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The recent groundbreaking discovery of nonzero neutrino masses and oscillations is strong
evidence of physics beyond the SM. The gauge symmetry of the SM and those of many
extensions fix only the structure of gauge bosons. The fermions and Higgs representations
have to be chosen somewhat arbitrarily. Thus, the models with the non-Abelian SM gauge
symmetries are the main subject in this special issue. The authors have focused on models
based on the SU(3)- ® SU(3);, ® U(1)x (3-3-1) gauge group, left-right symmetric model,
and models with discrete symmetries. The gauge-Higgs unification based on the space-time
extension has been also discussed in the issue.

The paper “Mass mixing effect and oblique radiative corrections in extended SU(2)p ®
SU(2); ® U(1) effective theory” by Y. Zhang analyzes the properties of electroweak chiral
effective Lagrangian with an extended SU(2)p gauge group. The non-Abelian SU(2)z
contains sufficient complexity to incorporate interesting issues related to spontaneous parity
violation and precise electroweak observables. The author discusses all possible mass-mixing
terms and calculates the exact physical mass eigenvalues by diagonalization of mixing matrix
without any approximations. The contributions to oblique radiative corrections parameters
STU from SU (2)y, fields are also presented.

In the paper “Sources of FCNC in SU(3)- ® SU(3); ® U(1)x models” by J. M. Cabarcas
et al., the authors explore the possible sources of flavor changing neutral currents and
lepton flavor violation at tree level, in the 3-3-1 models. In the paper “Non-standard neutrinos
interactions in a 3-3-1 model with minimum Higgs sector” by M. M. Jaime and P. C. de Holanda,
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the nonstandard neutrino interactions in the economical 3-3-1 model is presented. The limit
on new gauge bosons is obtained.

The paper “Gauge boson mixing in the 3-3-1 models with discrete symmetries” by Dong
Phung et al. deals with the mixing among gauge bosons in the 3-3-1 model with the discrete
symmetries. The authors have shown that the neutrino tribimaximal mixing leads to the CPT
violation. In the paper “Radiatively generated leptogenesis in Sy flavor symmetry models” by T. P.
Nguyen and D. Phung radiatively generated leptogenesis in the S, flavor symmetry models is
presented. The authors have found a link between leptogenesis and amplitude of neutrinoless
double beta decay |m,.| through a high-energy CP phase ¢.

The paper “Gauge-Higgs unification models in six dimensions with S,/Z, extra space and
GUT gauge symmetry” by C.-W. Chiang et al. reviews gauge-Higgs unification models in six
dimensions with S,/Z, extra space and GUT gauge symmetry. It presents two scenarios for
constructing a four-dimensional theory from the six-dimensional model, which leads to an
SM-like gauge theory with the SU(3) ® SU(2); ® U(1)y(oU(1),) symmetry and the SM
fermions in four dimensions. The gauge boson and Higgs boson masses are obtained.

Hoang Ngoc Long
Vicente Pleitez
Marc Sher
Masaki Yasue
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We review gauge-Higgs unification models based on gauge theories defined on six-dimensional
spacetime with S?/Z, topology in the extra spatial dimensions. Nontrivial boundary conditions
are imposed on the extra S?/Z, space. This review considers two scenarios for constructing a
four-dimensional theory from the six-dimensional model. One scheme utilizes the SO(12) gauge
symmetry with a special symmetry condition imposed on the gauge field, whereas the other
employs the E; gauge symmetry without requiring the additional symmetry condition. Both

models lead to a standard model-like gauge theory with the SU(3) x SU(2); x U(1)Y(><U(1)2)
symmetry and SM fermions in four dimensions. The Higgs sector of the model is also analyzed.
The electroweak symmetry breaking can be realized, and the weak gauge boson and Higgs boson
masses are obtained.

1. Introduction

The Higgs sector of the standard model (SM) plays an essential role in the spontaneous
symmetry breaking (SSB) from the SU(3). x SU(2); x U(1)y gauge group down to SU(3). x
U(1) g, thereby giving masses to the SM elementary particles. However, the SM does not
address the most fundamental nature of the Higgs sector, such as the mass and self-coupling
constant of the Higgs boson. Therefore, the Higgs sector is not only the last territory in the
SM to be discovered, but will also provide key clues to new physics at higher energy scales.
Gauge-Higgs unification is one of many attractive approaches to physics beyond the
SM in this regard [1-3] (for recent approaches, see [4-20]). In this approach, the Higgs
particles originate from the extradimensional components of the gauge field defined on
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spacetime with the number of dimensions greater than four (for cases where). In other words,
the Higgs sector is embraced into the gauge interactions in the higher-dimensional model,
and many fundamental properties of Higgs boson are dictated by the gauge interactions.

In our recent studies, we have shown interesting properties of one type of gauge-Higgs
unification models based on grand unified gauge theories defined on six-dimensional (6D)
spacetime, with the extradimensional space having the topological structure of two-sphere
orbifold S?/Z, [21, 22].

In the usual coset space dimensional reduction (CSDR) approach [1, 23-26], one
imposes on the gauge fields the symmetry condition which identifies the gauge transforma-
tion as the isometry transformation of S? due to its coset space structure S> = SU(2)/U(1).
The dimensional reduction is explicitly carried out by applying the solution of the symmetry
condition. A background gauge field is introduced as part of the solution [1]. Such a
background gauge field is also necessary for obtaining chiral fermions in four-dimensional
(4D) spacetime, even without the symmetry condition. After the dimensional reduction,
no Kaluza-Klein (KK) mode appears because of the imposed symmetry condition. The
symmetry condition also restricts the gauge symmetry and the scalar contents originated
from the extra gauge field components in the 4D spacetime. Moreover, a suitable potential
for the scalar sector can be obtained to induce SSB at tree level.

In this paper, we consider two scenarios for constructing the 4D theory from a 6D
model: one utilizing the symmetry condition for the gauge field with SO(12) symmetry [21],
whereas the other without it for the gauge field with Eq symmetry [22]. In the first scenario,
however, we do not impose the condition on the fermions as used in other CSDR models.
We then have massive KK modes for fermions but not the gauge and scalar fields in 4D. We
can thus obtain a dark matter candidate under assumed KK parity. In the case without the
symmetry condition, we find that the background gauge field is able to restrict the gauge
symmetry and massless particle contents in 4D. Also, there are KK modes for each field, with
the mass spectrum determined according to the model. Generically, massless modes do not
appear in the KK mass spectrum because of the positive curvature of the S? space [27]. With
the help of the background gauge field, however, we obtain massless KK modes for the gauge
bosons and fermions.

In general, the gauge symmetry of a grand unified theory (GUT) tends to remain
in 4D in these dimensional reduction approaches [24, 28-32]. Also, it is usually difficult to
obtain an appropriate Higgs potential to break the GUT gauge symmetry to the SM-like
one because of the gauge group structure. A GUT gauge symmetry can be broken to the
SM-like gauge symmetry by imposing nontrivial boundary conditions (for cases with orbi-
fold extra space, see, e.g., [4-8, 11,12, 16-18, 33, 34]). Therefore, to solve the above-mentioned
problems, we impose on the fields of the 6D model a set of nontrivial boundary conditions
on the S?/Z, space. Therefore, the gauge symmetry, scalar contents, and massless fermions
are determined by these boundary conditions and the background gauge field. We find that
in both scenarios, with or without the symmetry condition for the gauge field, the electro-
weak symmetry breaking (EWSB) can be realized spontaneously. The Higgs boson mass is
predicted by analyzing the Higgs potential in the respective models.

This paper is organized as follows. In Section 2, we review two schemes for construct-
ing a 4D theory from gauge models defined on 6D spacetime whose extra space has the
S2/Z, topology with a set of nontrivial boundary conditions. In Section 3, we show the mo-
dels based on SO(12) and E¢ gauge symmetries, with the former being imposed with the sym-
metry condition on the gauge field and the latter without. We summarize our results in
Section 4.
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2. The 6D Gauge-Higgs Unification Model Construction Scheme with
Extra S?/Z, Space

There are two schemes for constructing a 4D theory from a 6D gauge theory, where the extra
space is a two-sphere orbifold 5?/Z,. Use of the symmetry condition is made on the first
scheme but not the other. We apply nontrivial boundary condition in both schemes.

2.1. A Gauge Theory on 6D Spacetime with S>/Z, Extraspace
2.1.1. The 6D Spacetime with S,/ Z, Extraspace

We begin by considering a 6D spacetime M® that is assumed to be a direct product of the 4D
Minkowski spacetime M* and two-sphere orbifold S?/Z,, thatis, M® = M*xS?/Z,. The two-
sphere S? is a unique two-dimensional coset space and can be written as S?> = SU(2),;/U(1),,
where U(1), is a subgroup of SU(2),. This coset space structure of S? requires that S? have the
isometry group SU(2); and that the U(1); group be embedded in the group SO(2) which is in
turn a subgroup of the full Lorentz group SO(1,5). We denote the coordinates of M° by XM =
(x*,y® = 0,y? = ¢), where x* and {0, ¢} are M* coordinates and S? spherical coordinates,
respectively. The spacetime index M runs over u € {0,1,2,3} and a € {0, ¢}. The orbi-
fold S?/Z, is defined by the identification of (6,¢) and (o — 0,—¢) [35], leaving two fixed
points: (or/2,0) and (or /2, 7r). The metric gpn of MP is written as

U
gMN = < ! >, (2.1)
0 —8ap

where 7, = diag(1,-1,-1,-1) and g,s = R?diag(l,sin’0) are the metrics for M* and S?,
respectively, and R is the radius of S%. We define the vielbeins ei“’l that connect the metric
of M® and that of the tangent space of M®, denoted by hag, through the relation gun =
eﬁef@h Ap- Here A = (u, a), where a € {4,5}, is the index for the coordinates of tangent space
of M®. The explicit forms of the vielbeins are

ep =R, e; = Rsin6, eé =e;=0. (2.2)

Also the nonzero components of the spin connection are

R‘f = —R;‘l = —cos 0. (2.3)

2.1.2. Lagrangian on 6D Spacetime with S*/Z, Extra Space

We now discuss the general structure of a gauge theory on M°. We first introduce a gauge
field Ani(x,y) = (Au(x,y), Aa(x,y)), which belongs to the adjoint representation of a gauge
group G, and fermions ¥(x, i), which lies in a representation F of G. The action of this theory
is then given by

S = J dx*R*sin0d0 d¢ (@'rﬂDﬂr +Wil%*D, ¥ - % gMN gKETr[Faix Fni ] > (2.4)
4
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where Fyn = OMAN(X)-ONAM(X)—[AMm(X), AN (X)] is the field strength, Dy, is the covari-
ant derivative including the spin connection, and I'4 represents the Dirac matrices satisfying
the 6D Clifford algebra. Here Dy and I'4 can be written explicitly as

2
= cosO - Ay,
2 (2.5)

r#:Y#®IZ/ I'y=ips®01, I's =iys ® 09,

D,=8,-A, De=00-As  Dy=0y—i

where {y,, y5} are the 4D Dirac matrices, o; (i = 1,2,3) are the Pauli matrices, I; is the d x d
identity matrix, and X3 = I ® 03. The covariant derivative Dy has the spin connection term
i(%3/2) cos 0 which is needed for space with a nonzero curvature- like S? and applied only
to fermions. In 6D spacetime, one can define the chirality of fermions and the corresponding
projection operators are

1+T
To=—7, (2.6)
2
where I'7 = y5 ® 03 is the chiral operator. The chiral fermions on 6D spacetime are thus
qfi = riqt, r7lpi = :I:IP:E, (2.7)

The 6D chiral fermions can be also written in terms of 4D chiral fermions ¢ r) as

w+=<w>, (2.8)

@L

L. <4’L>. (2.9)
¥R

Here we note in passing that the mass dimensions of A,, A,, ¥ and g in the 6D model are 1,
0,5/2 and -1, respectively.

2.1.3. Nontrivial Boundary Conditions on the Two-Sphere Orbifold

On the two-sphere orbifold, one can consider parity operations P: (6,¢) — (o —6,-¢) and
azimuthal translation Ty : (6,¢$) — (6, ¢+2r). Notice that here the periodicity ¢ — ¢+2uris
not associated with the orbifolding. We can impose the following two types of boundary con-
ditions on both gauge and fermion fields under the two operations:
Au(x,m—-6,-9) =P A,(x,0,p)Py, Au(x,m-0,2r — p) = B A,(x,0,§)P,  (2.10)
Ap(x, 0 —0,-p) = —P1As(x,6,9) P, Au(x,r=0,2r = ) = —Pr Ay (x,0,9) P,  (2.11)

Y(x,w-0,-¢) =+y:P1¥(x,0,9), Y (x, 7 —06,2r—§) =+y:P¥(x,6,¢), (2.12)



Advances in High Energy Physics 5

or

Au(x,m-0,-¢) = PLA,(x,0,§)P1,  Au(x,0,¢+27) = PA,(x,0,$¢)P,, (2.13)
Ap(x,m = 0,-9) = P AL (x,0,0)P;,  Au(x,0,p+27) = PA(x,0,§)P,,  (2.14)

¥(x,-0,-¢) =+ysP¥(x,6,9), ¥(x,0,¢+2r) = :I:IA’Z‘P(x, 0,9), (2.15)

where the former conditions are associated with P operation and combination of P and T
operations, while the latter conditions are associated with the P or Ty operation individually.
More explicitly, P;, P,, and 132 correspond to operations P, PTy, and Ty, respectively. These
boundary conditions are determined by requiring invariance of the 6D action under the
transformation (6,¢) — (7 —0,-¢) and ¢ — ¢ + 2. Note that at the poles (sin@ = 0),
the coordinate ¢ is not well-defined and the translation Ty is irrelevant. Thus, only the
components which are even under ¢ — ¢ + 2 can exist without contradiction.

The projection matrices P, act on the gauge group representation space and have
eigenvalues +1. They assign different parities for different representation components. For
fermion boundary conditions, the sign in front of y5 can be either + or — since the fermions
always appear in bilinear forms in the action. The 4D action is then restricted by these parity
assignments.

2.2. Dimensional Reduction Scheme with Symmetry Condition

Here we review the dimensional reduction scheme in which a symmetry condition is applied
to the gauge field [21].

2.2.1. The Symmetry Condition

We impose on the gauge field Ap(X) the symmetry which connects SU(2); isometry
transformation on S?> and the gauge transformation of the field in order to carry out
dimensional reduction. Moreover, the nontrivial boundary conditions of S§%/Z, are also
utilized to restrict the 4D theory. The symmetry demands that the SU(2); coordinate
transformation should be compensated by a gauge transformation [1, 23]. It further leads
to the following set of the symmetry condition on the gauge field:

§faﬁA# = 0, Wi + [Wi, Ayl
(2.16)
gfaﬂAu + aw@fAﬂ =0, Wi + [W;, Asl,

where ¢ are the killing vectors that generate the SU(2); symmetry, and W; are some fields
that generate an infinitesimal gauge transformation of G. Here the index i = 1, 2, 3 cor-
responds to that of the SU(2) generators. The explicit forms of ¢s for S are

5? =sing, gf = cot B cos @,

gg =—cos ¢, g;i’ = cot Osin ¢, (2.17)
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The LHS’s and RHS’s of (2.16) are infinitesimal isometry transformations and the corre-
sponding infinitesimal gauge transformations, respectively.

2.2.2. Dimensional Reduction and Lagrangian in 4D Spacetime

The dimensional reduction of the gauge sector is explicitly carried out by applying the
solutions of the symmetry condition equations (2.16). These solutions are given by Manton

(1]

Ay =Au(x), Ag = -0 (x), Ay = Dy(x)sin — D3 cos 0, (2.18)
PR it ST L S VA (2.19)
sin 0 sin 0

where @;(x) and ®(x) are scalar fields and the ®; term for Ay corresponds to the
background gauge field [36]. They satisfy the following constraints:

[@5,A,] =0, (2.20)

[-i®;, D;i(x)] = iesD;(x), (2.21)

where the LHS shows the gauge transformation associated with @3 and the RHS shows
the U(1); transformation embedded in Lorentz group SO(2). These constraints can be
satisfied when U(1); is embedded in the gauge group G and —i®3 should be chosen as the
corresponding generator.

Substituting the solutions, (2.18), into A (X) in the action, (2.4), one can easily obtain
the 4D action by integrating out coordinates 6 and ¢ in the gauge sector.

(gauge) i R
S Id x<_@ Tr[Fy P (x)]
1 / / / /
A [D/;I)l (x)D"®; (x) + D@ (x)D "cpz(x)] (2.22)

—zgi—Rz Te[(@s + [®1 (x), D2 (x)]) (s + [cD1<x>,ch<x)1>1>,

where D,® = 0,® - [A,, D]

For fermions, we do not impose the symmetry condition. Then the gauge interaction
term is not invariant under the coordinate transformation on S%/Z,. The fermion sector of the
4D action is thus obtained by expanding fermions in terms of the normal modes of 5?/Z, and
then integrating out the S?/Z, coordinates in the 6D action. As a result, the fermions have
massive KK modes which can provide a dark matter candidate. Generally, the KK modes do
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not contain massless modes because of the positive curvature of S? [27]. Nevertheless, we
can show that the fermion components satisfying the condition

—iD,W = %qf (2.23)

do have massless modes. The squared masses of the KK modes are eigenvalues of the square
of the extradimensional Dirac-operator —iD. In the S? case,

-iD = —ie"T,D,

i cot 6 1 (2.24)
= R [21<69+ > >+Zz<sin66¢+®3cot 6)],
where X; = I x 0;. Hence,
.=\ 2 1 1 . COSG
<—1D> = [ 500(sin 000) + —-03 2 +i(2(~i3) - 35) s
. . . (2.25)
e Y e 11 — (—iD 2cot26].

4 4sin%0 8- 3)sin29 (=i®s)

By acting the above operator on a fermion W(X) that satisfies (2.23), we obtain the relation

(-iD)2qf - -% [ 500(sin 000) + - 32] ¥, (2.26)

The eigenvalues of the operator on the RHS are less than or equal to zero. Hence, the
fermion components satisfying (2.23) have massless modes, while other components have
only massive KK modes. Note that the massless mode ¢ should be independent of S?
coordinates 0 and ¢, that is,

¥o = ¢ (x). (2.27)

The existence of massless fermions signifies the meaning and importance of the symmetry
condition. Although the energy density of the gauge sector in the presence of the background
field is higher than that with no background field, the massless fermions may help render a
true ground state as a whole. In other words, the existence of the background field will give
a positive contribution to the energy density of the gauge sector, indicating that the gauge
sector with the background field alone is not at the ground state. Nevertheless, it gives rise
to a negative contribution to the energy density of the fermion sector to induce massless
fermions. We therefore expect that once both the gauge and fermion sectors are considered
together, the existence of the background field renders the system at the ground state. We
also note that one could impose symmetry condition on fermions [24, 37]. In that case, we
obtain the massless condition equation (2.23) from the symmetry condition of fermion, and
the solution of symmetry condition is independent of the S? coordinates: ¢ = ¢s(x) with no
massive KK mode. Therefore, the same discussion as before can be applied for this case if one
only focuses on the massless mode in our scheme.
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2.2.3. Gauge Symmetry and Particle Contents in 4D Spacetime

The symmetry condition and the nontrivial boundary conditions substantially constrain the
4D gauge group and the representations of the particle contents.

First, we show the prescriptions to identify gauge symmetry and field components
which satisfy the constraint equations (2.20), (2.21), and (2.23). The gauge group H that
satisfy the constraint equation (2.20) is identified as

H=CgU())), (2.28)

where Cg(U(1);) denotes the centralizer of U(1); in G [23]. Note that this impliesG > H =
H'x U(1);, where H' is some subgroup of G. In this way, the gauge group G is reduced to its
subgroup H = H' x U(1); by the symmetry condition.

Secondly, the scalar field components which satisfy the constraint equations (2.21) are
specified by the following prescription. Suppose that the adjoint representations of SU(2);
and G are decomposed according to the embeddings SU(2); D U(1); and G > H' x U(l);
as

3(adj SU(2)) = (0(adj U(1)),) + (2) + (-2), (2.29)

adj G = (adj H)(0) + 1(0(adj U(1)),) + D> hg(rg), (2.30)
8

where h,’s denote representations of H', and r,’s denote the U(1); charges. Then the scalar
components satisfying the constraints belong to h,’s whose corresponding r,’s in (2.30) are
+2.

Thirdly, the fermion components which satisfy the constraint equations (2.23) are
determined as follows [37]. Let the group U(1); be embedded in the Lorentz group SO(2)
in such a way that the vector representation 2 of SO(2) is decomposed according to SO(2) >
U(1); as

2=(2)+(-2). (2.31)

This embedding specifies a decomposition of the Weyl spinor representation o = 4 of
SO(1, 5) according to SO(1,5) > SU(2) x SU(2) x U(1); as

o6 =(2,1)(1) +(1,2)(-1), (2.32)

where the SU(2) x SU(2) representations (2,1) and (1,2) correspond to left-handed and right-
handed spinors, respectively. We note that this decomposition corresponds to (2.8) [or (2.9)].
We then decompose F according to G > H' x U(1); as

F= zf:hf (ry)- (2.33)
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Now the fermion components satisfying the constraints are identified as those hs’s whose
corresponding 7¢’s in (2.33) are +1 for left-handed fermions and -1 for right-handed
fermions.

