ hence, it

doesn’t have Yukawa interactions with ordinary.

1.4. Conclusion of chapter 1

The idea of building SM and SM’s properties are presented basically.
FCNCs do not exist at tree-level but appeare by one loop radiative contribu-
tion in meson ocsillation. SM Higgs decays at tree and one loop level are also
presented to analize the branching ratios of SMLHB and some rare decays

such as t]tohq,t — gy with ¢ = u, c.
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Chapter 2. The scalar sector of 3 — 3 — 1 model with

axion-like particle

2.1. Particle content

Spectrum of particles in the ALP331 model includes all the particles of
the 331 model and a singlet scalar field ¢ ~ (1,1,0). To give masses to gauge

bosons and fermions, these scalar fields must have non-zero VEVs.

2.2. The reason of imposing the discrete symmetry Z;; ® Z> on v331
model and the natural appearence of PQ symmetry in the A331

model

With three scalar triplets x, 7, p, the Yukawa interactions (includes 12
multiplets) raise masses to fermions but incompleted. We introduce one more
scalar singlet ¢ to provide masses to all the be left particles of the model. The

full Yukawa interactions (includes 13 multiplets) are:

—Ly = y1QsrxUr + y2QurX* Dar + y3Q3rNtUar + Y4Qarn dar
4+ yY5Qsrpdar + Y6Qarp Uar + havarplor + h;beijk(ijaL)i(d)bL);(P*)k
+  (yn)abNgrdNor + hec, (2.1)

and the Higgs potential which raise masses to gauge bosons of the model is:

__ Y/hermite + Vnon—hermite

The condition of Zx charge is given by inital Yukawa interactions. Hence,
the Zn symmetry should be with N > 12 inspite of the fact that there are 13
multiplets in the model. Since 12 is not prime, all phases of the multiplets will
be converted to smaller discrete symmetries (23, Zs, Z4, Zg). This makes the

higher order operators of ¢ are difficult to be vanished. So, the largest discrete
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Vnon—hermite

symmetry which can be used is Z11 to forbid most terms in the Vg

Only three terms xn¢*¢*, npxo, nmpd* are invarriant under Z;; transforma-
tion. To avoid the unwanted terms like (x'n+nTx)?, Zo symmetry is imposed
to vanish these terms. Under the rule of Zs, the SU(3), triplets n and x get
the opposite Z5 charge. These below fields carry odd Z5 charge:

(napauRaan7enR7NR) — _(n7p7uR7anaenRaNR)- (23)

Imposing Zs symmetry on three Z;; invarriant terms, there is only non-
hermitian term of npyx¢ left with hermitian term in the Higgs potential. To
provide masses to Dirac neutrino v, and Majorana neutrino Ng, the spectrum
of particles of the ALP331 should have charge assignments as in the Table[2.1]

Qur | Qs | Uar | dar | Usr | Dur | Yar | €ar | Nar | 7 X P ¢

SUB)e | 3 3 | 3 3 3 1|1 1 1 1 1 1
SUB3), | 3 3 | 1 1 1 3 | 1 1 3 | 3| 3|1
oy [0 | 3 [ 3 [ 3] 3 [ F| At 0 [2[F[F ]
Z11 w;l wo ws wa w3 w4 w1 w3 wgl wgl w;l w;l wfl

Zy 1 1 -1 -1 1 1 1 -1 -1 -1 1 -1 1

Table 2.1: SU(3)c x SU(3)r, x U(1)x X Z11 X Z charge assignments of the
particle content of the model with a =1,2,3 and a = 1, 2.

The PQ symmetry appears automatically if one assign the PQ charge
to the particles as below: the left-handed quarks get the opposite PQ charge
assignments with the right-handed quarks. Suppose that chiral fermions get
opposite PQ charges and X; = Xp = 1, we summarize the PQ charges of
fermions in Table

UaL | dar. | UL | Dor | Yar | €ar | VaL | Var | Nar
XPQ —1 1 1 1 1 1 1 —1 1

Table 2.2: PQ charges of fermions in the ALP331 model.