Finally, we show which gauge symmetry and field components remain in 4D
spacetime by surveying the consistency between the boundary conditions (2.13)—(2.15), the
solutions in (2.18), and the massless fermion modes equation (2.27). By applying (2.18) and
(2.27) to (2.13)—(2.15), we obtain the parity conditions

Au(x) = P (Py) Au(x) Py (P2),
-0 (x) = =P (-D1(x)) Py,
~@y(x) = Py (-Dy(x)) Py,

(I)z(x) + (1)3 cos O = —P1®2(x)P1 + P1(D3P1 COSs 9,
@, (x) — D3 cos 0 = Po®, (x) D> — D@3 D5 cos 6,
¥(x) =P ¥(x),
¥(x) = BW(x).

(2.34)

We find that the gauge fields, scalar fields, and massless fermions in 4D spacetime should be
even for P1A, Py and 132A,4132 ; —P1®;,P; and 152(D1,2132 ;P Y and 15211‘, respectively. @3 always
remains in the spectrum because it is proportional to the U(1); generator and commutes with
P(P'). Therefore, the particle spectrum contains those satisfying both the constraint equations
(2.20), (2.21), and (2.23) and the parity conditions (2.34). The remaining 4D gauge symmetry
can be readily identified by observing which components of the gauge field remain in the
spectrum.

2.3. Dimensional Reduction Scheme without the Symmetry Condition

Here we review the dimensional reduction scheme which does not require the imposition of
the symmetry condition on the gauge field [22].

2.3.1. Background Gauge Field and Gauge Group Reduction

Instead of utilizing the symmetry condition, we consider the background gauge field Ag =

Ag sin 6 that corresponds to a Dirac monopole [36]

(2.35)

+
NIy
IA
S
IA
S
\\/

where Q is proportional to the generator of a U(1) subgroup of the original gauge group. The
background gauge field Ag corresponds to @3 cos @ C Ay in (2.18).
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Here we choose the background gauge field to belong to the U(1); group, which is a
subgroup of original gauge group G:

GO Gauw o U(Q1);. (2.36)

We find that there is no massless mode for gauge field components with a nonzero U(1);
charge. In fact, these components acquire masses due to the background field from the term
proportional to F,,F¥

b
Tr [—11-" FW 4 —— F,F"
4" T oResin?g M9 037
— Tr [—%(aﬂAv —3,A,)(BHA” - 3" AF) - m |4, A5 [4#, 4 ]] :
For the components of A, with nonzero U(1); charge, we have
AlQi+AQ € Ay, (2.38)

where Q; (Q' = Qj) are generators corresponding to distinct components in (3.30) that have
nonzero U(1); charges, and A;, (AL = A:r#) are the corresponding components of A,. We find
the term

s Ml Al Al - ST e s dllea ddl]
z(coseiFl) Al A, '

=-2
| | sin’0 "

where g is the Q charge of the relevant component. Use of the facts that Ag belongs to U(1);

and that Tr[Q;Q'] = 2 has been made in the above equation. A mass is thus associated with
the lowest modes of those components of A, with nonzero U(1); charges:

1

1
AQTr|-=(8,A, — 3,A,) (B A” — " AF) - ——
f r[ 4( : ﬂ)( ) 2R2sin’0

[A[u AB] [A#/ AB]]

lowest (240)
- —% [0 i () = By A ()] [ A™ () = 8" A™ ()| + iy Al () A¥ (),

where the subscript “lowest” means that only the lowest KK modes are kept. Here the
lowest KK modes of A, correspond to the term A,(x)/+v4sx in the KK expansion. In
short, any representation of A, carrying a nonzero U(1); charge acquires a mass mp from
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the background field contribution after one integrates over the extra spatial coordinates. More
explicitly,

2
2 _ lal (cos6F1) |LI| 2.41
my= jdg—sinze =0.39-— (2.41)

for the zero mode. Therefore the gauge group G is reduced to Gsyp, ® U(1); by the presence
of the background gauge field. This condition is the same as the case with the symmetry
condition.

2.3.2. Scalar Field Contents in 4D Spacetime

The scalar contents in 4D spacetime are obtained from the extradimensional components
of the gauge field {Ag, Ay} after integrating out the extra spatial coordinates. The kinetic
term and potential term of {Ag, Ay} are obtained from the gauge sector containing these
components

1
Sscalar = ,[dX4dQ<T22 Tr [FI‘-GF#Q] T [F9¢F9¢]>

e[ Py -

242 sm2 0 2 g2 R2 sin’6

— jdx4d9< STr[(3,40 - i[ Ay, A0])7] + %ngr[<a”A~¢_i[AwA¢]>2]>
- 2g1R2 Tr|:<sirl1666 <sin9§¢ + sin@ﬁﬁ) - ﬁawe - i[Ag,ﬁgb + A§]>2:|/
(2.42)

where we have taken A; = Ad, sin@ + Ag sin 6. In the second step indicated by the arrow

in (2.42), we have omitted terms which do not involve Ay and A(i, from the right-hand
side of the first equality. It is known that one generally cannot obtain massless modes for
physical scalar components in 4D spacetime [14, 38]. One can see this by noting that the
eigenfunction of the operator (1/sin60)0gsinf swith zero eigenvalue is not normalizable
[14]. In other words, these fields have only KK modes. However, an interesting feature is
that it is possible to obtain a negative squared mass when taking into account the interactions
between the background gauge field Ag and {A@,Ad, }. This happens when the component
carries a nonzero U(1); charge, as the background gauge field belongs to U(1);. In this case,
the (I =1, m = 1) modes of these real scalar components are found to have a negative squared
mass in 4D spacetime. They can be identified as the Higgs fields once they are shown to
belong to the correct representation under the SM gauge group. Here the numbers (¢, m) are
the angular momentum quantum number on §?/Z;, and each KK mode is characterized by
these numbers. One can show that the (I = 1, m = 0) mode has a positive squared mass and
is not considered as the Higgs field. A discussion of the KK masses with general (¢, m) will
be given in Section 3.2.5.
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2.3.3. Chiral Fermions in 4D Spacetime

We introduce fermions as the Weyl spinor fields of the 6D Lorentz group SO(1,5). They can
be written in terms of the SO(1,3) Weyl spinors as (2.8) and (2.9). In general, fermions on the
two spheres do not have massless KK modes because of the positive curvature of the two
spheres. The massless modes can be obtained by incorporating the background gauge field
(2.35) though, for it can cancel the contribution from the positive curvature. In this case, the
condition for obtaining a massless fermion mode is

Qv = :I:%‘P, (2.43)

where Q comes from the background gauge field and is proportional to the U(1); generator
[35, 36, 38]. We observe that the upper [lower] component on the RHS of (2.8) [(2.9)] has a
massless mode for the + [-] sign on the RHS of (2.43).

2.3.4. The Higgs Potential

The Lagrangian for the Higgs sector is derived from the gauge sector that contains
extradimensional components of the gauge field { Ag, Ay}, as given in (2.42), by considering
the lowest KK modes of them. The kinetic term and potential term are, respectively,

7
lowest

Ly = %gz de(Tr[(ayAe —i[Ay, AG])Z] + Tr[<af‘g¢ N i[A”' Ad’])z])

= 2R2 Id [(—89<51n6A¢+s1n9A ) 11196¢A9_i[A9,A¢+Ag]>2:|

lowest

(2.44)

In our model, scalar components other than the Higgs field have vanishing VEV because
only the Higgs field has a negative mass-squared term, coming from the interaction with
the background gauge field at tree level. Therefore, only the Higgs field contributes to the
spontaneous symmetry breaking. Consider the (1,1) mode of the {(1,2)(3,-3,3) + h.c.}
representation in (3.31) as argued in the previous section. The gauge fields are given by the
following KK expansions:

(2.45)

Ag=—-—— [(I)l (x)aeYn (9 gb) + @z(x) 6¢Y

Ay = [cpz(x)agyn(e 9) - ®1(x) a¢yn (2.46)

where --- represents higher KK mode terms [35]. The function Y}; = -1/ V2[Y + Yiq] is
odd under (6,¢) — (/2 - 6,—¢). We will discuss their higher KK modes and masses in
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the existence of the background gauge field in Section 3.2.5. With (2.45) and (2.46), the kinetic
term becomes

1
Lx(x) = o (Tr[D, @1 (x) DDy (x)] + Tr[D, @2 (x) DFD, (x)]), (2.47)

where D, @, = 0,D1, — i[A,, @12] is the covariant derivative acting on ®@;,. The potential
term, on the other hand, is

V= zRZJdQTr[<_\6Yn®2(x)+Q

N |

[(1)1 (x) @, (x)] {aeYllaQYH + sin 66¢Y118¢Y11} (2.48)

g

[CI)l(x)A]agYH+ [(Dz(x ¢] ad,Yn)Z],

where 9g(sin Gﬁg) = Qsin 6 from (2.35) is used. Expanding the square in the trace, we get

V=

1
o f dQTr [2(Y1+1)2<1)§(x) +
1 2
- Z[(Dl (x), D2 (x)] <<39Y1159Y11 + 93¢Y11‘3¢Y11>
1 2
——[q)l(x) A ] (3Y5)* - [‘Dz(x) A ]2<ma¢yﬁ>

— 2i,(x) [Cbl(x) A¢]Y1169Y11 [CD1(x) A ][cpz<x) A ]aQY;l

+iQ[D1 (x), D2 (x)] <59Y{159Yﬁ + @aﬂﬁaﬂﬂ)]

sng%

(2.49)

where terms that vanish after the dQ integration are directly omitted. In the end, the potential
is simplified to

V = ——— Tr 203 (x) + 471Q - —[‘1)1(36) @y (x)]* + —Q[‘I’l(x) @y (x)]
2g°R

(2.50)
+11[Q, @1 (x)]” + 42 [Q, D2 (%) ]|,

where use of Ag = —Q(cos8 F 1)/ sin O has been made and y; = 1 - (3/2)In2 and p, =
(3/4)(1 -2In2).
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We now take the following linear combination of ®; and ®; to form a complex Higgs
doublet,

O (x) = %(ml (x) + iDs (x)), (2.51)
O () = %(cwx) ~ iy (x)). (2.52)

It is straightforward to see that
[@1(x), D2(x)] = i[@(x), DT (x)]. (2.53)

The kinetic term and the Higgs potential now become

Ly = éTr [Dﬂqﬁ (x)D”tl)(x)], (2.54)

1 3 12
Vergr [2(D§(x) +4rQt+ 1o |20, @ ()] - EQ[(D(X)'(DT(’C)] 055

i [Q, D) + [ Q, B (x)]z] .

The last three terms in the potential are contributions to the squared mass term of the Higgs
boson from the background gauge field and can lead to a negative value. This means that the
existence of the background gauge field makes the minimum of Higgs potential lower.

3. The Models Based on Our Schemes

In this section, we show concrete models based on the scheme introduced in previous section.
We review the model based on SO(12) gauge symmetry for the scheme with symmetry
condition given in [21], and review the model based on Es gauge symmetry for the scheme
without symmetry condition given in [22].

3.1. The SO(12) Model with Symmetry Condition

Here we show a model based on a gauge group G = SO(12) and a representation F = 32
of SO(12) for fermions, under the scheme with symmetry condition [21]. The choice of G =
SO(12) and F = 32 is motivated by the study based on CSDR which leads to an SO(10) x
U(1) gauge theory with one generation of fermion in 4D spacetime [28] (for SO(12) GUT see
also [39]).
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3.1.1. A Gauge Symmetry and Particle Contents

First, we show the particle contents in 4D spacetime without parities equations (2.13)—(2.15).
We assume that U(1); is embedded into SO(12) such as

SO(12) 5 SO(10) x U(1),. (3.1)

Thus we identify SO(10) x U(1); as the gauge group which satisfy the constraint equations
(2.20), using (2.28). The SO(12) gauge group is reduced to SO(10) x U(1) by the symmetry
condition. We identify the scalar components which satisfy (2.21) by decomposing adjoint
representation of SO(12):

SO(12) 5 SO(10) x U(1); : 66 = 45(0) + 1(0) + 10(2) + 10(-2). (3.2)

According to the prescription below (2.28) in Section 2, the scalar components 10(2) +10(-2)
remains in 4D spacetime. We also identify the fermion components which satisfy (2.23) by
decomposing 32 representations of SO(12) as

SO(12) 5 SO(10) x U(1), : 32 = 16(1) + 16(-1). (3.3)

According to the prescription below (2.30) in Section 2, we have the fermion components as
16(1) for a left-handed fermion and 16(-1) for a right-handed fermion, respectively, in 4D
spacetime.

Next, we specify the parity assignment of P;(P,) in order to identify the gauge
symmetry and the particle contents that actually remain in 4D spacetime. We choose a parity
assignment so as to break gauge symmetry as SO(12) > SO(10) x U(1); > SU(5)x U(1)x x
U(1); > SU@B) x SU(2); x U(l)y x U(l)x x U(1); and to maintain Higgs-doublet in 4D
spacetime. The parity assignment is written in 32 dimensional spinor basis of SO(12) such as

SO(12) > SU(3) x SU(2); x U(1)y x U(1)x x U(1),,
32=(3,2%(1,-1,1)+ (3,27 (-1,1,-1)
+G,1)4,1,-1) + (5,1>(") (—4,-1,1)

+ 3D (2-3-1+(31) @31 (3.4)

+(1,2)%9(3,-3,-1) + (1,2)"9(=3,3,1)
+(1,1)76,-1,1) + (1,1)7(-6,1,-1)
+(1,1)7Y0,-5,1) + (1,1)Y(0,5,-1),

where for example, (+,—) means that the parities (P, 132) of the associated components are
(even, odd). We find the gauge symmetry in 4D spacetime by surveying parity assignment
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for the gauge field. The parity assignments of the gauge field under A, — P1A,P; (ISZAMIA’z)
are

66 = (8,1)4(0,0,0) + (1,3)"(0,0,0) + (1,1)(0,0,0)

+(1,1)%%(0,0,0) + (1,1)(0,0,0)

+1(3,2)79(=5,0,0) + (§,2>(_+)(5, 0,0)
+(3,2)07(1,4,0) + (§, 2) ) 1,-4,0)
+3,1) @40+ (3,1) “ (4,40

— (+-) (35)
+(3,1)%7(=2,2,2) + (3, 1) 2,-2,-2)

— (++)
+(3,1)(-2,2,-2) + (3,1) "0,-2,2)

+(1,2)73,2,2) + (1,2) 77 (=3,-2,-2)

+(1,2)77(3,2,-2) + (1,2) (=3, -2,2)

+(1,1)%7(6,4,0) + (1,1)%7 (-6, -4, 0)] :

The components with an underline are originated from 10(2) and 10(-2) of SO(10) x U(1),,
which do not satisfy constraint equations (2.20), and hence these components do not remain
in 4D spacetime. Thus we have the gauge fields with (+, +) parity components without an
underline in 4D spacetime, and the gauge symmetry is SU(3) xSU(2); xU(1)y xU(1)x xU(1);.

The scalar particle contents in 4D spacetime are determined by the parity assignments,
under ‘1)1,2 — —P1 (I)1,2P1 and 132(1)1,2132:

66 = (8,1)°(0,0,0) + (1,3)77(0,0,0) + (1,1)7(0,0,0)

+(1,1)(0,0,0) + (1,1)7(0,0,0)

+(3,2)4(-5,0,0) + (3,2) “5,0,0)
+(3,2)¢7(1,4,0) + (§,2)(+_)(—1, ~4,0)
+(3,1)07)(4,-4,0) + (5, 1) ) (4,4,0)

L6222+ (31) 222

+ 31 (=2,2,-2) + (5, 1) ™ 2,-2,2)
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+(1,2)%7(3,2,2) + (1,2)*7(-3,-2,-2)

+(1,2)%9(3,2,-2) + (1,2)(=3,-2,2)

+(1,1)7(6,4,0) + (1,1) 7 (-6,-4,0) .

17

(3.6)

Note that the relative sign for the parity assignment of P is different from (3.5),
and that the only underlined parts satisfy the constraint equations (2.21). Thus the scalar
components in 4D spacetime are (1,2)(3,2,-2) and (1,2)(-3, -2,2).

We specify the massless fermion contents in 4D spacetime, by surveying the parity
assignments for each components of fermion fields. We introduce two types of left-handed
Weyl fermions that belong to 32 representation of SO(12), which have parity assignments

P — ysPg®) () and ¢ — ys PP (=P P)), respectively. They have the

parity assignments as

() _
32,7 =

() _
32,7 =

(D) _
32,7 =

3,2)71,-1,1), + (§,2> o, -1),

— (+-)
+(31) 4, -1,1), + (3,1 @ 1,-1),

— (++)
+(3.1) 2,3,1), +(3,1)*(2,-3,-1),

+(1,2)77(=3,3,1); + (1,2)77(3,-3,-1),

+(1,1)%6,-1,1), + (1,1)47(=6,1,-1),

+(1,1)%(0,-5,1); + (1,1)%7(0,5,-1),,

— (+-)
(3,20(1,-1, 1)+ (3,2) 1,1,-1),

NG
+(31) (410 + 3D T (41,-1)g

— (=+)
+(3.1) Y2,3,1) + 3, 1) (=2,-3,-1)z

+(1,2)%(=3,3,1) + (1,2) 7 (3,-3, 1)

+(1L,1)57(6,-1, 1) + (1,1)T(-6,1,-1),

+(1,1)57(0,-5,1) + (1,1)7(0,5,-1),

— A\
(3,2771,-1,1), +(3,2)  (-1,1,-1),

— (++)
+(3,1) e, 1,1+ (3,1 @ 1,-1),
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— (+-)
+(3,1) @2,3,1), + (3,1 (=2,-3,-1),

+(1,2)77(-3,3,1); + (1,2)°7(3,-3,-1),

+(1,1)%6,-1,1); + (1,1)%(-6,1,-1),

+(1,1)%(0,-5,1); + (1,1)%7(0,5,-1),,

5 — (++)
3267 = 3,201, -1 1)e+ (3,2) (1,11

— (=+)
+(3,1) 4, -1, )R+ 3,1 (4,1, -1)g

— (=+)
+(31) 7(2,3,1) + 3, 1) (=2,-3,-1)z

+(1,2)%7(=3,3,1)g + (1,2)%7(3,-3,-1)

+(1,1)6,-1,1)g + (1,1)(=6,1,-1)

+(1,1)(0,-5,1)x + (1,1)7(0,5,-1) &,

(3.7)

where L(R) means the left-handedness (right-handedness) of fermions in 4D spacetime, and
the underlined parts correspond to the components which satisfy constraint equations (2.23).
Note the relative sign for parity assignment of P; between left-handed fermion and right-
handed fermion and that of P, between 322 and 32", The difference between 32
and 320" is allowed because of the bilinear form of the fermion sector. We thus find that
the massless fermion components in 4D spacetime are one generation of SM-fermions with
right-handed neutrino: {(3,2)(1,-1,1);, (3,1)(4,1,-1)x, (3,1)(-2,-3,-1)x, (1,2)(-3,3,1);,
(1,1)(=6,1,~1)g, (1,1)(0,5,~1)g ).

3.1.2. The Higgs Sector of the Model

We analyze the Higgs-sector of our model. The Higgs-sector Lpiggs is the last two terms
of(2.22)

1 ! /! ! /!
Lttiggs = ers Tr [Dﬂcbl(x)D #®y (x) + D}, ®;(x)D "qaz(x)]
(3.8)

_ 2g1Rz' Tr[(@3 + [@1(x), D2(x)]) (D5 + [P (x), D2(x)])],

where the first term of RHS is the kinetic term of Higgs and the second term gives the Higgs
potential. We rewrite the Higgs-sector in terms of genuine Higgs field in order to analyze it.
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We first note that the @;s are written as
D; =i = i Q., (3.9)

where Qs are generators of gauge group SO(12), since @;s are originated from gauge fields
Aq = 1A5Q,; for the gauge group generator we assume the normalization Tr(Q,Qp) = —264p.
Note that we assumed the —i®; as the generator of U(1); embedded in SO(12),

—i®; = Q. (3.10)

We change the notation of the scalar fields according to (2.29) such that,

b= @ivit), b= (i), 1)

in order to express solutions of the constraint equations (2.21) clearly. The constraint
equations (2.21) then rewritten as

[Q1, ¢+] = -, [Q1,¢-] = -¢-. (3.12)

The kinetic term Lxg and potential V(¢) term are rewritten in terms of ¢, and ¢_:

Lxk = —é Tr [D,;¢+(x)D’”¢_ (x)], (3.13)

V= _2giR2 Te|QF - 4Qu[pe 9] + 4[4, 9119, 4-1], (3.14)

where covariant derivative D;l is D;4¢i =0uds — [Ay, o]
Next, we change the notation of SO(12) generators Q, according to decomposition
(3.5) such that

Qc = {Qir Qu, Qv, Q, Q1, Qax(-500), Q¥
Qax(140), QY Q4-gg), Q4O
Qu(-22-2), Q%) Qu(om), Q22 (315)
Qx(322), Q"2 Qrz22), Q7

Q(640)/ Q(—6—40) }/
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Table 1: Commutation relations of Q*322, Q..35_9), Q, Qv, Q, and Q1.

[0, Quem ] = |/ 580 + - 560+ 5501 + = (0230

1 y v2
[Qa/Qx] = _E(oa) Qy ’ [Qa Qx] = _( ) Qy
[Qx Qy] =0, QY/ Qx \/7Qx
.01 =-/ten 01,071 =0,

where the order of generators corresponds to (3.5), index i = 1-8 corresponds to SU(3)
adjoint rep, index a = 1-3 corresponds to SU(2) adjoint rep, index a = 1-3 corresponds to
SU(3)-triplet, and index x = 1, 2 corresponds to SU(2)-doublet. We write ¢ in terms of the
genuine Higgs field ¢, which belongs to (1,2)(3,2,-2), such that

¢+ — ¢xQx(_3_22) ,

(3.16)
¢- = ¢ Qx2-2),
where ¢* = (¢,)". We also write gauge field Ay (x) in terms of Qs in (3.38) as
Au(x) = i( ALQi + A%Qu + BuQy + CuQ + E,Q1). (3.17)

We need commutation relations of Q*(322), Q,3-2), Qu, Qy, Q, and Qy in order to analyze
the Higgs sector; we summarized them in Table 1.

Finally, we obtain the Higgs sector with genuine Higgs field by substituting (3.16)—
(3.17) into (3.13) and (3.14) and rescaling the fields ¢ — (g/+v2)¢p and A, — (g/R)A,, and

the couplings (v2/R)g = g2 and 1/6/(5R?)g = gy,
Lisiggs = | Dypx|* = V (), (3.18)

where the covariant derivative D, ¢, and potential V(¢) are

.1 .1 L1 .
D,y = 0, + 1g2§(0'a)ZAa#¢y + lgyEB‘u(i)x + z\/;gCﬂ(,bx —igE ¢y, (3.19)
2 X X
V = _ﬁd) 4)-75 2R2 (4) d)x) 4 (320)

respectively. Notice that we omitted the constant term in the Higgs potential. We note that the
SU(2); xU(1)y part of the Higgs sector has the same form as the SM Higgs sector. Therefore
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we obtain the electroweak symmetry breaking SU(2); x U(1)y — U(1)gp. The Higgs field
¢* acquires vacuum expectation value (VEV) as

(@ = <°>
V2o (3.21)
_\/Zl
U = gg,

and W boson mass myy and Higgs mass mp are given in terms of radius R

B v_\/?l
Mw =85 =\ 3R

(3.22)
_ 38 gl
mpy = V3 R - V4 R
The ratio between my and mp is predicted
m
—H - V. (3.23)
mw
We thus find mp ~196 GeV in this model. The Weinberg angle is given by
2
sinOy = zgY S = E, (3.24)
&+gy 8

which is same as SU(5) GUT case. The prediction for the Weinberg angle at tree level is not
consistent with the electroweak measurements. One should also take into account quantum
corrections including contributions from the KK modes. It is, however, beyond the scope of
this paper.

In principle, one-loop power divergences in the Higgs potential would reappear since
the operator linear in F,, is allowed, where {a, b} denote extraspatial components [40]. Such
an operator would have the form

pg¢ (x), (3.25)

where a corresponds to the index of the U(1) generator remaining in 4D. This operator is
potentially dangerous since its coefficient can be divergent. We can readily avoid this by
requiring parity invariance on S?/Z; as in the T?/Z, case [41].
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First, consider the parity transformation & — 7 —0. The parity conditions for the fields
are defined as

Au(x,6,¢) — Au(x,7-6,9),

Ag(x,0,¢) — —Ag(x,m-6,9),
(3.26)

Ag(x,0,9) — Ap(x, ) (x, 7 -6,9),
¥(x,0,¢) — £[*¥(x, - 6,9),

where I'* = y5 ® 0y. It is easy to see that the action in 6D, (2.4), is invariant under such a parity
transformation.

Secondly, we check the consistency between the orbifold boundary conditions
on $*/Z,, (2.10)-(2.12), and the parity conditions, (3.26). By performing the parity
transformation on both sides of the orbifold boundary conditions, (2.10)—(2.12), we obtain

Au(x,0,-¢) =PA,(x,m-6,p)P,,
—Ag(x,0,—-¢) = PLAg(x,r —0,) P,
Agp(x,0,-p) = -P1Ap(x,m-6,p) Py,
£ (x, 0, @) = 2y P () ¥ (x, r - 6, 9),
Au(x, -6, +2r) = IA)ZAﬂ (x,1-60,0)D,, (3.27)
~Ag(x,70 =0, +27) = PyAg(x, 71— 6,p) Py,
Ag(x, 0 -0, +2) = —132A¢ (x,0-6,9)P,,
AT (x, 1 — 0, + 2r) = 25 Po (£T) ¥ (x, 1 - 0, $).

Since (2.10)—-(2.12) hold for any 6 and ¢ and I'* commutes with 5, we find that the orbifold
boundary conditions still hold under the parity transformation with the identification of 6 =
o — 0. In other words, the orbifold boundary conditions, (2.10)-(2.12), are parity invariant.

Finally, we find that under the parity, the operator F 5 transforms to —Fp 4 Therefore,
this operator is forbidden by parity invariance of the action. An explicit calculation of one-
loop corrections to the Higgs potential to show that this operator vanishes, however, is be-
yond the scope of this paper.

3.2. The E; Model without Symmetry Condition

Here we show a model based on a gauge group G = E¢ with a representation 27 for a fermion,
under the scheme without symmetry condition [22].
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3.2.1. Gauge Group Reduction

We consider the following gauge group reduction

Ee 5 SO(10) x U(1),
5 SU(5) x U(1)y x U(1), (3.28)
5 SU3) x SU(2) x U(1)y x U(1)x x U(1),.

The background gauge field in (2.35) is chosen to belong to the U(1); group. This choice is
needed in order to obtain chiral SM fermions in 4D spacetime to be discussed later. There
are two other symmetry reduction schemes. One can prove that the results in those two
schemes are effectively the same as the one considered here once we require the correct U(1)
combinations for the hypercharge and the background field.

We then impose the parity assignments with respect to the fixed points, (2.10)-(2.15).
The parity assignments for the fundamental representation of Eg is chosen to be

27 = (1,2)(-3,-2,-2)*" +(1,2)(3,2,-2) "7 + (1,2)(-3,3,1)*")
+(1,1)(6,-1, D)™ +(1,1)(0,-5,1)" + (1,1)(0,0,4)

- (3.29)
+(3,2)(1, —1,1)(—,+) +(3,1)(=2,2, _2)(+,—) + <3’ 1) (-4, _1,1)(+,+)

+(31)23,1)" +(31)@2,-2,-2,

where, for example, (+,—) means that the parities under P; and P, are (even, odd). By the
requirement of consistency, we find that the components of A, in the adjoint representation
have the parities under A, — P1A,P, (P,A,P,) as follows:

78|14, = (8,1)(0,0,00"" +(1,3)(0,0,0) ")

+(1,1)(0,0,0)*) + (1,1)(0,0,0)** + (1,1)(0,0,0)**)

+(3,2)(=5,0,0)) + (5, 2) (5,0,0)"
+(3,2(1,4,07 + (3,2)(-1,-4,0) "
+(3,1)(4,-4,0)77 + (3,1) (~4,4,0
+(1,1)(=6,-4,0)7 + (1,1)(6,4,0)
+(3,2)1,-1,-3)% + (3,2)(-1,1,3)
+(3,1)(4,1,3) 77 + (3, 1)(—4,—1, _3)=*)

+(3,1)(-2,-3,3)"7 + (3,1)(2,3,-3)
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+(1,2)(-3,3,-3)"7 + (1,2)(3,-3,3)
+(1,1)(-6,1,3)"" + (1,1)(6,-1,-3)
+(1,1)(0,-5,-3)"7 + (1,1)(0,5,3)"7,

(3.30)

where the underlined components correspond to the adjoint representations of SU(3) x
SU((2) x U(1)y x U(1)x x U(1);, respectively. We note that the components with parity
(+,+) can have massless zero modes in 4D spacetime. Such components include the adjoint
representations of SU(3) x SU(2) x U®1)? (3,2)(1,-1,-3) and its conjugate. The latter
components seem problematic. Yet they do not appear in the low-energy spectrum due
to nonzero U(1); charge. The zero modes of these components will get masses from the
background field as in (2.41).

3.2.2. Scalar Field Contents in 4D Spacetime

With the parity assignments with respect to the fixed points, (2.11) and (2.14), we have for
the Ag and Ay fields

78/ 4,, = (8,1)(0,0, 0)7) +(1,3)(0,0,0)
+(1,1)(0,0,0)7 + (1,1)(0,0,0)"7 + (1,1)(0,0,0) "
+(3,2)(-5,0,0)"7 + (3,2)(5,0,0)"
+(3,2)(1,4,0)) + (5, 2)(—1, —4,0))
+(3,1)(4,-4,0)4) + (5, 1) (~4,4,0)0
+(1,1)(=6,-4,0)" + (1,1)(6,4,0)*
(3.31)
+(3,2)(1,-1,-3)7) + (3,2)(—1,1,3)<-'->
+(3,1)(4,1,3)%) + <§, 1) (-4,-1,-3)")
+(3,1)(-2,-3,3)) + (§, 1) 2,3,-3)
+(1,2)(-3,3,-3)% 1 (1,2)(3,-3,3) ")
+(1,1)(-6,1,3)7 + (1,1)(6,-1,-3) ")
+(1,1)(0,-5,-3)"" +(1,1)(0,5,3) .
Components with (+, —) or (-, +) parity do not have KK modes since they are odd under ¢ —

¢+27r and the KK modes of gauge field are specified by integer angular momentum quantum
numbers ¢ and m on the two spheres. In the S'/Z, case, the translation group on S! is U(1)
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and any quantum number is allowed. After orbifolding, we obtain the quantum numbers
allowed by parity and they can be nonintegers. On the other hand, the translation group
on §? is SU(2) and only integer quantum numbers are allowed because they correspond
to quantized angular momenta. We then concentrate on the components which have either
(+,+) or (-, —) parity and nonzero U(1); charges as the candidate for the Higgs field.
These include {(1,2)(3,-3,3) + h.c.} and {(3,2)(1,-1,-3) + h.c.} with parities (+,+) and
(-, —), respectively. The representations (1,2)(-3,3,-3) and (1,2)(3,-3,3) have the correct
quantum numbers for the SM Higgs doublet. Therefore, we identify the (1,1) mode of these
components as the SM Higgs fields in 4D spacetime.

3.2.3. Chiral Fermion Contents in 4D Spacetime

In our model, we choose the fermions as the Weyl fermions ¥_ belonging to the 27
representation of E¢. The 27 representation is decomposed as in (3.29) under the group
reduction, (3.28). In this decomposition, we find that our choice of the background gauge
field of U(1); is suitable for obtaining massless fermions since all such components have
U(1); charge 1. In the fundemantal representation, the U(1); generator is

1
Qr = —diag(-2,-2,-2,-2,1,1,1,1,4,1,1,1,1,1,1,-2,-2,-2,1,1,1,1,1,1,-2,-2,-2),
6 (3.32)

according to the decomposition equation (3.29). By identifying Q = 3Q;, we readily obtain
the condition

Q¥ =-V_. (3.33)

Therefore, the chiral fermions ¢ in 4D spacetime have zero modes.

Next, we consider the parity assignments for the fermions with respect to the fixed
points of S?/Z,. The boundary conditions are given by (2.12) and (2.15). It turns out that
four 27 fermion copies with different boundary conditions are needed in order to obtain an
entire generation of massless SM fermions. They are denoted by W24 with the following
parity assignments:

YO (x, - 0,-¢) =&sPi¥Y (x,6,¢),

) _ (3.34)
¥ (x, 0 - 0,2 - ) =¥ (x,60,9),
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where ys is the chirality operator, and (¢,7) = (+,+), (-,-), (+,—-) and (-, +) fori = 1,2,3,4,
respectively. From these fermions we find that ¢ 5 34 have the parity assignments

27,0 = (1,2)(=3,-2,-2)"7 + (1,2)(3,2,-2) ") + (1,2)(-3,3,1) "

+(1,1)(6,-1,1)7 +(1,1)(0,-5,1)" + (1,1)(0,0,4)

+3,21, -1, + (3,1)(-2,2,-2) + (3,1)(-4,-1,1)
+ (3, 1> (2,3, 1)(‘:‘) + <§/ 1> (2,-2,-2) (+,—),
27([;(2) =(1,2)(-3,-2, _2)(+,+) +(1,2)(3,2,-2) ) 4 (1,2)(=3,3, 1)(+,—)
L

+(1,1)(6,-1,1)%* 1+ (1,1)(0,-5,1) + (1,1)(0,0,4) "

+(3,2)(1,-1,1) + (3,1)(-2,2,-2)%7 + (3,1) (~4,-1, 1)

+ <§, 1> (2,3,1)) 4 <§, 1) 2,-2,-2)),

(3.35)
27,0 = (1,2)(-3,-2,-2)7" + (1,2)(3,2,-2)"7 + (1,2)(-3,3,1)

+(1,1)(6,-1,1) +(1,1)(0,-5, 1) + (1,1)(0,0,4)*+*

+(3,2)1,-1, )% + (3,1)(-2,2,-2)77 + (3,1) (~4,-1,1)

+(31)23,1) + (3,1)2,-2,-2%,

27,0 = (1,2)(-3,-2, -2)7 +(1,2)(3,2,-2)" + (1,2)(-3,3,1) Y

L
+(1,1)(6,-1, 1) + (1,1)(0,-5,1) " + (1,1)(0,0,4)
+(3,2)1,-1,1)7 + (3,1)(-2,2,-2)% + (3,1) (~4,-1,1)*"

+(31)23,1%7+(31)@2,-2-27,

where the underlined components have even parities and U(1); charge 1. One can readily
identify one generation of SM fermions, including a right-handed neutrino, as the zero modes
of these components.

A long-standing problem in the gauge-Higgs unification framework is the Yukawa
couplings of the Higgs boson to the matter fields. Here we discuss about the Yukawa
couplings in our model. As mentioned before, the SM Higgs is the (¢ = 1, |m| = 1) KK
mode of the extraspatial component of the gauge field, the Yukawa term at tree level has the
following form:

LYukawa D) a(io(bll([fﬁl + ¢€1CD11(F%0 + h.C., (336)
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where ¢“s are the fermionic KK modes with the (I = 0, m = 0) modes appearing as the chiral
fermions and @'! denotes the SM Higgs field. We here identify the left-handed fermionic
zero modes as SU(2) doublets and the right-handed fermionic zero modes as SU(2) singlets,
as in the SM. Therefore, the (¢, |m| = 1) modes and the (¢ = 0, |m| = 0) modes mix after
spontaneous symmetry breaking. One needs to diagonalize the mass terms to obtain physical
eigenstates. The Yukawa couplings in our model are thus more complicated than other gauge-
Higgs unification models in the sense that there is mixing between KK modes including the
zero modes without a bulk mass term or fixed point localized term. However, similar mixing
occurs in models on warped 5D spacetime or even in models with a flat metric if one takes
into account the bulk mass term or fixed point localized term. In such cases, diagonalization
is necessary.

The difficulty of obtaining a realistic fermion mass spectrum comes from the fact
that the Yukawa couplings arise from gauge interactions. However, one can overcome the
difficulty by introducing SM fermions localized at an orbifold fixed point and additional
massive bulk fermions. The realistic Yukawa couplings would be obtained from nonlocal
interactions of the fixed point localized fermions involving Wilson lines after integrating out
the massive bulk fermions [41-43]. Another possible solution is to consider fermions in 6D
spacetime belonging to a higher dimensional representation of the original E¢ gauge group,
rendering more than one generation of SM fermions. In that case, mixing among generations
will be obtained from gauge interactions and is given by Clebsch-Gordan coefficients. We
expect that realistic Yukawa couplings could be obtained using these methods. A detailed
analysis of this issue is beyond the scope of the paper and left for a future work.

3.2.4. Higgs Potential of the Model

Here we analyze the Higgs potential for the Es model. To further simplify the Higgs potential,
we need to find out the algebra of the gauge group generators. Note that the E¢ generators
are chosen according to the decomposition of the adjoint representation given in (3.30)

{Qi, Qu, Qv, Qx, Qy,
Qax(-50,0), QxG00), Qax(1,40), Qx(1=40),
Qaa-40, Q" Q6,40 Qo401
Qux(1,-1,-3), Q¥ Q,415, QU417
Qa(-2-33), Q%% ™, Qr3-33), Q° 34,

Q61,3 Q(6,-1,-3), Q(0,-5-3), Q5,3 }»

(3.37)

where the generators are listed in the corresponding order of the terms in (3.30) and the
indices
i=1,...,8 : SU(3) adj rep index = Q; : SU(3) generators, (3.38)
a=1,2,3: SU(2) adj rep index = Q, : SU(2) generators, (3.39)

Qxy1 : U(l)xy; generators, (3.40)
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Table 2: Commutation relations of Q,, Qx,y.1, Qx3,-33) and Qx(‘3'3"3>, where o; are the Pauli matrices.

[Qx(3,33), QY] 5yQI \/> 8YQx + — 6yQY + \1@(011)2(211
R Qe Q" 3>] ~ O,
[Qx(-33),Qyi-33] =0, [Q1, Qx33)] = EQx<3,—3,3>,
[Ox,Qx3-33)] = _%\/ng(E},—SB)/ [Qv, Qx-33] = \/LTOQx@,-s,s),
x =1,2 : SU(2) doublet index, (3.41)
a=1,2,3 : SU(3) color index. (3.42)

Here we take the normalization for generators, Tr[QQ'] = 2 which is taken from [24]. The
Higgs fields are in the representations of (1,2)(3,-3,3) and (1,2)(-3,3,-3). We write

D(x) = ¢ Q33 (D (x) = ¢ Q*339). (3.43)
Likewise, the gauge field A,(x) in terms of the Q’s in (3.38) is

A,u(x) = A‘lqu + AzQa + ByQY + CyQX + E#Ql' (3.44)

The commutation relations between the generators Q,, Qxy1, Qx3-33), and Q*3*3) are
summarized in Table 2.

Finally, we obtain the Lagrangian associated with the Higgs field by applying (3.43)
and (3.44) to (2.54) and (2.55) and carrying out the trace. Furthermore, to obtain the canonical
form of kinetic terms, the Higgs field, the gauge field, and the gauge coupling need to be
rescaled in the following way:

Ay — %Aﬂ, (3.45)

where g denotes the SU(2) gauge coupling. The Higgs sector is then given by

Lisiggs = | Dud|* = V(). (3.46)
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where

B . o 1 1, 3 1
D’u(i) = a#+lg27Au’u+lgmB‘u—lg§ 20.72'—1QZC!1 +lng‘u] (i), (347)

_X 3¢ 2
V=529 onre (4'9)" (3.48)

where y = 7 + 91 + 9pp. The numerical values pi, are given by y; = 1 - (3/2)In2 and
U2 = (3/4)(1 — 2In2) as in Section 2.3.4. We have omitted the constant term in the Higgs
potential. Comparing the potential derived above with the standard form p2¢pt¢ + A(pT$)* in
the SM, we see that the model has a tree-level p? term that is negative and proportional to
R™2. The negative contribution to the squared mass term comes from the interaction between
background gauge field and ¢ as seen in Section 2.3.4. Moreover, the quartic coupling
A = 3¢?/(40rR?) is related to the 6D gauge coupling ¢ and grants perturbative calculations
because it is about 0.16, using the value of R to be extracted in the next section. Therefore,
the order parameter in this model is controlled by a single parameter R, the compactification
scale.

In fact, the (1,1) mode of the {(3,2)(1,-1,-3) + h.c.} representation also has a
negative squared mass term because it has the same Q; charge as the {(1,2)(3,-3,3) + h.c.}
representation. Therefore, it would induce not only electroweak symmetry breaking but also
color symmetry breaking. This undesirable feature can be cured by adding brane terms

s P, F (0= T ) [6(9) +6(p - ), (3.49)

where a denotes the group index of the {(3,2)(1,-1,-3) + h.c.} representation. These
brane terms preserve the Z, symmetry which corresponds to the symmetry under the
transformation (¢ — ¢ + o). With an appropriate choice of the dimensionless constant a,
the squared mass of the (1,1) can be lifted to become positive and sufficiently large. We need
to forbid a similar brane term for the SU(2) doublet component, and it can be achieved by
imposing some additional discrete symmetry. However, here we simply assume that such a
brane term for the SU(2) doublet component does not exist.

Due to a negative mass term, the Higgs potential in (3.48) can induce the spontaneous
symmetry breakdown: SU(2) x U(1)y — U(1)gy, in the SM. The Higgs field acquires a
vacuum expectation value (VEV):

1 /0 .
L with o = /22X 1 . 26 3.50
v \/5<v> AR (R I (350
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One immediately finds that the W boson mass:

from which the compactification scale R™! = 152 GeV is inferred. Moreover, the Higgs boson

mass at the tree leVel iS
—_ —_ —_ ‘\/7
m}[ = ‘\ ' __g 3\/ij _—, (\/; )2)

which is about 152 GeV, numerically very close to the compactification scale. Since the
hypercharge of the Higgs field is 1/2, the U(1), gauge coupling is derived from (3.47) as

g
iy 3.53
87 ViorRe (3:59)
The Weinberg angle is thus given by
2
3
sinf0y = 5L =, (3.54)
$+g 8
and the Z boson mass
__mw 8 (3.55)
Mz = os 0w mw\/;,

both at the tree level. These relations are the same as the SU(5) GUT at the unification scale.
This is not surprising because this part only depends on the group structure. Again, this
Weinberg angle is not consistent with experimental measurements, and we need to take into
account quantum corrections.