2.3. Gauge bosons

Nine gauge bosons arise from SU(3)r, ® U (1) x symmetry and get masses

from the Lagrangian which includes kinertic terms. Their physical states are:

Wi = (WEEWE). = o (Wieiw).
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0 1 1

_ 4 b 0% _ 4 | /b
Xl‘ = E (WM — ZWN> 3 XM = \/§ <W/~L + ZWM) . (24)
After SSB, the spectrum of masses of gauge bosons are:
2 9% 5 2 2 9% 5 2 > _ 9 2
miyy = Z(vn+vp)’ Mo = Z(UXJrvn), my = Z(Ux—f—vp). (2.5)

The W boson of the model is as same as the W boson in SM. The X° and Y
boson are pairs of new gauge vector fields. These are heavy particles and get
the mass spliting as: |m3. — m%,| < m$,. The physical states defined by the

mixing of W2, W3, B, are:

t |t

A,u = SWWBM + cw (%Wgu +14/1— ?WBH> ,
tw 2

Z’u = CWWSM_SW —ﬁW&l—{— 1_?BM ,

t2 t
Zl = \J1- 2w, + ZB,. (2.6)

3 NG

2.4. Higgs potential

The scalar potential of the model has the form:

Vo= piéro+ixtx + et o+ min'n 4+ M(xTx)? + Aa(n'n)?
+A3(0"p)* + A (X)) + A5 () (070) + As (') (0 p)
+A7 () (0" x) + As () (0"X) + Ao (') (0T)
+X10(0"0)% + A1 (9°9) (XTX) + Ai2(¢*0) (0" p)
+A13(0"0) (') + (Noe? mipjxud + H.c.) (2.7)
The vacuum expectation values (VEV) v, triggers SSB Z;; which causes of

the appearence of ALP at high energy scale ~ 109 —10'! GeV. The minimum

constraints of Higgs potentials at tree level as below:

A A A A
2 2 5 2 6 2 12 2 .
Mo T Aty Ty Oty et g = 0
A A A A
iy davy G S g gy = 0,
n
)\4 >\5 )\11 A
2 2 2 2 2 _
ettt gt ety = 0
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A A A
g+ Aol + S+ SR+

v2+A—O
2 M 21)3)_ ’

where, A = A\yvyv, v 0,.
2.5. Charged scalar sector

In the basis (1, , p] ), the squared mass mixing matrix is:

1 1
M2 = _ (A— )\91},2,1}727) ( w3 nVp )
cq .

2

With tan o = =2, the physical states are:
P

G [ ca —Sa pE
HljE B Sa  Ca ni 7

In the basis (x5, p5 ), the squared mass mixing matrix is:

With tan; = 2, the physical states are:
Uy y

G [ costh —sinby X
HQjE sinf; cosb; pgt ’

2.6. ALP in the ALP331 model

(2.9)

(2.10)

(2.11)

(2.12)

In the basis (I}, IS), there are a massless scalar field G; and a massive

scalar B; with mass is:

(A= Mv2o?) (v 403)

: 2,2
2 VU

2 _
mBl——

(2.13)

The squared mass mixing matrix in the basis (1, Ifz, I1,, I%) has form:

1 1 1 1
V] UgUx  Uglp Vgl
1 1 1
M2 _ _é @ Uy Up  UxUpy
odd 2 i 1 )
v2 UnVp

(2.14)
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and is exactly diagonalized by Euler method. The physical fields are:

a Co, —S50350, —S5aCh350, —CaCsSe, Iy

Gz 0 co — 54,50 —Co S0 3
= 3 xS aTus X1, (2.15)

Gy 0 0 Ca —Sq I,

1

As S0,  S95Co, 50C05Co, CaChsCo, I

in which, cos& = c¢, sin{ = s¢ with £ = «, 03,04 and the mixing angles are:

v v v
tana = —L, tanfs = ——— ~ L
v 2 v
P vy 1+Z_,2, X
v v
tanfy = X ~ X (2.16)

v
v¢\/1+v§ (Z+%)

The ALP is a massless particle which combines four components Iy, Ii, I,
cting I,
a = Iycy, — ]i89¢893 — Ipco,5450, — I}’cacags% . (2.17)
This expansion is completely different from the axion a given in previous pub-
lications. The matrix is diagonalized by the matrix in (2.15]) with three
1

mixing angles «, 03, 8,4 defined by (2.16)) and a parameter (é + v% + 5+ U%
X P n

which is included in the equation of As’s mass:

A1l 1 1 1 ApUpV
2 ¢V Vx
= |y | 2 2.18
s 2 (vi v V2 v%) sin 2 (2.18)

From the equation (2.18), the value of Ay should be negative.