We can repeat the discussion in Section 3.1.2 about the one-loop power divergence in
the Higgs potential associated with the linear operator F,,. The operator Fgy transform to
~Fg, f under the parity transformation 6 — o — 0. Hence, this operator is forbidden by parity
invariance of the action. In this case, we check the consistency between the orbifold boundary
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conditions on §?/Z;, (2.13)-(2.15), and the parity conditions, (3.26). By performing the parity
transformation on both sides of the orbifold boundary conditions, (2.13)—(2.15), we obtain

Au(x,0,~¢) = PLA,(x, 1~ 6,9)P,
_Ae(xle,—(i)) = P1A9(x,7r—9,¢)1)1/
A¢(x,9,—¢) = —P1A¢(X,JF—9,¢)PD

+T% (x,0,-¢) = +ysPy (:EF4>‘P(x,yr -6,9),
(3.56)
Au(x,0,2r - ¢) = P A, (x,m-6,p)P,,

—Ag(x,0,2r — P) = P Ag(x, - 0,p) P,
Ap(x,0,2r — P) = -PAp(x, 1= 60,p) Py,

+TW (x, 0,201 — ) = +y5Ps (:I:F4>‘P(x,7r -0,¢).

Since (2.13)—(2.15) hold for any 6 and ¢ and I'* commutes with s, we find that the orbifold
boundary conditions still hold under the parity transformation with the identification of 6 =
o — @' In other words, the orbifold boundary conditions, (2.13)—(2.15), are parity invariant.

3.2.5. KK Mode Spectrum of Each Field

Since we did not impose symmetry condition, we have KK modes for each field in this model.
Here we show KK mass spectrum under the existence of background field for our Es model.
The masses are basically controlled by the compactification radius R of the two spheres. They
receive two kinds of contributions: one arising from the angular momentum in the S* space
and the other coming from the interactions with the background field.

The KK masses for fermions have been given in [35, 36, 38]. We give them in terms of
our notation here:

1 402 -1
Mg, (1) =§\/€(€+1)— q4 , (3.57)

where g is proportional to the U(1); charge of a fermion and determined by the action of
Q = 3Q; on fermions as Q¥ = q¥ = 3q/¥. Note that the mass does not depend on the
quantum number m. The lightest KK mass, corresponding to £ = 1 and qr = 1/6, is about
214 GeV at the tree level. The range of ¢ is

2g+1
2

<@ (+: for gry in Wiy, —: for grr) in ¥_(y)). (3.58)

We thus can have zero mode for QW = +£(1/2)¥, where this condition is given in (2.43).
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For the 4D gauge field A, its kinetic term, and KK mass term are obtained from the
terms:

1 1
:JdQTr[ 4FM1’+2R2F#9F‘“9+WFF—¢F#¢ . (359)
Taking terms quadratic in A,, we get
Lquad = J‘dQ Tr [_411 (0,A, —0,A,) (01 A” — 0" A¥F) + 2R2 —>00A,00 A"
) . (3.60)
AB u AB
2R251r1266¢ #6¢A 2R? [A/u Ad’] [A /A¢]] ’

where Ag is the background gauge field given in (2.35). The KK expansion of A, is

Au= DA (0Y;,(6,9), (3.61)

m

where Y, (6, $) are the linear combinations of spherical harmonics satisfying the boundary
condition Y (7 —6,-¢) = Y (6, ¢). Their explicit forms are [35]

{+m
Y; (6,¢) = [ng(e, $) + (-1)Yen(0,4)] for m#0,
;0 (6,4) = “ﬂl[y (0.9) - DYen(@,9)] for m0
em\WP) =15 em\Y, e-m\Y, 4 (3.62)
+( )(6) Yo(0) form=0, € =even (odd)
0 for m=0, ¢ =odd (even).

Note that we do not have KK mode functions that are odd under ¢ — ¢ + 2 since the
KK modes are specified by the integer angular momentum quantum numbers ¢ and m of
gauge field Ay on the two spheres. Thus, the components of A, and Ag 4 with (+,-) or (—, +)
parities do not have corresponding KK modes. Applying the KK expansion and integrating
about dQ, we obtain the kinetic and KK mass terms for the KK modes of A,

Ly =2 5 [0S (0 - 0, AL ()| [0 A% (x) - 0 A (x)

A2
R

I:J‘d (COSQ:I:l) ( )Z:IAﬁm(x)AZmy(x)’
Sln

AT (x) AT (x) (3.63)
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where we have used Tr[Q;Q] = 2 and [A,(x), Q1] = q1(A},(x)Qi = Ay (x)Q"). Therefore, the
KK masses of A, are

1 2
MEK(4,) = z\fe@+1)+ (m2, )7, (3.64)
2 (cos O £1)? 2
(mf,) = 9q§jdg—sin26 (Y7 ), (3.65)

where m); corresponds to the contribution from the background gauge field. Note that (3.64)
agrees with (2.41) when ¢ = 0. Also, since the SM gauge bosons have g; = 0, their KK masses
are simply \/€(€ + 1) /R at the tree level.

The kinetic and KK mass terms of Ag and Ay are obtained from the terms in the higher
dimensional gauge sector

L= ;?Idg{ (Tr[(a‘uAg ~i[Au, A])?] + Te

(0uAy -i[Au A”¢]>2])
—% Tr[<ﬁae <sin61§¢ +sin 6Ag> - ﬁa(pz‘le - i[AGrA¢ + Ag]>2:| }

(3.66)

The first line on the right-hand side of (3.66) corresponds to the kinetic terms, and the second
line corresponds to the potential term. Applying the background gauge field (2.35), the
potential becomes

o1 1 s 1 T = =51\
Ly =0 IdQTr[<m89<51n9A¢> +Q - =340 —i[A0, Ay +A¢]> ] (3.67)

sin 0

For Ag and Ay, we use the following KK expansions to obtain the KK mass terms,

_ -1 om + om 1 +
Ap (x, 0,¢) = em(§¢ ) —6(2 =y [(I)l (x)0eY,, (9, gb) +®5"(x) no Y, (9, ¢)] ,
= ; Zm + _®im L +
Ag(x,0,9) = em(g#o) %) [@2 (x)00Y;;, (6,¢) — D™ (x) Sineaquem (6, gb)] ,

(3.68)

where the factor of 1/4/¢(€ +1) is needed for normalization. These particular forms are
convenient in giving diagonalized KK mass terms [35]. Applying the KK expansions equa-
tions (3.68), we obtain the kinetic term

1

Ly =—
2g%,

>, Tr[0,00m ()40 (x) + 8, 05" (x) D" ()], (3.69)
m(#0)
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where only terms quadratic in 9, ® are retained. The potential term is

1 qDZm 1 (I)ém 1
Ly =—-—— AQTr| ( —2————09(sin0dpY, —_— oY
v ZgZRZ{e”%#O)J‘ [< ?(¢+1)sin® o 0Yon) +Q ?(¢+1)sin%0 ¢
1

i
_ _(I)Zma Y:t _(I)fm._a Y:t ,
Ve@ine@ 1yl L em T2 sing ¢ em

e gl /
(I) mae om' q:)l ea‘i’ om'

+mAg])2].

(3.70)

Note that these terms are not diagonal in (¢,m) in general. Using the relation
(1/ sin0)0y(sin B0g Yerm) + (1/ sin29)6§)}’gm = —¢(€ + 1)Yy, the potential term is simplified
as

1

Ly =———
VT TR

_ JAZAVES i m gyl'm
IdQTrK /(€ + 1)OIYE +Q+ N CERTICESY |@fm, g

1
X <69Yeimaayi,m, + ma(plfjma(plfi,m,)

m(#0)

, 2
\/W[‘ng Ao+ e 198 Al :ineén> ]

(3.71)

To obtain the mass term, we focus on terms quadratic in @ »:

LM:_ﬁJ‘dQTr[é(e+l )(@57)" vz,

ZIQ m €m<
+ g o @8] (doYEn00YE, + — 954’ nOpYe

1
s 4
+ 20 A0 |0f", | Y5, 80, - s 7D [

1 2(9Y,)
_€(€+1)(D ¢] sin’0 ]

@lm, AB] (BoYE,

(3.72)
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Here we take terms which are diagonal in (¢, m) for simplicity. Note that we have dropped
the term proportional to [@;, Ag] [ Dy, Ag ] because this term vanishes after turning the field

into the linear combinations of ® and @, (2.51) and (2.52):

e[ [0, 4] [, Af]| — e[ (0 + 1), O] [(@-2). 0]
& Tr[<<1>—cb*> (cD+q>T>] (3.73)

o Tr [(I)cDT] ~Tr [@ch] - 0.

Integrating the second term of (3.72) by part, we obtain

Ly = —ﬁ <e(e )T [(@5’“)2] +2i Te| Q[ @f| |

~2iTr [Q [cp’f"’, q)g"’]] f dﬁ%ﬁmaﬂfm

os0 1) (3.74)
1 m 12 cosO F L \2
gl [ e

1 2 (
|5, f dQ
2(€+1) [ Q] sin%0 sin’6

cosOF1) (5¢Ygim)2>

Therefore, the KK masses depend on the U(1); charges of the scalar fields. Note that terms in
the second line to the last line of (3.74) are not diagonal in (¢, m) in general.

For components with zero U(1); charge, we write @y (x) as ¢12) (x)Q where Q is the
corresponding generator of Eg in (3.30) with zero U(1); charge. Taking the trace, we have the
following kinetic and KK mass terms instead:

L= 37 (0" (00" ${" (x) + 0,8 (x)P5" (x) + €€+ DPS" ()PS"(x)),  (375)
m(#0)

where we have made the substitution ¢; — g¢;. Note that ¢ is considered as a massless
Nambu-Goldstone (NG) boson in this case. For components with nonzero U(1); charge, mass
terms are not diagonal for @;(y), and ®; does not correspond to the NG boson. In this case,
we need to diagonalize the mass terms and some linear combination of @) becomes the NG
boson mode.

For components with nonzero U(1); charge, we use (2.51) and (2.52) and write ®(x)
as ¢’ (x)Q; where Q; is the corresponding generator of Es in (3.30) with nonzero U(1); charge.
The commutator between Q and @ is

[Q, @] =3[Q1, Qi = 3qr¢’, (3.76)
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where we have used Q = 3Qy as required to obtain chiral fermions in Section 3.2.3, and that

qr is a constant determined by the U(1); charge of the corresponding component. Finally, the
Lagrangian becomes

L= % {amzma”ebem

em(#0)

1 " t + cosOF1

1847 (cos@ F1)° 2 (5¢Y;:m)2
E(é + 1)¢‘Z’”¢ng‘ sin%6 <(a on) ¥ sin’6 ’

(3.77)

where the subscript i is omitted for simplicity. The KK masses of the complex scalar field ¢
are then

M) = /2

2 1
(m5,,)" = -3q1 +3a: Idﬁmsinmang

ino
. (3.78)
947 (cosOF 1)
toes) ) M g (0% )

997 40 (cos O F1)? (aqug*m)z
20(€+1) sin?60 sin?9

The squared KK mass (MIZ?;)2 is always positive except for the lowest mode (¢ = 1,m = 1).
In fact, the squared KK mass of the (1,1) mode agrees with the coefficient of quadratic term
in the Higgs potential (3.48).

4. Summary and Discussions

We have reviewed a gauge theory defined on 6D spacetime with the S?/Z, topology on the
extra space. Two scenarios are considered to construct a 4D theory from the 6D model. One
scenario based on the SO(12) gauge group requires a symmetry condition for the gauge field.
The other involves the E¢ gauge group, but does not need the symmetry condition. Nontrivial
boundary conditions on the extra space are imposed in both scenarios.

We explicitly give the prescriptions to identify the gauge field and the scalar field
remaining in 4D spacetime after the dimensional reduction. We show that the SU(3). x
SU2); x U(1)y x U(1)x x U(1); gauge symmetry remains in 4D spacetime, and that the SM
Higgs doublet with a suitable potential for electroweak symmetry breaking can be derived
from the gauge sector in both models. The Higgs boson mass is also predicted in such
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models. Our tree-level prediction of the Higgs boson mass is 196 GeV for the SO(12) model
and 152 GeV for the E¢ model. These mass values are in the range of 127-600 GeV already
excluded at 95% CL by recent LHC data [44, 45]. However, the mass value will become
different once quantum corrections to the Higgs potential are taken into account. We expect
that the Higgs boson mass in our model will become smaller than the lower limit of the
exclusion region by quantum corrections. In particular, the E¢ case gives a 152 GeV Higgs
boson mass at tree level that is not far from the lower limit of the exclusion region at 95%CL.
However, a full analysis of the quantum corrections is beyond the scope of this paper and left
as a future work. Massless fermion modes are also successfully obtained as the SM fermions
by introducing appropriate field contents in 6D spacetime, with suitable parity assignments
on the §?/Z; extra dimension and incorporating the background gauge field. We also discuss
about the massive KK modes of fermions for the scenario with the symmetry condition
and the KK modes of all fields for the one without the symmetry condition. The lightest
fermonic KK mode can serve as a dark matter candidate. In general, they may give rise to
rich phenomena in collider experiments and implications in cosmological studies.

To make our models more realistic, there are several challenges such as eliminating the
extra U(1) symmetries and constructing the realistic Yukawa couplings, which are the same
as other gauge-Higgs unification models. We, however, can get Kaluza-Klein modes in our
models. This suggests that we obtain the dark matter candidate in our model. Thus, it is very
important to study these models further such as dark matter physics and collider physics.
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The mixing among gauge bosons in the 3-3-1 models with the discrete symmetries is investigated.
To get tribimaximal neutrino mixing, we have to introduce sextets containing neutral scalar
components with lepton number L = 1,2. Assignation of VEVs to these fields leads to the mixing of
the new gauge bosons and those in the standard model. The mixing in the charged gauge bosons
leads to the lepton number violating interactions of the W boson. The same situation happens in
the neutral gauge boson sector.

1. Introduction

The experimental evidences of nonzero neutrino masses and mixing [1] have shown that
the standard model of fundamental particles and interactions must be extended. Among
many extensions of the standard model known today, the models based on gauge symmetry
SU@B)®SU(3);®U(1)x (called 3-3-1 models) [2-9] have interesting features. First, [SU(3) L]3
anomaly cancelation requires that the number of SU(3); fermion triplets must be equal to that
of antitriplets. If these multiplets are respectively enlarged from those of the standard model,
the fermion family number is deduced to be a multiple of the fundamental color number,
which is three, coinciding with the observation (see Frampton in [2]). In addition, one family
of quarks has to transform under SU(3); differently from the other two. This can lead to an
explanation why the top quark is characteristically heavy (see, e.g., [10]). To complete the
fundamental representations for leptons, the right-handed neutrinos or neutral fermions can
be imposed which imply natural seesaw mechanisms for the neutrino small masses [11]. The

3-3-1 models can also provide a solution of electric charge quantization observed in the nature
[12-16].
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Table 1: Character table of S3, where y stands for character of representation and C for class.

Class n h X1 Xv X2
Cq 1 1 1 1 2
C, 2 3 1 1 -1
Cs 3 2 1 -1 0

There are two typical versions of the 3-3-1 models concerning respective lepton
contents. In the minimal 3-3-1 model [2-4] the lepton triplets include ordinary leptons of
the standard model such as (vr,Ir,1%). The 3-3-1 model with right-handed neutrinos [5-9]
introduces right-handed neutrinos into the lepton sector, that is, (vr,lr,v%) and Ig. In the
framework of 3-3-1 models, to explain the smallness of neutrino masses and the tribimaximal
mixing [17-20]

2 1
R
uties = VAR P (1.1)
LR
V6 V3 V2

we should propose another variant of the lepton sector such as (vr,Ir, Ni) and Ig where
Nr are neutral chiral fermions carrying no lepton number (called 3-3-1 model with neutral
fermions), and including discrete symmetries either A4 or Sy [21, 22]. The 3-3-1 model with
neutral fermions based on Ss flavor symmetry instead of A4, Sy has been studied in [23].

One of the most important ingredients is the sextets in which neutral scalar fields
carrying lepton number L = 1 or 2. Assignation of VEVs to these fields leads to the mixing
among new gauge bosons and that of the SM similarly in the economical 3-3-1 model [24—
26], and such mixing leads to the lepton violating interactions. In this work we will pay
attention to gauge bosons in the mentioned 3-3-1 models and give some phenomenological
consequences.

The rest of this work is follows. In Section 2 we give a review of the 3-3-1 model with
neutral fermions-based S; flavor symmetry. The other models with A4 and Sy can be done
similarly, thus should be skip. Section 3 identifies gauge bosons and obtained the mixings
among the standard model gauge bosons and the new ones. Section 4 is devoted to charged
currents and give a constraint on the charged gauge boson mixing-angle. Finally we make
conclusions in Section 5.

2. Brief Review of the Model

Before looking into the model, we provide a sketch of Sz group theory [27, 28]. The S; that
is a permutation group of three objects has six elements divided into three conjugacy classes.
It possesses three nonequivalent irreducible representations 1, 1’ of one dimension, and 2 of
two dimensions. Denoting n and h as the order of class and the order of elements within each
class, respectively, the character table is given by Table 1.
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We will work in the basis that 2 is complex (see, e.g. [27]). Decomposition rules are

1e1=1(11), l'el'=1(11), 1el'=1(11),
l ® Z = Z(]‘l/ 12)/ l, ®Z = Z(]‘]‘/ _12)/ (21)
202=1(12+21) ©1'(12 - 21) ©2(22, 11).

Here the first and second factors of the terms appearing in the parentheses indicate to the
multiplet components of the first and second representations given in Lh.s, respectively. In
this basis, the conjugation rules are given by

(17,2 =2(27,1), 11 =1(17), 1"Q7)=1'(1"). (2.2)

The lepton number in the 3-3-1 model with S3 symmetry [23] does not commute with
the gauge symmetry. It is thus better to work with a new lepton charge £ related to the
lepton number L by diagonal matrices L = xT3 + yTg + £. Applying L to the lepton triplet
with the notation that L(INg) = 0, the coefficients are defined as x = 0, y = 2/ v/3, and thus
L = (2/+/3)Ts + £ [29]. The leptons and quarks under [SU(3),,U(1)y, U(1),,S,] symmetries
correspondingly transform as follows:

/l 7 llR ~ []-/_]-/ ]-/l]/

/Z 7 llxRN [11_1/1/2]/

[ 1 1
Qur = (uar, dig, Up)" ~ (3, —,——,1],
‘ , 2.3)

2 1
~1,%,0,1 ~|1,-2,0,1 ~ 1,z
UIR [,3,0,_], dir [, 3,0,_], Ur [,

/_1/1 7
=

L1
QKL = (dtlL/ —UaL, DD{L)T ~ [3 /0/ gzg]/

2 1 1
UgR ~ [1/ §/O/Z:| 7 dth ~ [11_51012]/ DRR ~ [11_51 ]-/Z]/

where a = 2,3 is a family index of the last two lepton and quark families, which are in order
defined as the components of 2 representations.
To generate masses for the charged leptons, we need two scalar multiplets:

¢1 ¢

3 0 2 _l ;L 0 2 B
4)_ 4)2 [3/ 3/ 311 7 (I) - 2 3/3/

¢+ I+
3 3

1] (2.4)



4 Advances in High Energy Physics

with VEVs (¢) = (0, v,0)" and (¢')=(0,7, 0)". To generate masses for quarks, we addition-
ally acquire the following scalar multiplets:

_ T 12
X= <X(1)IX2/Xg> ~ [3/_51 gfl],
1
L 3

() ~ [3/—

(nnz.n?) ~ [3,—%,—%,1’].

31, 25)

711

Suppose that the VEVs of 77, 77/, and x are u, u' and w, where u = (n0), v’ = (1), w = (),
and (n3), (n7), and (x?) vanish. The exotic quarks get masses my = fiw and mp,, = fw. In
addition, w has to be much larger than those of ¢ and 7. Notice that the numbered subscripts
are the indices of SU(3); .

Because of the £Z-symmetry, the couplings ¢} ¢r¢ and g;¢rd’ are suppressed. We
therefore propose a new SU(3); antisextet instead coupling to ¢} ¢, responsible for neutrino
masses. The antisextet transforms as

L st sis ) 4
s= | siss s |~ |35 6

0 + 0
S13 S23 S33

S

where the numbered subscripts are the SU(3); indices. Henceforth the indices of S; on scalar
fields will be kept and should be understood. The VEVs of s is set as ((s1), (s2)) under Ss,
where

)Li 0 (%]
(siy=]1 00 0 (i=1,2). (2.7)
(% 0 Ai

Due to the S; symmetry, all these VEVs are equal to each others, thatis, A; = A2, v1 = v, and
A1 = Ay, which can be found from the potential minimization.
With the scalar multiplets as defined, the Yukawa lagrangian is given by

Ly = i) Plir + h(@y br + 3 sr) P + B (Fa 1R — Poplor) ¢’
+ fl@leuR + féLX*DR + h’félLﬂulR + hd@L’l*dR

+ hld@L’l,*dR + htliéngble + huéL‘i’*”R + h,uéL‘i’,*”R (2.8)

1 _ 1 _
+ 5 x(Fogarst + @5 ars2) + Syg (garse +garst)

+ H.c.
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It is easily shown that the charged leptons and ordinary quarks get consistent masses [23].
However, this case does not lead to neutrino masses and mixing consistent with the experi-
mental data. The analysis in [21, 22] shows that (i) a “perturbation” is required:

)Ll = )Lz, U1 = 0y, A1 = Az. (29)

A possibility to derive this is to impose another antisextet s’ but with the VEVs being very
smaller than those of s, respectively. Thus, in the followings the s’ should be skipped since
it does not contribute at the first order. Otherwise, the s’ contributions start from the second
order in similarity to those of s which are easily included. (ii) A scalar triplet p similar to ¢’
must be imposed. The p is also skip for the same reason as s', that is, its contribution is similar
to that of ¢'. Let us emphasis that our conclusions remain unchanged if s’ and p present.