2.7. CP even scalar sector

In the basis (R}, Rf’)), there are a massless scalar field G4 and a massive
scalar field H; with mass as:
(A— )\707271))2() (1)727 + vi)

: 2..2
2 (0

2

m¥ = — (2.19)

In the basis (R,17, R, Ri, R,), the squared mass mixing matrix M3 has form:

2 A Ap Uy U ApVpV ApVpv
2 20, — 302 A6UnVp + “22% Auguy + =22 Aigogug + SELX
AUy U 2 A ApUnv ApUnv
A6 Uyv, + 22 2X30; — 552 S L As0pUy X 4 A12v,09
P
ApVUpv ApUnv 2 A ApUnv
Aavyvy + =2 272 4+ XsVpUy 2M\v5 — 20T ZE 4 N0y g

ApVpv ApUnv ApVnv 2 A
)\137)77%—1— ¢20 X <i>2n X +)\12va¢ % +)‘11UXU¢ 2)\10’U¢ — m
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Comparing with the corresponding matrix in [4,/5], we see that the first three

AM1VpUy/  A13VgUy
2 ) 2

. The matrix which is used to diagonalize the matrix M3 is:

elements in the forth column should have the extra terms

A12VgV
and 22272

—Cay  —SasCa;  —SasSasCay  SazSasSay
Up — Saz  —CasCas —CanSasCay CasSasSay | (2.21)
0 Sas —Ca3Cay CasSarg
0 0 Sag Cay
where, the mixing angles of the C'P even scalar sector are :
A€, Vnv, (A + Ngv20?
tan 20y = gt ”(2 e "2”) — (2.22)
Ac2 vz — Avz + dvva(Agv3 — N3¢ v3)
dv, (A + 2250202
tan 2ag = o ik x2) , (2.23)
Cay (A — 4)\11};1()
A
tan 2ay = WO (2.24)
)\10’0(75

We can uniform h with Higgs boson of SM. And hj5 is a new light Higgs with
mass at EW scale, H, is a heavier Higgs with mass depends on v,. The new

Higgs ® with a very huge mass at v4 scale and can be considered as an inflaton

in the Early universe.

2.8. Numerical analysis of the scalar sector

1. Charged scalar sector: )\9’1)21)727 > A and Agvﬁvi > A.

2. C'P odd scalar sector: )\71)%1))2( > A. If v, = v, in EW scale, then

2 .
m sin 2«
As
VpUx

With ma, ~ 10° GeV, vy ~ 100 GeV and v, = 10° GeV, so |A\y| <
10, Moreover, from the constraint of Ag and suppose that v, = v, ~
174 GeV, v, = 10'Y GeV and v, = 10° GeV, then one get [\ < 10719,

The very tiny value of coupling of four scalars (\g) can be explained by

(mis)mm = —ApUyVy . From the equation (2.18]), one get Ay = —

using the requirement of mass at TeV scale of the pseudoscalar As.

3. C'P even scalar sector:

e Mass of inflaton: me = V2 jpvg =~ 10 GeV hence \jg ~ 1 if
vy &~ 1010GeV.

2
C 2 2 4 As 2
o Mass of heavy scalar: m¥; ~ 2\vy + 53-v; .
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e Two light scalar fields: Using the approximation Ay ~ A3 =~ Ag,

one have:

2 2 (4 _ 99292
ma, Asmy (v* — 20202)

2 2
M, ps ~ Ag3v” +

4 \/ij + )\g (v4 — 31),%1)%) —

2
_ _ v o2 3 2 2 . Agv? 2
In case of v, = v, = 5 then: my =~ 5307, mj, o~ FH=4my

The h field is SMLHB. A new massive scalar hs with mass could be 150 GeV
or 96 GeV which depends on parameters A2, A3, Ay and VEVs of scalar fields.

The corellation between masses of As, h and hs as |m%5 —my | =0 (m?) .

2.9. Yukawa interactions and the flavour conservation for SMLHB’s

interaction

With a = 1,2 and a = «, 3, the Yukawa couplings are defined by:

V2 ~ V2 —
Wo)na =~ (VarMuVin) o (s)se =~ (Ve MuVSR)  (2.26)
Vp na Un 3a
V2 ~ V2 .
W1)a =~ (VdLMdeR) , ¥5)50 = (VdLMdeR)3 . (2.27)
n na p a

The very tiny coupling Ay might be understood as the result of U(1) sym-
metry breaking. This global of lepton number symmetry is violated by the
interaction of four scalars Agnxp¢. The Yukawa couplings can be rewritten

in another form as below:

(szd)ij = CUO: (Mu’d)ij — C:n? (tan a + tan as) (F;L(u’d))ij . (2.28)
In the equation , the first term is flavour conserving and the second term
is a flavour changing. In order to get the flavour conservation of SMLHB’s
interactions, the second term should be vanished. Then, one get the condition

below: tanao = —tan as ..