The hierarchies in the VEVs were given in [23]:

A, b <uq, up <0,7, u,u <w, A, Ay. (2.10)

In the following, the two limits are often taken into account: (i) the lepton-number violating
parameters tend to zero, that is, X1, 11, — 0, and (ii) the large scales of SU(3); symmetry
break down to that of the standard model approx infinity, that is, w, A12 — oo. Let us note
also that v,7',u, and ' are in the electroweak scale as well as the large scales all conserving
the lepton number.

3. Gauge Bosons

The covariant derivative of a general triplet @ is given by

D, = 8, +igTaWay + igxToXB,
= ay - lp‘u/

(3.1)

where the gauge fields W, and B transform as the adjoint representations of SU(3); and
U(1)x, respectively, and the corresponding gauge coupling constants g and gx. The Ty =
diag(1,1, 1)/+/6 is chosen so that Tr(T,Ty) = 84p/2 with a,b = 1,2,...,9. The neutral gauge
bosons of the theory get masses from the triplet as follows:

+
L. = (D (@) (D)), (32)
where the subscript H denotes diagonal part of the covariant derivative:

D[ =0, +igTsW, +igTsW}, +igxToXB,.. (3.3)
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The covariant derivative for an antisextet with the VEV part is [30]

i .
Di(si) = =5 { ALk (s + (s)ALAT | +igxToX B (s). (3.4)

Let us denote the antisextet in term of the SU(3); indices by Ij;. Then, the mass
Lagrangian due to the antisextet’s contribution is given by

£ = (DT, (D)), (3.5)

Let us denote the following combinations:

W,i _ le + inﬂ
H \/z 4
e - WeuF W, 56)
‘l/l = 7, .
V2
X’O = W4.“ B iWS.M
: V2

having defined charges under the generators of the SU(3); group. For the sake of convenience
in further reading, we note that W, and W5 are pure real and imaginary parts of X;? and X;?*,
respectively:

AN T
2
. (3.7)
i 0 0x
W, = E(Xﬂ - X )
Then p,, is rewritten in a convenient form:
! 2XB V2WF V2X0
W3ﬂ + %Wgﬂ +t 5 n p m
) 1 2 )
% V2w, W, + %Wgﬂ +#\/3XB, v2Y, (3.8)
) , 2 2
0%
V2X V2Y; -5 W+ t\/;XBH

with t=gx/g.



Advances in High Energy Physics 7

The covariant derivative acting on the antisextet VEV is given by

. 1 21
D”<Si>11 =-1g <.)L,'W3‘u + Aiﬁw&u — t-ki\/;gB‘u + \/E u,-X2>,

i
Dy(si)1, = —\/—g§<J\iWQ + uiY,I),

ig 1 22 .
D,u<5i>13 = —? <uiW3ﬂ - ui%W{g# - tui\/;gBﬂ + \/EAI' X2 + \/E)LI X2 >,

Dﬂ<.5i>22 =0, (3.9)
D”<Si>23 = —% <uiW; + A,Y;),
D, (si)y =i DA W, + tAA| 2 LB, — VEu X0
ulSi)z3 =18 1\/\,§ 8u i\/33"¢ Uiy, ’
Dy(si)1, = Du(si)a1,
Dy<5i>13 = Du(5i>31/
Dy (si)o3 = Dyu(si)s-
The masses of gauge bosons in this model are followed from
Linass = (Du($)) D*(¢) + (Du(¢')) "D*(@') + (Du(x)) D" (x)
+ (Dy(m))"D*(n) + (Dy()) "D (') + Te| (Du(s1)) "DH(s1)] (3.10)

+Tr[(D,,<sz>)*Dﬂ<sz>] .

In the following, we notice that (s1) = (s2); namely, u1 = up, A1 = Ay, and A1 = A, are taken
into account.
From (3.10), the imaginary part W5 is decoupled with mass given by

2

M2, = % (16142 + 403 = 811 + 407 + P + 1% +12). (3.11)
In the limit A, u; — O,
8 :
My, = S (12 +u? + 0 +4A). (3.12)
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The charged gauge bosons W and Y mix via

2
g o T
Looe= <W#, Y, )Miw (w;, Y;) ) (3.13)
where
) P+l +ul+u?+ 4u% + 4)@ 4(Aquy + Muy)
My, =2 ) . (3.14)
4(Aquy + \uq) v+ 0%+ w? +4AT + 4]
Diagonalizing this mass matrix, we get physical charged gauge bosons
W, = cos W +sin0Y,
H H n
, , (3.15)
Y, =—sin0W, +cos0Y, .
The mixing angle is given by
4(A A
tan@ = (A + 1”;) o (3.16)
W+ 4N -2 — w407 A
provided that w? ~ A? > u?,u?,u?,A%. The mass eigenvalues are
g : ,
M, = Z{UZ +02+ 207 +2u? + W + 403 +4N?
) 2
- [(vz +02 = w?) #1614 + 16AT + 12811 Aqud
/ , 1/2
+8A%<w2 -v*-v?+ 8u%> - 8)»%<4A%w2 -t -v’- 8u%>] },
(3.17)

M3 = gz{vz + 02+ 207 +2u? + W + 402 + 4N?
2 2 2\? 4 4 2
+ [(v +02 = w?) " +161] + 16A] + 12811 Agu?
: 1/2
+8A7 <w2 e 8u%> -8\ <4A%w2 -v*-v?- 8u%>] }

Note that, in the limit Ay,1; — 0, the mixing angle tends to zero and the mass eigenvalues
are

[

oQ

! ’
M, = <vz+vz+u2+u2>,

N

(3.18)

<
=N
I
N|0],

2
<v’ + 0% +w? +4A%).
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There is a mixing among the neutral gauge bosons W3, Wg, B, and W;. The mass

Lagrangian in this case has the form

ﬁNG — %VTM2‘/,

mass
VT = (W3, Wg, B, Wy).
In the basis of these elements, the mass matrix is given by

2 2 2 2
My, M, Mi, Mj,

2 2 2 2
M3, M35, M3, M,

N

7

2 2 2 2
M3, M3, M5, M3,

2 2 2 2
M3, M3, M5, My,

where
M2, = 2<4u% +8 2+ +u + 07 + v'2>,
M3 = E(4:112 + 8 2+ 12 + U + 32N+ 2 + 0 4 4w2>
2=z \*4 1 1 ,

412

M%szﬁ

(16u% +80 2+ 12 + 1 + 8A2 + 407 + 407 + w2>,
M2, = 2<w2 vt +ut + 1602 +4A% + 403 + 8A1)L1>/

2 2 2
M2, = —<—4u§+81\%+u2+u' A ),

V3

2 /2 ) )
M% = _g\/;t<8u% + SA% +u+u?+ 20 + 202>,
M%4 = 8(3111/\1 + ulAl),

212

M§3 = 9

E(814 + 813 12— + 167 + 207 + 207 + 2%,

Ll
V3

32, /2
M§4 = —?\/;t(ul)q + ulAl).

This mass matrix contains one exact eigenvalue:

M3, = — (u1h - 5u1Aq),

2 _
M2 =0.

(3.19)

(3.20)

(3.21)

(3.22)
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The associated eigenvector is

V3t
A ! - (3.23)
/18442 | 3v2 '
0

Using continuation of the gauge coupling constant g of the SU(3); at the spontaneous
symmetry breaking point, we have [2-9]

3V 2sw

V3-8,

In order to diagonalize the mass matrix, we choose the base of (A,, Z,, Z}’l, Wy,), with

t= (3.24)

t t2
Z, = cwWay — sw <—%W8H +1/1- ?WB#>,

(3.25)
! t%v tw
Z‘u = ]. - ?ngu + %B‘u
The new base is changed from the old by unitary matrix:
/ sw cw 0 0\
_Cwi’w swiw 1 @ 0
u= V3 V3 3 (3.26)
t2 t2 t
1-Ww _ -w W
CW\/ 3 SW\/ 3 v !
\ 0 0 0o 1)
In this basis, the mass matrix M? becomes
0 0 0 0
, 2| oMz Mz oz
M?=U"M?U = = (3.27)

0 Mj Mg Mg

2 2 2
0 M24 M34 M44
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In the approximation A3, 7 < A%, we have

) ].

M3, = 2<u2 +u? + 0%+ v’2> o
w
— 2 2 12\ _ (2 12

A2 - 2[25W<u +u > <v +0v )]\/%

23~ 2 ’

w

M/z _ 81/[1/\1/

®oow (3.28)

, 2<u2 + u’2> 2(02 + U'2> a
M3 = 5 - 5 + 8w?ch g + 64A3cy, ao,

Cy X0 Cly

M;Z _ —8x0u1A1,

34 CW\/%

M =2(w? + 2+ u? + 4000 +4AY),

with

x0 = (4ck, +1),
. (329)
ay = —————.
(4ciy - 1)

It is noteworthy that in the limit u; = 0, the elements M’24 and M’34 (or equivalently My,
My, M3y in the old base) vanish. In this case, the mixing between Wy and Z, Z' disappears.
Three bosons gain masses via seesaw mechanism:

M} = M5 () (M) "M, 330)
My, = M/22X2,

where

(3.31)

2 )

M2 — Mz; M,
2o\ M2 M2 )

34 44
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We have then
) 2 ) ) ! ! ) 2 )
, & " <M223> M, = 2MZ M3 M, + <M224> M3
Mzzz My, - 2 A2 2\2
M33M44 - (M34 (332)
2
_ & 2 12 2 AN
= _26124/(” +u"+v°+v ) AMEZ'
where
AL g_2 [32(2x0x1 + x3)UTAT + x3x2]
Mz a x2X3 — 32x5UT A !
X1 = Cow <u2 + u’2> - <vz + U'2>, (3.33)
Xy = <(,()2 + u2 + u’z + 4/\1/\1 + 4/\%),
X3 = Cow (u2 + u'2> + ot + 0+ 4y w? +32¢, AL,
The p parameter in the our model is given by
p =1+ biree + Oloop, (3.34)

where 0j00p gets contribution from the oblique correction depending on the masses of top
quark and standard model Higgs boson [1]. The tree level correction 6yee describes the new
physics as given by

M?2 2, A
Biree = otz — 1= M2, (3.35)
ey My My,

It is noted that Ap2 #0 even if w and Ay go to infinity. This is because the 33 components of
antisextets and the third components of scalar triplets can be integrated out. There leave the
standard model scalar doublets and triplets (the submultiplets of the 3-3-1 model triplets and
antisextets). Such standard model scalar triplets imply O 70 to be given by

8422, (4%, — 1) 12
6tree: g W( ud ) 1%‘0 (336)
M?
w

The 6iee parameter has already been given in [1] as py — 1 from the global fit:

Otree = 00008t888(1); (337)
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Hence

0.8403GeV? < Ap < 21.0065GeV?, (3.38)

or

0.239GeV < u; < 1.197GeV, (3.39)

where we have used C%v =0.769 and My = 80.384 GeV.

Diagonalizing the mass matrix M3,,, we get new gauge bosons:

Z, =cos¢Z, +sinpW,,
(3.40)
Wiy = —sin¢Z, + cos pW,,.

The mixing angle is defined by

2M324

tan¢g = (3.41)

’ ) ’ ’ 2 ’ 2‘
M2 - M2 +1/(MZ - M2)” + 4(M2,

Substituting (3.28) into (3.41), we get

tan ¢ =-2+/a1u1A14 a2 <u2 + u,2> +az <vz + v,2> —2a0w? + 81 Ay — 8x0a0A%

+ <CX2 <u2+u’2> +as <02 +U’2> 2w +8M Ay —8x0cx0A%>2 +4a1u%A%] 1/2

2
~ 4CW -1 u
- cw A] !
(3.42)
provided that w? ~ A? > 12, u?,v?,v?%,u?, 12, where
64x500
= ——,
Cw
-2+ 6cy,
a = ——5——a, (3.43)
c
W
-2
a3 = —ap
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The physical mass eigenvalues are defined by

) ) ’ ) 2 ) 2
MG+ Mg F \/(M424 - M3)" +4(Mg,

2 -8
MZN’WQM - 4 2
2
= ‘% <cx4 <u2 + u’2> — a3 <vz + v’2> + asw? + 8 A + aéA%
2 ) 2
+ (az (u2 +u ) +a3(02 + v2) = 2agw? + 8\ A1 — 8x0a0A%> + 4a1u%A%>
(3.44)
with
2 -10c%, + 16¢%,
CX4 = M“O/
2
W
as = <16c‘2,v - 2> o, (3.45)
as = 8(12¢}, - 1) ao.
In the limit Ay, u; — 0, we have
2[2(2 ’2> 2 4 02 4 4ct w? + 3204 A2
oo (U2 +u?) + 0% + 07 + 4cy,w” + 32¢;, A
MZZ// = > o,
20 (3.46)

2
My, = ‘% (u2 +u?+w?+ 4A%>.

Thus the W and W5 components have the same mass. With this result, we should identify
the combination of W'y and W5

V2X§ = Wy, —iWs, (3.47)

as physical neutral non-Hermitian gauge boson. The subscript 0 denotes neutrality of gauge
boson X. However, to get tribimaximal mixing, the previous limit is not valid [21, 22].
This means that neutrino tribimaximal mixing leads to the masses of X° and X°' to be
different. Consequence of this fact is that there is CPT violation [1, 31] in the model under
consideration. We will return to this problem in the future work.

In the limit w? ~ A? > u?,u?%,v*,v?,u?,A? (or w, Ay — oo), the mixings between the
charged gauge bosons W — Y and the neutral ones W, — Z' are in the same order since from
(3.16) and (3.42) they are proportional to u;/A;. In addition, from (3.46), M2, = 2g*(w?* +
16cy,A}) is bigger than My, = (g2/2)(w?+4A]) (or My, ). Itis also verified that [M} - M3, | <
M3, In that limit, the masses of X’ and Y degenerate.
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Note that the formulas for masses and mixing of gauge bosons previously presented,
are common for the 3-3-1 models with more complicated Higgs sector such as with A4 or S,
discrete symmetries.

4. Charged Currents

The interaction among fermions with gauge bosons arises from part

iy, D" ¢ = kinematic terms + H <€ 4 gNC, (4.1)

Similarly in the economical 3-3-1 model, despite neutrality, the gauge bosons X° and
X% belong to this section by their nature. Because of the mixing among the SM W boson and
the charged bilepton Y as well as among (X0 + X%) with (W3, Wg, B), the new terms exist the
same as the economical 3-3-1 model [25, 26]:

HCC - % (Wi + 15+ JX0 + He), (4.2)

where
H- > - =c 1T -
T = co(icyteir + uiry"di) + se <ViLY'ueiL +Urytdir + uaLY‘uDaL>/

J¥ =co <§fLY”€iL +Upytdir + ﬁuLY”DaL> —so(viry"eir + wiry"dir),

5”(0* = (1 - t%g) (E‘LY"V?L +uy*Uy - BaLY”daL> - t%e <71-CLY”V1‘L +Ury'uiL - HaLY‘uDaL>

¢ _ _ _
2 <7iY”Vi + iy un - Ury*Ur — dary”dar + DaLY‘uDaL>-

\/1+4t3,

(4.3)

All aforementioned interactions are lepton-number violating and weak (proportional
to sin 6 or its square sin’0). However, these couplings lead to lepton-number violations only
in the neutrino sector.

Let us consider some constraints on the parameters of the model; one of the ways to
do that is the consideration for W decay. In our model, the W boson has the following normal
main decay modes:

W-— 1 (I=eupu),
(4.4)
N\ ud, u’s,u’b, (u — ¢,

which are the same as in the SM and in the 331 with right-handed neutrinos. Beside the afore-
mentioned modes, there are additional ones which are lepton-number violating (AL = 2) the
model’s specific feature:

W~ —lv (I=eur). (4.5)
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21E
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Figure 1: The total decay width of W [GeV] is depicted as a function of sin(6). The two horizontal lines
are the upper and lower limits, respectively.

The interaction that provides these modes is as follows:

L= %Seﬁfﬁ”em, (4.6)

where v] = (N r)‘ is related to vy, via the seesaw mechanism given by vi=M DM; vr. Here
Mg and Mp are right-handed Majorana and Dirac mass matrices (due to the contribution of
s), respectively, which can be derived from the Yukawa Lagrangian above to yield Mp My =
(u1/A1) diag(1,1,1). On the other hand, from (3.16) we have sg = tan8 = u;/A; if Ay is
largest among the VEVs. It is therefore that v{ = sgv and

L = %Sgﬁ‘m’”em- (4.7)

The total decay width of W is given by [25, 26]

aMyyy 2 aMyy 2 aMw 4
I'yw =1.039——(1-355) + 1-s5)+ S5, 4.8
W 2s3, < 9> 4s2, < 9> 4s2, 0 (48)

where the first term is due to the quark productions (with a; = 0.1184 chosen for the QCD
radiative corrections), the second term comes from the normal modes with leptons, and the
last one is for the unnormal modes. Let us choose a(Mz) = 1/128, My = 80.399 GeV, and
5t = 2.085 +0.042 GeV [1]. The total decay width is plotted in Figure 1. From the figure, we
get an upper limit on the sin 6 in the model:

sinf < 0.15, (4.9)

which is bigger than that given in [25, 26].
There are lepton number violating interactions in the neutral Gauge boson sector, we
refer interested reader to [25, 26].
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5. Conclusions

In this paper, we have investigated Gauge boson sector: their mixing and masses. The vacuum
expectation values u; and \; are a source of lepton-number violations and a reason for the
mixing between the charged Gauge bosons—the standard model W and the singly-charged
bilepton Gauge bosons, as well as between neutral non-Hermitian X and neutral Gauge
bosons: the photon, the Z, and the new exotic Z'. The interesting new physics compared with
3-3-1 models is the neutrino physics. Due to lepton-number violating couplings, we have
many interesting consequences. We have shown that the neutrino tribimaximal mixing leads
to the CPT violation. This feature will be considered in the future publication.
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We study how leptogenesis can be implemented in the seesaw models with S, flavor symmetry,
which lead to the tri-bimaximal neutrino mixing matrix. By considering renormalization group
evolution from a high-energy scale of flavor symmetry breaking (the GUT scale is assumed) to
the low-energy scale of relevant phenomena, the off-diagonal terms in a combination of Dirac
Yukawa-coupling matrix can be generated and the degeneracy of heavy right-handed neutrino
Majorana masses can be lifted. As a result, the flavored leptogenesis is successfully realized.
We also investigate how the effective light neutrino mass |(m,.)| associated with neutrinoless
double beta decay can be predicted along with the neutrino mass hierarchies by imposing the
experimental data on the low-energy observables. We find a link between the leptogenesis and
the neutrinoless double beta decay characterized by |(1. )| through a high-energy CP phase ¢,
which is correlated with the low-energy Majorana CP phases. It is shown that the predictions of
|(mee )| for some fixed parameters of the high-energy physics can be constrained by the current

observation of baryon asymmetry.

1. Introduction

The neutrino experimental data can provide an important clue for elucidating the origin of
observed hierarchies in the mass matrices of quarks and leptons. The recent experiments of
neutrino oscillation have gone into a new phase of precise determination of the mixing angles
and squared mass differences [1, 2], which indicate that the tri-bimaximal mixing (TBM) for

the three flavors of leptons
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V2 1
1 1 -1
Us=| /6 V3 2 (1.1)
S 1
Ve V3 V2

can be regarded as the PMNS matrix Upymns = Ut P, [3-6], where P, is a diagonal matrix of
CP phases. However, properties related to the leptonic CP violation have not been completely
known yet. The large mixing angles, which may be suggestive of a flavor symmetry, are
completely different from the quark mixing ones. Therefore, it is very important to find
a model that naturally leads to those mixing patterns of quarks and leptons with a good
accuracy. In recent years there have been a lot of efforts in searching for models which result
in the TBM pattern naturally and a fascinating way seems to be the use of some discrete non-
Abelian flavor groups added to the gauge groups of the standard model. There is a series
of proposals based on groups A4 [7-16], T’ [17-21], and S, [22-36]. The common feature of
these models is that they are naturally realized at a very-high-energy scale A and the groups
are spontaneously broken due to a set of scalar multiplets, the flavons.

In addition to the explanation of smallness of observed neutrino masses, the seesaw
mechanism [37-39] has another appearing feature so-called leptogenesis mechanism for
generation of observed baryon asymmetry of the Universe (BAU), through the decay
of heavy right-handed (RH) Majorana neutrinos [40-44]. If this BAU was made via the
leptogenesis, then the CP violation in leptonic sector is required. For the Majorana neutrinos
of three flavors there are one Dirac-type phase and two Majorana-type phases, one (or a
combination) of which in principle can be measured through neutrinoless double beta (0v2f)
decays [45-48]. The exact TBM pattern forbids at low energy the CP violation in neutrino
oscillations, due to U3 = 0. Therefore, any observation of the leptonic CP violation, for
instance, in the 0v2f decay, can strengthen our belief in the leptogenesis by demonstrating
that the CP is not a symmetry of leptons. It is interesting to explore this existence of the CP
violation due to the Majorana CP-violating phases by measuring |(1,, )| and examine a link
between observable low-energy 0v2f decay and the BAU. The authors in [35, 36] have shown
that the TBM pattern can be generated naturally in the framework of the seesaw mechanism
with SU(2); x U(1)y x S4 symmetry. The textures of mass matrices as given in [35, 36] also
could not generate a lepton asymmetry which is essential for the baryogenesis. In this paper,
we investigate possibility of radiative leptogenesis when renormalization group (RG) effects
are taken into account. We will show that the leptogenesis can be linked to the 0v2f decay
through the seesaw mechanism.