2.10. Conclusions of chapter 2

The reason of inposing Z11®Z5 into the 331 model is presented in detail.
The mass mixing matrices of Higgs scalar sector in the ALP331 model are diag-
onalized to define the physical states and masses of scalar fields which appear
in ALP331 model (ALP, SMLHB,...). Gauge boson sector is also diagonalized
clearly and shows that there are 5 new heavy gauge bosons (Z/, X", X, Y'*)
with 4 SM gauge bosons (4, Z, W¥).
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Chapter 3. Higgs sector phenomenology in the ALP331

model

3.1. Rare top decays by FCNCs

3.1.1. Rare decays of top quark t — ch and t — uh by FCNC

0.0008
> 0.0006
O,
]
§ 0.0004
)
@ 0.0002 . .
Figure 3.1: Correlation be-
0.0000 : : tween the mixing angle ao and
0.8 1.0 12 14
a[rad] branching ratio BT (;—nu,t—he)-

The branching ratio of t — ghs (¢ = ¢, u) processes are:

gzh5u (mg_mi5)2 g?h{,c (mf_m%7,5)2
4 2 4 2
Br(t — hsu) = — meth . Br(t — hsc) = — F’”’“’”"S . (3.1)
t t

If mass of h5 is about 150 GeV, the numerical analysis showed that the branch-
ing ratios of t — hsq (with ¢ = u, ¢) might get the value about 1073.

3.1.2. Rare decays of top quark t — cy and t — uy by FCNC

The width decays of these processes t — ¢y and t — uy have forms:

OZGFm? |yhct|2 2

mp mp mp mp
F'(t—ecy) = 10974 ‘<f1—+f2E> ApBn + (fl >+ f2 5)Ahth5

me me my

aGrm? |Ynut|? mn 2

mp mp mp
I'(t—uy) = 1024 ‘<f1_+f2E> ApBp, + (fl >+ fa 5>Ah5Bh5

_|_
me mye my

(3.2)
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If mass of the Aj field is very near TeV scale while mass of the hs field is
about 90 GeV< my, <200 GeV then the leading contribution of ¢ — uy and
t — ¢y decays will arise from the virtual exchange of the top quark and neutral
CP even scalar h, hs, being h the 125GeV SMLHB. The Yukawa couplings
are in range of 1072 GeV< yper, Ynut <1.2 x 1072, The branching ratios of
rare decays t — ¢y and t — uy are:

L'(t— cy)

1—‘top

L(t = uy)

Br (t =
r(t — ) .

, Br(t = uy) = , (3.3

where, I',, = 1.427012 GeV is total decay width top quark. Numerical anal-
ysis of branching ratios of ¢ — ¢y and ¢t — w7y shows that these ratios should

be about 107!°, some orders smaller than the upper limit of experiments
2.2 x 107% and 6.1 x 107°.

3.2. Decays of SMLHB / into two fermions

3.2.1. SMLHB decays into two d quarks: h — bb

Use the equation (1.4)), one can define the decay width of the process
h — bb. The deviation factor from the SMLHB and b quark coupling gj,;; in
the ALP331 model and g2 of SM is:

hbb
Caz
ahbg =2— (34)
Ca
1.5
10 1.2
e
Y 1.0
N _08
0.5 £
© 0.6
0.4
0.0
1 2 3 4 5 0.2
ap[rad] 0.0
0.6 0.8 1.0 1.2
8hypy
Figure 3.2: Corellation be-
tween mixing angles a and Figure 3.3: Correlation be-
when considering the h — bb tween aj,, and ap,, parame-
decay. ters.

To get the consistent branching ratios of h — bb with « € [0, Z] rad, the
values of ay should be in range of (1 + 1.6) rad or (4.75 + 5.4) rad.
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3.2.2. SMLHB decays into two charged leptons h — [l

The deviation factor from g;; of ALP331 model with g,fl—]lv[ of SM is

The set of this deviation factor is 0.6 < apuu,-- < 1.2 which

VCay
Appp — o,

is consistent with the experimental limit. Figure describes the linear
correlation between ap,r and ap,,. Combine the constraint of mixing angles
o and ag which got from the decay h — bb, one get narrow constraint of o
and ao: If 0.7 rad < a < 1.4rad then 1rad < as < 1.4 rad,or4.8rad <
a9 < b.4rad.