The rest of this work is organized as follows. In Section 2, we present the low-energy
observables in two variants of supersymmetric seesaw model based on flavor symmetry Sy.
We especially focus on the effective neutrino mass governing the 0v2p decay. In Section 3, we
study RG effects on the Yukawa couplings and heavy Majorana neutrino mass matrices so
that the leptogenesis becomes available. This leptogenesis in the two models due to the RG
effects is studied in detail in Section 4. Finally, Section 5 is devoted to our conclusions.
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Table 1: Transformation properties of the lepton sector and all the flavons of the BMM model where w =
ei27/3

Field 1 e e T¢ Ve hya 0 @ 1 A [0 ¢
S, 3, 1, 1, 1 3 1 1 3 2 3, 2 1
Zs w* 1 w? w* w 1 1 w? w? w? w’ 1
U1)eN 0 1 0 0 0 0 -1 0 0 0 0 0

2. Two S, Models

In this section we give a review of the main features of Bazzocchi-Merlo-Morisi (BMM) model
[35] and Ding model [36]. We simultaneously discuss the 0v2p decay, leptogenesis, and phe-
nomenological difficulties associated with the models to be solved.

2.1. Bazzocchi-Merlo-Morvrisi Model

In this model the flavor symmetry is S; accompanied with cyclic group Zs and Froggatt-
Nielsen symmetry U (1)py [49], that is, Gy = Sy x Zs x U (1)gy. The matter fields and flavons
are given in Table 1. The superpotential for the lepton sector reads

6 e, C .
= ZAjj/\s (IX;) 12hd+A2# (qu’l)lzhd+ T (l(p)llhd+h_c‘+...,

(2.1)
w, = x(vVD)y hy + x4 (v° vc(p)11 +x(VVA) +he -,
where X; = g1, ¢gnn, AAE, Apé' and the dots denote higher-order contributions.
The VEV alignment of flavons is
(g)=(010) v, (A)y=(11 1) vs, 02
T T ) ’
m=01 v, (=010, (&) =0vy

where all the VEVs are of the same order of magnitude and for this reason being param-
eterized as VEVs/A = u. The remaining VEV which originates from a different mechanism is
vg, denoted by vg/A = t. It is shown in [35] that u and  belong to a well-determined range
0.01 <u,t <0.05.

The mass matrix for the charged leptons is given by

yMurt yPurt yPurt
m; = 0 Yl 0 uv,. (2.3)
0 0 Yr
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The Dirac and RH-Majorana neutrino mass matrices are, respectively, obtained as

100
mf,l: 001 )xv,,
010

_ 2rei  1—re® 1-re?
Mgr=Be™| 1-re® 1+2re® —reit ),

1—re® —re® 1+2re

(2.4)

where B = 2|x,4|v,, C = 2|x;|va, and r = C/B are real and positive. The phases a; and a; are
the arguments of x4, and ¢ = a, — a; being the only physical phase remained in M. Notice
that the My can be exactly diagonalized by the TBM matrix:

MR = Vi MgV = Diag.(Mi, Ma, M3),
M, = B|3re"¢ 1|, My=2B, M= B|3rei¢ + 1|,

i i 2.5
Vr =UrgVp, Vp = Djag‘<el)’1/2, 1, el)fz/Z)/ (2.5)

Y12 = —arg <3rei¢ ¥ 1).

Integrating out the heavy degrees of freedom, we get the effective light neutrino mass
matrix, which is given by the seesaw relation, mes = —(mﬁ)TM§1m§ [37-39], and diagonal-
ized by the TBM matrix:

UZmefoV = Diag.(m1, my, m3)

X202 x20% X203
= —Diag. ® ® L),
g ( M ML M. (2.6)

u, = UTBDiag.<e’iW2, 1,6*172/2).

In order to find the lepton mixing matrix we need to diagonalize the charged-lepton
mass matrix:

m? = U;[.m,lll = Diag.(yeuzt, Yull, yT>uvd, (2.7)

where U] is unity matrix. Therefore we get

Upwins = UJU, = U,

. o (2.8)
= e"yl/zllTBDiag.(l, efr e’ﬂ2>,

where 1 = y1/2 and f2 = (y1 — y2) /2 are Majorana CP violating phases. The phase factored
out to the left has no physical meaning, since it can be eliminated by a redefinition of the
charged lepton fields. The light neutrino mass eigenvalues are simply the inverse of the heavy
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Figure 1: Allowed parameter region by the 1o experimental constraints (2.9) for the ratio r = C/B as a
function of cos ¢. The blue (dark) and red (light) curves correspond to the IH and NH spectra.

neutrino ones, a part from a minus sign and the global factor from m¢, as can be seen in (2.6).

There are nine physical parameters consisting of the three light neutrino masses, three mixing
angles, and three CP-violating phases in general. The mixing angles are entirely fixed by the
Gy symmetry group, predicting TBM and in turn no Dirac CP-violating phase. The remaining
five physical parameters, p1, f2, m1, my, and mg, are determined by the five real parameters
B,C, vy, x,and ¢.

The light neutrino mass spectrum can have both normal or inverted hierarchy de-
pending on the sign of cos ¢. If cos ¢ < 0, one has normal hierarchy (NH), whereas if cos ¢ > 0,
one has inverted hierarchy (IH). In order to see how this correlation in the allowed parameter
space is constrained, we consider the experimental data at 1o [1, 2]:

|am?, | = 229-252) x 107 eV,

(2.9)
Am3, = (745 - 7.88) x 107 eV>.

(Hereafter, we always use the experimental data at 1o for our numerical calculations of low-
energy observables.) The correlations between r and cos ¢ for the NH spectrum (red (light)
plot) and IH one [blue (dark) plot) are, respectively, presented in Figure 1.

Because there is no Dirac CP-violating phase as mentioned, the only contribution from
the Majorana phases to the 0v2f decay comes from f;. The effective neutrino mass governing
the 0v2p decay is given by

1 .
[t )| = §|2m1 +m2e21ﬂ1‘

~ 3(1-6rcos ¢ +9r2)

\/8.5 +13.572 + 20.25r% - 3r(13 + 12r2) cos ¢ + 9r?cos?¢,
(2.10)
where my = x*v%/B. The behavior of |(m,)| is plotted in Figure 2 as a function of ¢. The

horizontal line (0.2eV) is the current lower bound sensitivity [50-53] while the dashed line
(1072eV) is a future sensitivity [54, 55].
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Figure 2: Prediction of the effective neutrino mass |(1,. )| responsible for 0v2f decay as a function of ¢ by
the 1o experimental constraints (2.9). The blue (dark) and red (light) curves correspond to the IH and NH
spectra.
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Figure 3: The Majorana CP phase f; as a function of ¢ plotted by the 1o experimental constraints (2.9).
The blue (dark) and red (light) curves correspond to the IH and NH spectra.

Using (10) we can obtain the explicit relation between ¢ and p:

-3rsin¢
1-6rcos +9r2

sin2f; = (2.11)

Figure 3 represents this relation corresponding to the NH spectrum [red (light) plot] and IH
one [blue (dark) plot].

In a basis where the charged current is flavor diagonal and the heavy neutrino mass
matrix My is diagonal and real, the Dirac mass matrix md gets modified to

m? — Y,v, = Vim?, (2.12)
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Table 2: Representations of the matter fields of lepton sector and flavons under Sy x Z3 x Z4.

Field l e‘ ue 7€ v° hyq %) X 3 7 ¢ A
S, 3 1, 1, 1, 3 1, 3 3, 1, 2 3 1,
Zs w w? w? w? 1 1 1 1 1 w? w? w?
Zy 1 i -1 —i 1 1 i i 1 1 1 -1

where v, = vsinf, v = 176 GeV, and the coupling of N; with leptons and scalar, Y, is given

by

[ \ﬁ A

3 V6 V6

e—iﬂl e—iﬂl e—iﬂ1

_ iyi1/2
Y, = xe" V3 V3 3 (2.13)

0 eiiﬂz _efiﬂz

N\ )

Concerned with the CP violation, we notice that the CP phase ¢ originating from m¢

obviously takes part at the low-energy CP violation as the Majorana phases f; and f,. On
the other hand, the leptogenesis is associated with both the Yukawa coupling Y,, and its
combination:

H=Y,Y] = x*-Diag.(1,1,1). (2.14)

This directly indicates that all off-diagonal H;; vanish, so the CP asymmetry could not be
generated and neither leptogenesis. For the leptogenesis to be viable, the off-diagonal H;; have to
be generated.

2.2. Ding Model

Ding model, proposed in [36], possesses flavor symmetry group Gy = Sy x Z3 x Zy, where
the three factors play different roles. The S, controls the mixing angles, the Z3 guarantees the
misalignment in flavor space between neutrino and charged-lepton eigenstates, and the Z,
is crucial to eliminating unwanted couplings and reproducing observed mass hierarchies. In
this framework the mass hierarchies are controlled by spontaneously breaking of the flavor
symmetry instead of the Froggatt-Nielsen mechanism [49]. The matter fields of lepton sector
and flavons under Gy are assigned as in Table 2.
The superpotential for the lepton sector reads

w = @ec(l‘l’)h ((p(p)hhd + e “((lp), (vy), )hhd N ((l‘l’)31 (‘P‘P)3l>
+ 256 (1), (1), >hhd

+ 226 (103, 000, ), ha+ 25 (), (00 ha+ 25 e (1), (xx). ),
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+ 25 (1), (x0)s, ), ha

: pec((lx)z(w)z)h ha+ Ye ()5, (99)s,), ha+ 2sn (10)s,),

Yz
+ XTC(Z(P)llhd o,

i ¢ v c 1 c e
= %((V 1)271)11]’114 + %((V l)3l¢)11hu + EM(V % )11 +-,

(2.15)
where the dots denote higher-order contributions.
The VEV alignment of flavons are assumed as follows:
(¢) = (0,05,0), (x)=(0,0y,0), (B) = vy, (2.16)
(m) = (og,vg), ($) = (Vg vp0p),  (B)=0a.
The charged-lepton mass matrix is obtained by
) U, VU U,
my = Diag.( y.— A3 S Yu——5— R yT A (2.17)

where all the components are assumed to be real. The neutrino sector gives rise to the follow-
ing Dirac and RH-Majorana mass matrices

. 2be®  a-be® a-be?
mi=e®( a-be* a+2be® -be'? v,

a-be® -be'® a+2be'?
M 0 O
Mp = 0 0 M),
0 MO

where the quantity M is also supposed to be real and positive. The phase ¢ = a, — a;, where
a1, &y are denoted as the arguments of y,1, V., respectively, is the only physical phase sur-
vived because the global phase a; can be rotated away. The real and positive components a
and b are defined as

(2.18)

V. D,
a= vallxq, b= vazlx‘ﬁ. (2.19)

After seesawing, the effective light neutrino mass matrix is obtained from ms =
—(md )TMI‘Q1 m4, which can be diagonalized by the TBM matrix:

Ul'megl, = Diag.(my, my, m3), (2.20)
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where

my = m0<1 +97% — 67 cos qS),
my = 4my, (2.21)

ms = m0<1 +97% + 6rcos¢),

with mg = v>a?/M and r = b/ a. The lepton mixing matrix is given by
Upnins = U,y = e/ ZUTBDiag.<1, eiﬂ‘,eiﬁ2>, (2.22)

where 1 =y1/2, p» = (y1 — 12) /2 are Majorana CP-violating phases with

n= arg{ (a - 3bei¢>2 },
Y2 = arg{—<a + 3bei¢>2}.

It is clear that the phase factored out to the left has no physical meaning. Moreover, the
mixing angles are entirely fixed by the G £ symmetry, predicting TBM and in turn no Dirac CP-
violating phase. There remain only five physical quantities, f1, 2, m1, my, and m3, completely
determined by the five parameters M, v, a, b, and ¢.

There are two possible orderings in the masses of effective light neutrinos depending
on the sign of cos ¢: the NH corresponding to cos ¢ > 0 while the IH to cos ¢ < 0, which cont-
rast with the previous model. The relation between r and cos ¢ for the NH spectrum (red
plot) and IH one (blue plot) is included in Figure 4. Similarly to the previous model, the con-
tribution to the 0v2f decay entirely comes from the Majorana phase f;. The relevant effective-
neutrino mass is given by

(2.23)

1 .
[(11e )| = 5'27111 + m2€21ﬂ1|

(2.24)
= mo\/l —4rcos ¢ +2r2 (2 + 3cos2¢) — 12r3 cos ¢ + 9r4,

where my = a?v2/M. The behavior of |(m,)| as a function of ¢ is plotted in Figure 5, where
the horizontal line and dashed line are the current lower bound and the future one as
mentioned. Moreover, the relation between ¢ and f3; can be obtained from (2.23) as

6rsin ¢ (1 - 3r cos ¢)
1-6rcosd+9r2 ~

sin2p; = (2.25)

which is presented in Figure 6 corresponding to the NH ordering [red (light) plot] and IH
one [blue (dark) plot].
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Figure 4: Allowed parameter region by the 1o experimental constraints (2.9) for the ratio » = b/a as a
function of cos ¢. The blue (dark) and red (light) curves correspond to the IH and NH ordering.
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Figure 5: Prediction of the effective mass [(m1,.)| responsible for 0v2f as a function of ¢ by the 1o
experimental constraints (2.9). The blue (dark) and red (light) curves correspond to the IH and NH

ordering.
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Figure 6: Relation between the phase p; and ¢ as given by the 1o experimental constraints (2.9). The blue
(dark) and red (light) curves correspond to the IH and NH ordering.
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In a basis where the charged current is flavor diagonal, we diagonalize My in order to
go into the physical mass basis of the RH neutrinos:

VI MgrVg = Diag.(M, M, -M), (2.26)
where
10 0
o L -1
Vi = V2 V2 (2.27)
0o L L
V2 V2

In this basis, the Dirac mass matrix m¢ gets the form

m? — Y,v, = Vim?, (2.28)

where v, = v -sinf, v = 176 GeV and the coupling of N; with leptons and scalar, Y;,, is given
by

2be'? a - be'? a - be'?
V2(a- beit) a +be' a +be'?
Y, = V2 V2 . (2.29)
0 —(a+3be?) (a+3be'?)
V2 V2

Again, the CP phase ¢ which comes from m¢ also takes part at the low-energy CP violation as
the Majorana phases f; and f,. On the other hand, the leptogenesis is associated with both the
Yukawa coupling Y;, and its combination:

2a% +6b* —4abcosp  /2(a*—3b? + 2abcos ) 0
H=Y,Y! = v2(a?-3b* +2abcos )  3a® +3b? - 2abcos ¢ 0 ,
0 0 a? +9b* + 6ab cos ¢

(2.30)

which directly indicates that all Im[ Hj;] vanish and in turn unflavored leptogenesis could not

take place. However, flavored leptogenesis can work if the degeneracy of the heavy Majorana neutrino
masses is lifted.
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3. Relevant RG Equations

In both models, the CP asymmetries due to the decay of heavy RH Majorana neutrinos at
leading order vanish; therefore the leptogenesis could not take place. The radiative effects due
to RG running from a high to low scale can naturally lead not only to a degenerate splitting
of heavy Majorana masses (for Ding model), but also to an enhancement in vanished off-
diagonal terms of H = Y,Y; (for BMM model), which are necessary ingredients for a suc-
cessful leptogenesis mechanism.

The radiative behavior of heavy RH-Majorana mass matrix Mg is dictated by the
following RG equation [56-60]:

d{% -2 [(Y,,YT,)MR + Mg (YVY,T,)T], (3.1)

where t = (1/16%) In(M/A') and M is an arbitrary renormalization scale. The cutoff scale
A’ can be regarded as the Gy breaking scale A’ = A and assumed to be in order of the GUT
scale, A’ ~ 10 GeV.

The RG equation for the Dirac neutrino Yukawa coupling can be written as

day,
dt

=Y, [(:r -3g2 - g g12> +Y'Y +3YDY, |, (3.2)

where T = Tr(3Y,Y, + YIY,), Y, and Y; are the Yukawa couplings of up-type quarks and
charged leptons, and g1 are the SU(2); and U(1), gauge coupling constants, respectively.

Let us first reformulate (3.1) in the basis where My, is diagonal. Since My is symmetric,
it can be diagonalized by a unitary matrix Vr as mentioned:

VEMRVg = Diag.(M1, My, M3). (3.3)

As the structure of My changes with the evolution of the scale, the Vi depends on the scale
too. The RG evolution of V(t) can be written as

d
- = 3.4
T, Vr = VRA, (3.4)

where A is an anti-Hermitian matrix AT = —A due to the unitary of V. Differentiating (3.3)
we obtain

dMi6i]'
dt

T
= Az;M]+M1Al]+2{VI{ [(YVY;r,)MR + MR <YVYT)> ]VR} - (35)
U

Absorbing the unitary factor into the Dirac Yukawa coupling Y, = VY, the real diagonal
part of (3.5) becomes

% - 4M; (YVYJ )ii. (3.6)
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The RG equation for Y, in the basis of diagonal My, is given by

av, _ Y, [(T_agzz - ggf> +Y'Y; +3Y]Y,

T
7 + ATY,. (3.7)

Finally, we obtain the RG equation for H responsible for the leptogenesis:

dH _ 2 3. ty )yt
W_2<T 3g2 5g1>H+21r,,<\(,Yl)1f,, 68

+6H?*+ ATH + HA*.

The heavy Majorana mass splitting generated through the relevant RG evolution is thus given

by
67 = 4(H; - Hy)t, (3.9)

where H is defined in (2.30). Neglecting the RG evolution of Y,, and its combination H =
Y, Y], all the necessary components for the flavored leptogenesis in Ding model are available.
The flavored CP asymmetries £ can be obtained from (2.29), (2.30), (3.9), and (4.3).

Notice however that in BMM model a nonvanishing CP asymmetry requires
Im[H;;(Yy);, (Yv)}f,x] #0 with Y, defined in (2.13). Therefore, to have a viable radiative lep-
togenesis we need to induce a nonvanishing H;;(i# j) at the leptogenesis scale. Indeed, this
is possible since the RG effects due to the 7-Yukawa coupling contribution imply at the
leading order yields [56-60]

Hij(t) = 2y2(Yy) ;5 (Yy)j3 x £ (3.10)

The flavored CP asymmetries £/ can then be obtained from (2.13), (2.14), (3.10), and (4.1).

4. Radiatively Induced Flavored Leptogenesis

As already noticed, the leptogenesis cannot be realized in the S4 models at the leading order,
so this section is devoted to study the flavored leptogenesis with the effects of RG evolution.

The lepton asymmetries, which are produced by out-of-equilibrium decays of heavy
RH neutrinos in early Universe at temperatures above T ~ (1 + tanzﬂ) x 1012 GeV, do not
distinguish among lepton flavors, called conventional or unflavored leptogenesis. However,
if the scale of heavy RH neutrino masses is about M < (1 +tan?g) x 10'> GeV, we need to take
into account lepton flavor effects, called flavored leptogenesis.

In this case, the CP asymmetry as generated by the decay of ith heavy RH neutrino far
from almost degenerate is given by [61-71]

. 1 I H.i (Y, Y.)* M]2 4.1
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where Y, and H = lef;r are in the basis where My, is real and diagonal. Here the loop function
g(M]? / Miz) is

M2 ) ,
g<ﬁjz> = gij(x) = \/?c[m “In ;x . (4.2)

This function depends strongly on the hierarchy of light neutrino masses.

For an almost degenerate heavy Majorana mass spectrum, the leptogenesis can be nat-
urally implemented through the resonant leptogenesis [72, 73]. In this case, the CP asym-
metry is generated by the ith heavy RH neutrino (IN;) when decaying into a lepton flavor
a (= e, u, 7) and dominated by the one-loop self-energy contributions [74],

Im | H;; (V) (Y3’ 12
g;X:Z [ 1] Vza”V]a 1+ j - ) (43)
izi  16rH;6y 4M;6];

where I'; = H;;M;/8 is the decay width of jth RH neutrino and 6;{, is mass splitting pa-
rameter defined as

i _. M,
oy =1 M (4.4)

As reminded in the previous section, by properly taking into account the RG effects,
the nonzero flavored CP asymmetries £ as given above can be obtained.

Once the initial values of ] are fixed, the final result of BAU, 75, can be given by solv-
ing a set of flavor-dependent Boltzmann equations including the decay, inverse decay, and
scattering processes as well as the nonperturbative sphaleron interaction. In order to estimate
the washout effects, we introduce parameters K7 which are the wash-out factors due to the
inverse decay of Majorana neutrino N; into the lepton flavor a. The explicit form of K{ is
given by

I« V2
a _ i — t . u__ 4.5
Kl H(Ml) <Yv>ai(YV)m m*Ml-' ( )

where I'? is the partial decay width of N; into the lepton flavors and Higgs scalars, H(M;) =

(4r3g,/ 45)1/2Mi2 / Mp; with the Planck mass Mp; = 1.22 x 10'° GeV and the effective number
of degrees of freedom g, = 228.75 is the Hubble parameter at temperature T = M;, and the
equilibrium neutrino mass m, = 10~%. From (2.13), (2.29), and (4.5) we can obtain the washout
parameters corresponding to the two models.