3.3. Meson oscillations

The meson oscillations are caused by interactions of scalar and Z’ boson
with quarks in the d type quark sector. The K° — K°, BY — BY and BY — B?
meson mixings are described by effective Hamiltonians. In the ALP331 model,

the new physics contributions to the meson differences depend on parameters

Gr, fx, Br,nNK, MK,...

3.500F

w
S
©
a

Amgx10"2[MeV]
w
S
S

3.485

200 400 600 800 1000
mp,[GeV]

Figure 3.4: Corellation between the meson mass spliting Amg with mass of

new light scalar my,.

In the Figure , we plot the corellation between mass spliting of
mesons Amy and mass of the non-SM CP even scalar mj,. In the Figure
(?7), we present the consistent region with mass spliting of mesons Amg,
Amp, and Amp,_ constraints in the m 4, — my, plane. This allowed region is

in range of experimental data.
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3.4. Interactions of SMILHB h with pseudoscalars in C'P odd scalar

sector

The coupling of SMLHB A with two ALP a is defined by:

VpUy )\6)\12

2\/§ \/V2236 + ()\3’()[2) — )\2’0,27)‘/236

~

Ghaa ~

— A13 \/V236 + A3v2 — A2 |,

(3.5)
where, Va3 = \/()\21)% — Agvg)z + )\%U%Ug.
We also get the coupling of SMLHB h with two pseudoscalars Aj is:
1 5 9 Voze — )\31)/2) + )\21)727
ghA5A5 ~ m vp(2>\3Urr’ + )\GUP)\/ ‘/236
Vazg + A3v2 — Agv?2
—u, (2902 + Aﬁvg)\/ 20T 2| (3.6)
Vase

Considering the new light Higgs boson hs, we recognize that the cou-

plings gnsaa and gng a4, also depend on Az, A3, A\g, vy, vy, and Vase.

3.5. Conclusions of chapter 3

Phenomenology in ALP331 such as meson ocsillation, rare top quark
decays, and the decay of SMLHB into 2 leptons caused by FCNC are studied to
limit the bounds of some parameters in the model (mixing angles, interactions’

couplings,...).
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CONCLUSIONS

The ALP331 has two types of scalar fields which are bilepton scalars
carry lepton number 2 and ordinary scalars carry zero of lepton number. The
physical fields of a and pseudoscalar A5 are defined exactly. These two fields
interact with fermions in ALP331 with very tiny strength.

Diagonalizing the mass mixing matrices to define the physical fields is
the initial step to study on the phenomenology of ALP331.

Numerical analysis of scalar sector gives us the lower limit of mass of
pseudoscalar As which is near 200GeV. This limit is completely diffirent from
the other results published before. We also point out the constraints of the
couplings A2, A3, Ay with tana = Z—Z and VEVs of scalar fields ¢, x,n,p to
arise a new light Higgs boson with mass at TeV or subTeV scale.

The ALP331 model is consistent with the experimental constraints of
rare top decays by FCNCs, SMLHB decays as well as meson oscillations K° —
K9, BY — BY and BY — BY.

The ALP331 model can explain either the number of fermions’ generation
or the very tiny mass of neutrino. It also includes the DM candidate and the
very heavy mass of inflaton in the Early Universe, The appearence of ALP
can not solve the SCPp but ALP can be another type of DM (not axion QC D
DM). All these results are natural. Hence, keeping this research direction to

solve the problems beyond SM is feasible and necessary.
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NEW CONTRIBUTIONS

1. We analized the spectrum of particles of the model in detail to point
our the missing and incorrect conclusions about some new particles in
the scalar sector which were published by the other authors. Then we
add the missing terms and correct the mass mixing matrices. These
matrices are diagonalized to define the physical states and masses of
fields in scalar sector of ALP331 model.

2. Physical states of scalar fields shows that the model under consideration
does not include the axion which is a candidate of CDM - QC'D axion.
There is only ALP in the model so that the Strong C'P problem can not
be solved. ALP is not raised from QC'D interactions but ALP is still
a candidate of diffirent type DM. For these reason, the v331 imposing
Z11® Zy discrete symmetry or A331 model is renamed as ALP331 model.

3. Phenomenology which have not been studied in the ALP331 before, are
studied by us. Those are meson ocsillation, the flavour conservation of
SMLHB decay, the FCNCs cause rare top quark decays t — hq,t — qv
with ¢ = u, ¢, interactions between scalar field with exotic quarks and
new interactions of new particles h, hs, a, As. These results helps us
find out the constraints of some parameters such as mass mixing angles,

interaction’s couplings inf the ALP331 to fit with data from experiments.
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