Each lepton asymmetry for a single flavor £ is weighted differently by the corre-
sponding washout parameter K, appearing with a different weight in the final formula for
the baryon asymmetry [75, 76]:

93 19 19
_~ -2 e e H H T T
1 = —-10 NE. [51"‘(_1101(1') +51.1<<—30K1.> +gi1c<—3OKi>], (4.6)
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provided that the scale of heavy RH neutrino masses is about M < (1 + tan?f) x 10° GeV
where the y and 7 Yukawa couplings are in equilibrium and all the flavors are to be treated
separately. And

541 494
=-1072 2 _K.2> T <_ T>]
B 0 %[51K<761 ) teix 7e1 Ki (4.7)

is given if (1+tan?f)-10° GeV < M; < (1+tan?p)-10'2 GeV where only the 7 Yukawa coupling
is in equilibrium and treated separately while the e and y flavors are indistinguishable. Here
g2 =¢+el, K2 = K¢ + KV

The wash-out factors are given by

Ky 116 -1
Kg:<§-<_zf+(0_lz) > | @)

4.1. Bazzocchi-Merlo-Morisi Model

In this model, the RH neutrino masses are strongly hierarchical. For the NH case, the lightest
RH neutrino mass is M3, then the leptogenesis is governed by the decay of M3 neutrino. The
explicit form of flavored CP asymmetries &5 is given from (2.13), (2.14), (3.10), and (4.1):

€5 =0,
2x2 /1 . ) (4.9)
eh =e] = yzzlyz- (E sin2f, - g —sin2(f1 — f2) -g32> -t
The corresponding washout parameters are
3
K:=0, K§' = ZKf. (4.10)

For the IH case, the lightest RH neutrino is of M;, then the leptogenesis is governed
by the decay of M; neutrino. The flavored CP asymmetries £{ are obtained as

2.2
_y X .
€ = 36';1_ sin2f; - g2 - t,
2.2 1 1
g‘;l =~ Z’Z; <§ sin2pf - g1 — 3 sin2f, - g13> - t, (4.11)

2.2
yix© /1 1.
€] = 22]1_ <§ sin2f; - gip + ESII’IZﬁz‘gL’») -,
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Figure 7: Prediction of #p as a function of |(1,, )| for the NH case (a) and IH case (b). The horizontal solid
and dashed lines correspond to the experimental central value and phenomenologically allowed region.

with corresponding washout parameters

K¢ =~ 21110
b 3m.(1-6rcos +9r2)’ (4.12)
1
wT o
K™= 2K,

Applying (4.6), (4.7), and (4.8), the BAU for two cases are then obtained. Notice also
that in the NH case the leptogenesis has no contribution from the electron flavor decay chan-
nel which makes the scale of the heavy RH neutrino mass for a successful leptogenesis higher
than that of the IH case.

The prediction for 715 as a function of ()| is shown in Figure 7 where we have used
B = 10" GeV for the NH case, B = 10'2 GeV for the IH case, and tan f = 30 as inputs. The hori-
zontal solid and dashed lines correspond to the central value of BAU experimental data
nSMB = 6.1 x 1071 [77-79] and phenomenologically allowed region 2 x 107 < 75 < 107,
respectively. As shown in Figure 7, the current observation of 5P can narrowly constrain
the value of [(m,)| for the NH and IH spectrum, respectively. Combining the results
presented in Figures 2 and 3 with those from the leptogenesis, we can pin down the Majorana

CP phase p; via the parameter ¢.

4.2. Ding Model

In this model, all the heavy RH neutrinos are exactly degenerate. By considering the RG ef-
fects, their masses get a tiny splitting (almost degenerate), which lead to a resonant lep-
togenesis as contributed from all these heavy RH neutrinos. However, if we neglect the RG
effects on the H matrix, the contribution of N3 to lepton asymmetries £ can be negligible due
to Hizi1y = Haz@o) = 0. (Actually, this is also correct if we take into account the RG effects on
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the H matrix since the radiative generation of Hi3(31), H23(32) is very small.) Combined with
(2.29), (2.30), (3.9), and (4.3), the flavor-dependent CP asymmetries &; are obtained as

. a’rsin¢ P -a’rsin¢
~ , E, =&, = ’
327 (1 - 2r cos ¢ + 3r2)t Vol 64 (1-2rcos ¢+ 3r2)t (4.13)
. —a’rsin¢ P a’rsin ¢ '
& = , =g = .
1607 (3 — 27 cos ¢ + 3r2)t 327 (3 — 2r cos ¢ + 3r2)t
Here the mass slitting parameter 611\? which can be calculated from (2.30) and (3.9),
6% = ~6% = ~4a*(1-3r> + 2r cos ), (4.14)

has been used. The explicit form of K is found as

2.2
mo a’v
Ké=4r2—, my=—X,
! M, T ™M
K" = "0 (1-2rcos +712),
y™
2
K= m0(1—2rc05¢+r2),

o, (4.15)
¥ My
KgT = 2_11/1*(1 +27"COS¢+7’2).

With the help of (4.6), the BAU is obtained then.

The prediction for 715 as a function of |(,. )| is shown in Figure 8 where we have used
M = 10° GeV and tan f§ = 1. The horizontal solid and dashed lines correspond to the central
value of the BAU experiment result 7$M® = 6.1 x 10710 [77-79] and phenomenologically
allowed region 2 x 107'° < 55 < 1077, respectively. As seen in Figure 8, the current obser-
vation of ngMB can narrowly constrain the value of |(m,,)| for the NH and IH spectrum, re-
spectively. Again, combining the results in Figures 5 and 6 with those from the leptogenesis,

we can pin down the Majorana CP phase f; via the parameter ¢.

5. Conclusions

We have studied the S; models in the context of a supersymmetric seesaw model which
naturally lead to the TBM form for the lepton mixing matrix. In BMM model, the combination
Y, Y is proportional to unity whereas in Ding model the heavy RH Majorana masses are ex-
actly degenerate. This would forbid the desirable leptogenesis to occur in each model.
Therefore, for a viable leptogenesis the off-diagonal terms of Y, Y, in BMM model have to
be generated, while in Ding model the degeneracy of heavy RH Majorana masses has to be
lifted. We have shown that these can be easily achieved by the RG effects from a high-energy
scale to the low-energy scale which result in the successful leptogenesis.
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Figure 8: Prediction of 7p as a function of ()| or the NH case (a) and IH case (b). The horizontal solid
and dashed lines correspond to the experimental central value and phenomenologically allowed region.

We have also studied implications to the low-energy observables such as the Ovpf
decay. It gives the definite predictions for 0v2f decay parameter |(m,.)|. Interestingly we
have found a link between the leptogenesis and amplitude of 0v2f decay |(m.)| through a
high-energy CP phase ¢. We have shown how the high-energy CP phase ¢ is correlated to
the low-energy Majorana CP phase and examined how the leptogenesis can be related with
the 0v2p decay. It is pointed out that the predictions of |(m,.)| for the NH and IH spectra
can be constrained by the current observation of the baryon asymmetry of the universe as
6.1 x 10710,
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We present a detailed analysis of a class of extensions to the SM Gauge chiral symmetry SU (3)c x
SU(3); x U(1), (331 model), where the neutrino electroweak interaction with matter via charged
and neutral current is modified through new gauge bosons of the model. We found the connections
between the nonstandard contributions on 331 model with nonstandard interactions. Through
limits of such interactions in cross-section experiments, we constrained the parameters of the
model, obtaining that the new energy scale of this theory should obey V' > 1.3 TeV and the new
bosons of the model must have masses greater than 610 GeV.

1. Introduction

Although the standard model (SM) is a good phenomenological theory, describing very well
all experimental results, it leaves several unanswered questions that suggest that the SM
might be an effective model at low energies, originating from a more fundamental theory.
Some of the unexplained aspects in the SM are the existence of three families and lepton
flavour violation observed in solar [1-5], atmospheric [6-11], and reactor [12-17] neutrino
experiments. These results demonstrate that new physics is required, being interpreted as a
sign of physics beyond the SM.

In principle neutrinos new interactions not described by Standard Model can arise in
extensions of the SM. We assume that the new physics which induces the nonstandard neu-
trino interactions (NSIs) [18-29] arises in some models enlarging the symmetry group where
the SM is embedded. Models with larger symmetries that may allow us to understand the
origin of the families have been proposed [30-34]. In some models, it is also possible to under-
stand the number of families from the cancellation of chiral anomalies, necessary to preserve
the renormalizability of the theory [35-37]. This is the case of the SU(3)- ® SU(3); ® U(1)x
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or 331 models, which are an immediate extension of the SM [38-46]. There are a great variety
of such models, which have generated new expectations and possibilities of solving several
problems of the SM.

Our goal is to investigate how NSI with matter can be induced by new physics gener-
ated by 331 models. Through the constraints from neutrino elastic scattering experiments on
this NSI parameters, we can constrain some values expected for 331 model parameters. We
find that the constraints on vacuum expectation values of the model, as well as for the mass
of the new bosons, are in full agreement with the limits found in the literature, which makes
this class of models a viable theory for a higher energy level.

The paper is organized as follows. In Section 2 we briefly review NSI and present
how new interactions can contribute to new matter effects, in addition to the SM electroweak
ones. In Section 3 we introduce a specific 331 model and we give the fermion gauge-boson
couplings. In Section 4 we calculate the interactions involving neutrinos and how these
interactions can be interpreted as new terms beyond SM. Finally, in Section 5 we summarize
our main results.

2. Nonstandard Neutrino Interactions

One convenient way to describe neutrino new interactions with matter in the electro-weak
(EW) broken phase are the so-called nonstandard neutrino interactions (NSIs), which is
a very widespread and convenient way of parameterizing the effects of new physics in
neutrino oscillations [18-29]. NSIs with first generation of leptons and quarks for four-
fermion operators are contained in the following Lagrangian density [18-22, 24, 25, 28]:

238 = 2v2Gr Y el [ Fr P | [Bar Lvg), (2.1)
7P

where Gr is the Fermi constant, f = u,d,e, and P = L, R with 2L = (1 -°), 2R = (1 +¢°),
i ; encode the deviation from standard interactions between neutrinos of
flavor & with component P-handed of fermions f, resulting in a neutrinos of flavor . Then,
the neutrino oscillations in the presence of nonstandard matter effects can be described by an

effective Hamiltonian, parameterized as

and the coefficients ¢

. 1 0 0 0 1+ éeee Eep Eer
H=—|u(o0am}, 0 JU'+a| €, & & ||, (2.2)
0 0 Amg1

*

"
Eor  Eur Err

where a = \fZGpnf, E is the neutrino energy and e,5 = 3, £.p 5£ [I;nf /n, with n, and ny the
electrons and fermions f density in the medium, respectively. These parameters £, can be
found in solar [22, 47], atmospheric [20, 48], accelerator [18, 19, 22, 49], and cross-section
[18, 19, 21, 50, 51] neutrino data experiment.
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We focus on cross-section neutrino experiment, where at low energies the standard
differential cross-section for v,e — v,e scattering processes has the well-know form:

dox  2Grme |, 42, a2 T\* , .mT
ar -~z [(81) +(87) <1_E_v> 818 E2 ], (2.3)

where m, is the electron mass, E, is the incident neutrino energy, and T, is the electron recoil
energy. The quantities ¢ and g7 are related to the SM neutral current couplings of the electron
gl =-1/2+ sin?0y, and 8k = sin’6yy, with sin?6y, = 0,23119. For v  heutrinos, which take
part only in neutral current interactions, we have g{‘ = g/ and @ = 8% while for electron
neutrinos, which take part in both charge current (CC) and neutral current (NC) interactions,
g; =1+g{, & = gg- In the presence of nonuniversal standard interaction, the cross-section
can be written in the same form of (2.3) but with g7, replaced by the effective nonstandard
couplings g = g% + 2k and 35 = g5 + £2X, leading to the following differential scattering
cross-section [19, 21, 50, 51]

Z‘;‘" = ZG;me {(gi' rect) + (g8 +SZ§)2<1 - IZ—)Z

(gt eth) (s v est) e .

3. 331 Model

The success of the standard model (SM) implies that any new theory should contain the
symmetry SU(3)- ® SU(2); ® U(1)y (Gzp1) in a low energy limit. Then, it is natural that one
possible modification of SM involves extensions of the representation content in matter and
Higgs sector, leading to extension of symmetry group Gs» to groups SU(N¢)c ® SU(m); ®
U(1)yx with SU(NC)C @ SU(m); @ U(1)x D Gap1.

In early 90’s, Pisano and Pleitez [38, 39] and Frampton [40] suggested an extension of
the symmetry group SU(2); ® U(1)y of electroweak sector to a group SU(3); ® U(1)y, that
is, with N¢ = m = 3. The 331 models present some interesting features; for instance, they
associate the number of families to internal consistence of the theory, preserving asymptotic
freedom.

In these models, the SM doublets are part of triplets. In quark sector three new quarks
are included to build the triplets, while in lepton sector we can use the right-handed neutrino
to such role [38, 40]. Another option is to invoke three new heavy leptons, charged or not,
depending on the choice of charge operator [41, 42]. In SM the electric charge operator is
constructed as a combination of diagonal generators of SU(2) ® U(1)y. Then, it is natural
to assume that this operator in SU(3); ® U(1)x is defined in the same way. The most
general charge operator in SU (3); ® U (1) is a linear superposition of diagonal generators of
symmetry groups, given by

2
Q= aT3L + 7§bT8L + XI3, (31)
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where the group generator is defined as Ti;, = Air, /2 with A;;, i =1,...,8, being the Gell-Mann
matrices for SU(3), where the normalization chosen is Tr(Air A1) = 26;; and I3 = diag(1,1,1)
is the identity matrix, and a and b are two parameters to be determined. Then the charge
operator in (3.1) acts on the representations 3 and 3* of SU(3); having the following form:

b a b 2b
Q3] = —+§+X, _E+§+X’ 3 +X], (3.2)
N . a b a b 2b
Q[3]_d1ag[—§—§+X, +§—§+X, +—3 + X|, (3.3)

where we have two free parameters to obtain the charge of fermions, a and b (X can be
determined by anomalies cancellation). However, a = 1 is necessary to obtain doublets of
isospins SU (2) ®U (1) correctly incorporated in the model SU (3); ® U (1) [41, 42, 45]. Then
we can vary b to create different models in 331 context, being a signature that differentiates
such models. For b = -3/2, we have the original 331 model [38, 39].

To have local gauge invariance, we have the following covariant derivative: D, = 0, —
i(§/2)AaW,; —igxXBy, and a total of 17 mediator bosons: one field B, associated with U(1)x,
eight fields associated with SU (3)., and another eight fields associated with SU(3);, written
in the following form:

w3 b Lps V2w, V2K

\f H
a - 1 Q
W, =W, = V2W, Wi+ 7W§ V2K |, (3.4)
\/QK;Ql \/7K‘;Q2 __WB

N
where

1 . 1 . 1 .
Wi = \_@(Ww FiWap), K;Q = \_@(W‘lﬂ FiWsp), K/TQZ = E(Wéﬂ FiWz,). (3.5)

Therefore, charge operator in (3.2) applied over (3.4) leads to Q; = 1/2 + b and @
(-1/2) + b. Then the mediator bosons will have integer electric charge only if b =
+1/2,£3/2,£5/2,...,+# 2n+1)/2,n=0,1,2,3,.... A detailed analysis shows that if a and b
are associated with the fundamental representation 3, then —a and b will be associated with
antisymmetric representation 3*.

3.1. The Representation Content

There are many representations for the matter content [46], for instance, b = 3/2 [38]. But we
note that if we accommodate the doublets of SU(2); in the superior components of triplets
and antitriplets of SU(3);, and if we forbid exotic charges for the new fermions, we obtain
from (3.2) the constrain b = £1/2 (assuming a = 1). Since a negative value of b can be
associated to the antitriplet, we obtain that b = 1/2 is a necessary and sufficient condition to
exclude exotic electric charges in fermion and boson sector [41].
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The fields left- and right-handed components transform under SU(3); as triplets and
singlets, respectively. Therefore the theory is chiral and can present anomalies of Alder-Bell-
Jackiw [52, 53]. In a non-abelian theory, in the fermionic representation R, the divergent
anomaly is given by

e o 3 T [{TE(R), THR) | TE(R) - { TE(R), TR(R) | TR(R)], (3.6)
R

where T%(R) are the matrix representations for each group generator acting on the basis R
with helicity left or right. Therefore, to eliminate the pure anomaly [SU(3);]’, we should
have that A% o Sz Tr[{Tg(R’),Tf(R’)}TE(R’)] = 0. We use the fact that SU(3); has two
fundamental representations, 3 and 3%, then its generators should be associated to T and
T, respectively, that is,

3 Tr[{Tg(zaf),Tf(Rf) }TE(RI)] -3 Tr[{Tg(R), TP (R) }TE(R)]
R R
(3.7)
_ Z TI‘I:{TE*(R*), TLb* (R*) }TE* (R*)] ,
R*

but we know that the matrix representations for each group generator satisfies that T (R*) =
—T}(R) [54]. So, we can see that for the anomalies to be canceled, the number of fields that
transform as triplets (first term in equation above) and antitriplets under SU (3); has to be the
same; that is, two triplets quark families x 3 (color) = one antitriplet quark family x 3 (color)
+ 3 antitriplet lepton families. This implies that two families of quarks should transform
differently than the third family, as will be discussed in next paragraph.

Usually the third quark family is chosen to transform in a different way than the first
two families. But we will assume that the first family transform differently, to address the fact
that m, < my, m,, < mg while m. > m, and m; > my. To state this in a clearer way, we
recall that in SM the SU (2); doublets are (Vg,é)T, (u, d)T, (c, s)T, (t, b)T, with € = e, u, 7. We
can see that the first component of leptons doublets and first quark family is lighter than the
second component. But for the second and third quark families, the opposite occurs. Then we
use this idea to justify that first quark family transform as leptons.

3.2. Minimal 331 Model on Scalar Sector

Among the different possibilities of 331 models, we will present a detailed study on a minimal
model on scalar sector without exotic electric charges for quarks and with three new leptons
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without charged [41] (b = 1/2), where the fermions present the following transformation
structure under SU(3)-® SU(3); @ U(1)x:

_ T . 1
(IféL = <g ;s Ve, N2>L ~ <1/3 1_5)/
ver ~ (1,1,0),
g;? ~ (1/ 1/ _1)/
Neg ~ (1,1,0),

1
QlL = (d/ u, ul){ ~ (3/3*/ 5)/

2
Uir ~ <3/ 1/ §>/ (38)

1
diR ~ <3/11_§)/

2
ulR ~ <3/1/ §>/

QaL = (ua/ da/ Da){ ~ (3/3/ 0)/
1
DuR ~ <3/11_§>/

wherei =1,2,3, ¢ =e,u, 7, a =2,3. We note that the leptons multiplets ¢, consist of three
fields € = {e, pu, 7}, the corresponding neutrinos v, = {v¢,v,, v}, and new neutral leptons
Ny = {N{,N;), N7}. We can also see that the multiplet associated with the first quark family
Qi1 consists of down and up quarks and a new quark with the same electric charge of quark
up (named U, ), while the multiplet associated with second (third) family Q,;, consists of SM
quarks of second (third) family and a new quark with the same electric charge of down quark
(named D, (Dj3)). The numbers on parenthesis refer to the transformation properties under
SU3)c, SU(3);, and U(1)y, respectively. With this choice, the anomalies are cancelled in a
nontrivial way [55], and asymptotic freedom is guaranteed [56-59].

3.2.1. Scalar Sector and the Yukawa Couplings

The scalar fields have to be coupled to fermions by the Yukawa terms, invariants under
SU3).®SU3);, ® U(1)x. In lepton sector, these couplings can be written as

1
Gorlr ~ (1,3, 5) ®(1,1,-1) = (1,3,—%),
—

p*

1 1
7] ~(1,3,z)e(1,1,0) = -
qI[LvZR ( /3/ 3) ®( 7 /0) <1/3/ 3>/ (39)
—

1

_ 1 1
@, Nog ~ (1,3,§> ®(1,1,0) = (1,3,§>,
——
X
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and writing only three terms in quarks sector, for example,

_ o1 2 1 1
QlLuiR - <3 131_5) ® (3/ 1/ g) - <1/3/ 5) D <8/3/ 5)/
———

——
X Color Higgs
— 1 1 2
dr=(3%3,-=)®(3,1,-=)=(1,3,-= )&...,
Qun=(33.-3) o (31-3) = (13-5) (3.10)
——
P
— 1 L1
Q. dir = (3%,3%,0)® <3,1,—§> = (1,3 ,—5) @)
[ ——
"

As usual in these class of models, we impose colorless Higgs (i.e., selecting only the multiplets
that transform as singlets under SU(3)). We note that we need only three Higgs multiplets,
P, x,and 7, to couple the different fermionic fields and generate mass through spontaneous
symmetry breaking. In (3.9) and (3.10) we note that quantum numbers of triplets y and 7 are
the same, which leads us to consider models with two or three Higgs triplets. We will adopt
the first option, two Higgs triplets, due to the simpler scalar sector in comparison with the
scenario with three triplets [41-44].

3.3. Model with Two Higgs Triplets

For the models with two Higgs triplets, we obtain (note that in this model we assumed @; =
X.1me® =p)

@ = (p1,90%98) ~ (13,73,

(3.11)
@ = (995.45) ~ (15°3).

Assuming the following choice to the Higgs triplets vacuum expectation value (VEV) [41]
(D1)y = (0,8, V)T and (Dy), = (32,0, O)T, we associate V with the mass of the new fermions,
which lead us to assume V > 84, ,. We expand the scalar VEVs in the following way:

HY) +iAf HY +iA] HY +iAl
0 $1 1 '0 $1 $1 0 ¢ 2

_ve T e S Tk STk (312)
$ VG $r =t V2 $2 =0 V2

The real (imaginary) part Hg, (Ag,) is usually called CP-even (CP-odd) scalar field. The most
general potential can be written as

2 2
V (@, @,) = 120D, + j20ND, + Ay (@{@Q + Ao ((D;(I)z>

(3.13)
+ 45 (0fy ) (@@, ) + Ay (@@, ) (0fdy ).
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Demanding that in the displaced potential V (®, ®,) the linear terms on the field should be
absent, we have, in tree-level approximation, the following constraints:

W+ 20 <19f + V2> + 1302 =0,
(3.14)
12+ 15 (8 + V) +20,82 = 0.

The analysis of such equations shows that they are related to a minimum in scalar potential
with the value Viyin = —954; — (87 + V2)[(8F + V?)A; + 83)3]. Then, replacing (3.12) and
(3.14) in (3.13), we can calculate the mass matrix in (Hj , ng, H:ig ) basis through the relation
Ml?]. = 2(0?V (D, D) /aH%iaHg,j), obtaining

204V A3,V 2048V
M% =2 L%V 2L,%2 LS ). (3.15)

2LV A3d, 204 19%

Since (3.15) has vanishing determinant, we have one Goldstone boson G; and two massive
neutral scalar fields H; and H, with masses (note that if )% =411, we obtain two Goldstone
bosons, G; and H», and a massive scalar field H; with mass M%h =4[ (8] + V?) + 1, 05],

where A1, > 0; then imposing Mfil > (0 leads to Ay > 0 and A, > 0)

M, = 200 (83 + V) + 20,87
(3.16)

220 [ (83 + V2) + ,82]7 + 02(02 + V2) (U2 - 41y 1),

where real values for \’s produce positive mass to neutral scalar fields only if A; > 0 and
40\ > A2, which implies that A, > 0. A detailed analysis shows that when V (®;, ®;) in
(3.13) is expanded around the most general vacuum, given by (3.12) and using constrains
in (3.14), we do not obtain pseudoscalar fields Ag)i. This allows us do identify three more
Goldstone bosons, G, = A%l, G; = Agpz, and G; = A;gl. For the mass spectrum in charged
scalar sector on (¢7, ¢, ¢,") basis, the mass matrix will be given by

¥ % KV
M?=20,( 3% & V), (3.17)
V. %V V2

with two eigenvalues equal to zero, equivalent to four Goldstone bosons G%, G and two
physical charged scalar fields with large masses given by A4(8? + 93 + V2), which leads to the
constrain A4 > 0.

This analysis shows that, after symmetry breaking, the original twelve degrees of
freedom in scalar sector leads to eight Goldstone bosons (four electrically neutral and four
electrically charged), four physical scalar fields, two neutral (one of which being the SM
Higgs scalar), and two charged. Eight Goldstone bosons should be absorbed by eight gauge
fields as we will see in next section.
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3.3.1. Gauge Sector with Two Higgs Triplets

The gauge bosons interaction with matter in electroweak sector appears with the covariant
derivative for a matter field ¢ as

i . i
Dy =8, - > SWikar —igxX,By = 0y — > g, (3.18)

where A;, a = 1, ...,8 are Gell-Mann matrices of SU(3); algebra and X, is the charge of
abelian factor U(1)y of the multiplet ¢ in which D, acts. The matrix /j, contains the gauge
bosons with electric charges g, defined by the generic charge operator in (3.1). For b = 1/2
the matrix ,/Ilz will have the following form:

W,
W, + % +2tX,B, VW V2K,
W,
M = VW, ~Wiy + % +2tX,B, V2K . (319)
- 0 —2Wsy
V2K, V2K, 5t 2tX,B,

where t = g,/g and nonphysical gauge bosons on nondiagonal entries, Wy and K7, are
defined in (3.5) with Q; =1, and

—0 1

1
0 _ W, iW. —
Kﬂ_ﬁ( ! 7”), Kﬂ_ﬁ

(Wep +iW3,). (3.20)

Then for the 331 model we are considering (b = 1/2), we have two neutral gauge bosons, Kg

and Eﬁ, and four charged gauge bosons, W;; and K;. The three physical neutral eigenstates
will be a linear combination of W3,, Wg,, and B,. After breaking the symmetry with (®;),
i = 1,2, and using covariant derivative D, = 9, — (i/2) g_/ﬂﬂ for the triplets @;, we obtain the
following masses for the charged physical fields:

M2, = % P02, M= % (% + 8 +1?), (3.21)
and the following physical eigenstates:
! 1 ! 1
Wi = (-0uKE+VWE), K= ————(VKE + W) (3.22)
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The neutral sector in approximation (8;/V)" = 0 for n > 2 leads to the following masses for
the neutral physical fields:

M2

photon

:O,
Mz, = 38 (v2+ 82),

M2 2182192 M
272%° 2\ 392+ g2 )’ (3.23)

02 (3g% +4g2)°

18(3g%+g2)

My, = %g2(vz+ﬁ§).

M2, = §<v2 + 13%) <3g2 + gﬁ) +

We can see from (3.21) and (3.23) that we have one nonmassive boson, which we associate
with the photon, and four massive neutral fields, where the mass of one of them is
proportional to 8, while the other three have masses proportional to V' (new energy scale).
Therefore we can associate the field Z with SM Z,, and the fields Z, K?, and K;g with three
new neutral bosons. We note that (3.23) contains two same of the eigenvalues; thus, the
K} and K’]g components have the same mass, and this conclusion contradicts the previous
analysis in [41], but this is in agreement with [43, 44]. We also have four massive charged
fields, where two of them have masses proportional to d;. Thus we can associate the fields
Wl'f to the SM fields W/f, while the fields K;f are new bosons. The eigenstates B,, W3,, Wg,,

and K%, can be related to the physical eigenstates A,, K ,I(e)w Zg, and Z;? by

Ay
B, Kg,
Wi, -1
=M . 3.24
Wau z (3.24)
o
K, 20

Assuming (8;/V)" ~ 0 for n > 2, we obtain

1 1 1
/—?SW 0 ?TI%VCW+'61 __TW+,62\

N V3
Sw 71 CW+ﬁ3 ﬁ4
MT=| g B 1 1 : (3.25)
—  TwSw+fs —=Tw+
7 Wy 7 wSw + Ps 7 Tw Be
LS V3%
\ 0 I G ST/
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where, again, t = g,/ g and

V3gx S
8 +28x
pr = - 8 2 s p =_ﬁﬁ§T3 C2
LT Ty wewr 2T Tapyriwew
PR W SRR CICE TR b (3.26)
3T v w 4 412 why,
5y = 6C%, 07 — (3 -45%) 02 _ (6C3y 8% +53,03)
4/3V2C5, ' 4tV2CE, ’
203
‘B7__W'

We note that all f; are of order O((d;/ V)?). So, assuming §; ~ O(107!) TeV, for a new energy
scale of order V ~ 10 TeV, all the f;’s are negligible.

3.3.2. Charged and Neutral Currents
The interaction between gauge bosons and fermions in flavor basis is given by the following
Lagrangian density:

-, ) —. . ig .
Ls = Riy" (8, +igxBuXr)R + Liy* <aﬂ +ig:B, X1 + ?AaW#>L, (3.27)

where R represents any right-handed singlet and L any left-handed triplet. We can write
Ls = Lo, + Lo, + Lg,, and in lepton sector, we obtain

Ligp = L5+ L5+ L1, (3.28)
where
£330 = Riy*0,R + Liy*0,L, (3.29)
cC g 7 8 7
L5 = —Eﬁw"mwﬁ - E(zLyﬂz\rgLK; + hec, (3.30)

236 = & ey e + Bary ver + NO YN}, | B, + g.Cry"exB,

8 7 — N 8 —
B [ZLY”ZL +Very"ver - ZngLY”NgL]Wsy - EWL}’”NE}LKO/‘ (3.31)
— _ - —0
- %[&y”& - VELY”VZL] W3ﬂ - %NSLY#VgLK#.
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In quark sector we have that for the first family triplet X = 1/3, and for the singlets d, u, and
U;, we have X = -1/3, 2/3 and 2/3, respectively. Then we have

= élRiYﬂa Qir + élLiYMa QuL,
3.32
\gdeY”uLW+ - %dLy”lllLK* + h.c, ( )

,ﬁglc = gx <dRY#dR ZMRY”MR 2U1Ry”U1R>B + guLy”uLW3,,

CC _
= Q-

— 0
- g_ (dLY”dL +uryfur + UlLY”Uu)Bﬂ - gdLY“dLV\Gu - %ulLY#uLKﬂ (3.33)

2\/ <dLY”dL + uLy”uL = 2U1LYMU1L>W8‘,‘ - %uLy”LIuKO

For second and third families we know that X = 0 for the triplets and X = 2/3, -1/3
and —1/3, for the singlets w3, d»3, D»3, respectively, where u, = ¢, uz3 =t, dy = s,dz = b.
Then we obtain for a = 2,3

‘ES: = QuRiY”aﬂQaR + @aLiY'ua,uQaL/
250 =~ L arytd, Wi - 3wy DKy + he,

V2 V2
8x [ 4— s D~
L0 == [—2uaRyf‘uaR +darytdar + DaRy"DaR] B, (3.34)
8
% # W, — 2=
2\[ uaLY UgL +daLY daL 4DaLY DaL] 8u \fdaLY DaLK

8 8
- E [uaLY‘uuuL - daLY'udaL] W3/4 - EDaLY#daLK‘u-

4. Neutrinos Interactions with Matter in 331 Model

It is well known that neutrino oscillation phenomenon in a material medium, as the sun,
earth, or in a supernova, can be quite different from the oscillation that occurs in vacuum,
since the interactions in the medium modify the dispersion relations of the particles traveling
through it [60]. From the macroscopic point of view, the modifications of neutrino dispersion
relations can be represented in terms of a refractive index or an effective potential. And
according to [60, 61], the effective potential can be calculated from the amplitudes of coherent
elastic scattering in relativistic limit.

In the present 331 model, the coherent scattering will be induced by neutral currents,
NC, mediated by bosons z0, Zﬂ, and K'Igﬂ and by charged currents, CC, mediated by bosons

Wl'f and K;f. Following [61], we calculate in next sections the neutrino effective potentials in
coherent scattering.
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4.1. Charged Currents

The first term of (3.30) shows that the interaction of charged leptons with neutrinos occurs
only through the gauge bosons W;; then, by (3.22) we obtain that the interaction through
charged bosons is given by

\% — ) O
§ Lyt v W, - §%1

V24/82 + V2 V24/82 + V2

The amplitude for the neutrino elastic scattering with charged leptons in tree level through
CC is given by (note from (4.1) that only left-handed leptons interact with neutrinos, as in
SM)

g 5 _ - )
_EKLY#VELW; =- ZLYMVgLK;. (4.1)

2

\% — —ig, _
r= [ ——2— ) Ay (p) 7 ver(ps) "L (ps)
V24/82 + V2 (p2—p1)" - My,
. (4.2)
4 — g _
| ) )y e () —————Fer ()" L (p)-
V24/02 + V2 (p2-p1)" - Mg

For low energies M%,, M%, > (p, - p1)?, the effective Lagrangian is given by

RO & V2 SN [E (e v 43
S Te el Gvoehibvo | CXGIACAG] ILZICOIAUTCOI A

where we used the Fierz transformation [62] to go from (4.2) to (4.3). Replacing (3.21) in
(4.3), we obtain

" 1 2 1 = (1=y) \ (=
i (). .

where we used ( )y to denote the term that appears from the new charged boson. We can
see that for a new energy scale V > 8, the term that comes from the new boson does not
contribute to the process, as expected, since the new charged boson K;f has a mass of the
order of the new energy scale of the theory (see (3.21)).

Now, since usual matter has only leptons from first family, we will restrain our
calculations to the neutrino interactions with first family standard model particles. The term
( ) in (4.4) can be calculated following [61], where we have the correspondence (ey*yse) ~
spin, (eyle) ~ velocity, and (ey%) ~ n., where n, is the electronic density. Assuming
nonpolarized medium and vanishing average velocity, we obtain that (4.4) can be written
as

cC 1 19% 19% —4 v 0

K’
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The modifications on electronic neutrino dispersion relations can be represented by the
following effective potential:

Véczine—ﬁ—%ne+ R ne+o<V*4>. (4.6)
202°° 2v282 2vE )

Disregarding the term ()g. since we are assuming V > ©8;, and remembering that in
Section 3.3.1 we associated boson W’ with SM boson W, we can easily associate

1 o?

V2GF % — - ——.
"7 202 2veel

(4.7)

We note that (4.7) gives limits for the VEV of one of the Higgs triplets. Under assumption
81, 8 < V, we can write Gr = (1/2v282)(1 - 82/V?), from which we can see that the
maximum value of 87 is achieved when we consider (8?/V?) — 0, in which replacing Gr =
1.16637(1) x 10~ Gev~2 leads to

®> < 174.105GeV. (4.8)
4.2, Neutral Current

The Lagrangian for neutrino elastic scattering with fermions f = e, u, d through NC is given
by

— —iguL _
~ 2N = F(po)r" (8he + 8Lk ) £ (P2) mvﬂ (p3)Y* gvver (ps)
2~ F1 - 2!

— —igu) _

+Fpr* (el + 8L) F (p2) r_p ) M )'i Vi (P3)7" gvzver (pa) (4.9)
2—F1) — z

= —iguL _

+F(p)v* (gl + &Lr) f (P2) r—p) M )'§ IV (P3)Y" gviever (p2)-
2~ F1 - K

2, M2, M?% > (p, — p1)” with p; = ps = p and (4.9), and
following the same procedure of Section 4.1, we obtain

For low energies, we have that M?2

sz’ sz Gvk’ 1 _
‘aefoC == Z <g£P M2 + ggp MZ + g]j(c’P M2 >§anELYoveL' (410)
P=L,R z' z K
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4.2.1. Leptons Sector

From (3.31) and (3.24), we obtain that for the known neutral leptons

%WLY”WLB# =Very"ver [—%SWA# + (gT2 Cw + < 8x )Zﬂ

3
g?>x<¢§TW 5)2)]

& Cw + :
%WLY”WLWg =Vory"ver [%SWA - g—KO —g( w+pa) Z0+ g—‘&lZI?], (4.12)

(4.11)

2V 2 B2

g g% o . [(8Sw 8P
RG] "WLY#WL[?SWA X% Rﬂ+<6CW 23 )%

2§<1Tw ﬂé) ]

23 (4.13)

By (4.11), (4.12), and (4.13), we obtain that vertex interactions with neutrinos can be written
as

voLy!"ver A, « 0, (4.14)
ngyﬂveLK’gH o -8761 =Gk, (4.15)
WLy”szg o4 %gCI‘,\} +1m =Gyz, (4.16)
VoY verZ) o (386_—\/25“)Tw +12=Gyz, (4.17)

where

~4¢tC2, 87 + g (1-25%,)03
8tV2C;,

m=

7

(4.18)
gt(1-4C)07  (-gf +2g°Cj, +8g°Cyy, +6ng§v)1&2
2V3V2Cy Sy 24+/312V2C3, Sy

=
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We note from (4.14) that neutrinos do not interact electrically, as expected. For charged
leptons, from (3.31) and (3.24), we obtain

%Zy#eLBM s _—gSWA + <§T5vcw + %m)zg

= (Lnp)z],

8 v -8 gt 8(Cw+ps) o _8Ps,
—EeLy#eLw;‘ =0y 0| = SwAu+ S S Ky, #zo - TZ
8 G wp Wk _ T —g &k ) g Siv gﬁs i1

2f<1TW ﬂ6> ]

9xOrY"€RB,, = Ry R [ - gSwA, + (ngch + gx[ﬁ)ZH

1 /0
_gx<\_f3TW - ﬂz)Z‘u] ,
and therefore

OyteA, «~gSw, (4.20)
QytOKY, 0 0=l = gh, (4.21)
— 1
eLY”eLZ‘B (o4 §g<—1 + T@)CW +13 = gsz,
CRY"rZ;) o Ty Cow + 115 = g, (4.22)

ZY‘ugLZ‘:? (04 )TW + 7’l4 = gﬁrLr

TRy erZ) o —%Tw + 16 = &%) (4.23)

where

(-1+2C%,) 803

N3 =

8tV2C;,
(£ (1+2C3)" - 12888, C2, - 6.t )
114 - 5 7
VG S (a2
8x
115 == 23 [%V/
4tv2cs,
\fgxlsz 3
16 =

4t2V2c2 wr
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and, again, t = g,/g. We note that by (4.20) we can make the association gSw = |e|. Then for
f =e, (415)-(4.17) and (4.21)—(4.23) lead to

1 sz’ sz Gvk’
L 2= | & + 8 + i | MeVeLYOV
eff-e 2Py 2 zP 3 2 K'P 5 12 eVeLYoVer
P:L,Rz M, Mz Mk’

~- i(3 ~2t )2+&<1—T2>
1a4p2g2y2 8 98 Ty BT AW
1/ 1 07
2 = - —1)(1-2c3
2<219§ 2V219§>< W>]L

Ty (2tg<-33) T, 1
WATOXY TS/ W - 1 2 =
+[ 24tng2 4V2 * 2195 2V282 SW . NeVerLYoVer-

Since intermediate neutral bosons in (4.9) do not distinguish between different lepton flavors,
the interaction through NC with electron is described by the following effective potential:

(4.25)

e _yH _vyr _vy¥
VNC - VNC - VNC - VNC’

426
-V VEE o
where
T T2
oL _ w _ 2 w T2
s [144t2g§V2 (3g - 21g:)" + gz (1-T)

1/ 1 07 5

+3 <2_19§ - V%%) (1 - 2CW) N, (4.27)

VOR Ty (2tgx -3g) Ty 1 o 2
NC — . <5 s T a0 SW ner
24tg. V2 4V \ 283 2V283

and index ¢ refers to neutrino flavor. We note that the potential through CC comes from
interactions of electron neutrinos with left-handed electrons, while the effective potential
through NC comes from left- and right-handed electrons.

Considering both NC and CC, we can write the effective potential felt by neutrinos as
Ve =V L VER where

ZL 1 19% ¢L
V8 = — - —= )6eene + VG,
20 2V28] (4.28)
—v¢
VR = VER.

Comparing with SM expression for such potential:

1
Vi = —fch<§ - ZS%‘,)ne, Ve = V2Grn,, (4.29)
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we can find that

T, T2,
L _ y/eL 2
vt =v +[144t2g2‘,2(g 21gx)" +8V2<1 T )]”

2tg, -3g) Ty
VZR — VZR W( _w .
Ne T T omg v avE|"

(4.30)

where we adopt in what follow, the convention that V' denotes SM-like part of the model;
thus, the new terms beyond SM [ ] can be associated with the parameters ¢€’s in NSI [63]. So,
in the approximation (8;/V)" = 0, for n > 2, we obtain

(1-25;3,)8;
525 VZ—C'4’ (431)
. SH(1+25)8
W2 (4.32)
4v2Cy,

We note that on limit V. — oo, we recover SM. The NSIs are a subleading interaction, as

expected. By (4.31) and (4.32), we obtain €5} =~ —252, €55 - (83/V?)T;,.

4.2.2. Quarks Sector

For the quarks of the first family, the Lagrangian density in (3.33) describes the interactions
with gauge bosons W3,, Wg,, and B,; then, by (3.24) and (3.25) we obtain the following
interactions for up quarks:

X — — [ x /1
—%uL}f”uLBﬂ = uLy"uL %SWA‘u - %(;TI%VCW +ﬂ1>Z

(0 -r)7]

(L Cw +
%u_LYﬂuLW;=u_LY#UL gSwA g ! 0 +MZO gﬂ4 ”]I

2V 2
-8 — . [-8 8t
muw”mwg’; = uLy"uL SWA Y 0 (4.33)

w5 ()]

—%MRYHMRB‘M = uRy"uR [—SwA# - § ( T2 CW +ﬂ1>ZO

2 (nn)a)
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The couplings quark-quark-boson for the first family are given by

2
uryfur A, « ggSw, (4.34)
2
URY*urA, « ggSW, (4.35)
_ ) 4
uLy"uLKIgﬂ x —% =g

u_R}f"uRKlg# x0= gl':,R,

. 1
urylurZj, o gg(3 ~T3)Cw + &1 =gY,

_ 2 (4.36)
uR}f”uRZE o —gngvCW +8=g"%

_ : 1
MLY”uLZ,B e /3t (3g +2tgx)Tw = g%y,

2
3V3

ury urZ,) o« —=g:Tw + §a = ghp,

where

b= 8 (—12C5, 07 + (1+2C5,)83)
24tV2Cy,
(o = 128CH (124G )7 + (91 - 2C}, - 8Cy) +6g:5,)8]
24+/312V2C;, Sy
_85w%
6 C;, V2
_ &Sy
2/312V2C5,

7

7

(4.37)
&

G4

We note that (4.34) and (4.35) reflect the fact that quarks interact electrically through photons
with coupling constant Qfsin 6y, as in SM. The effective Lagrangian at low energies for
neutrino interaction with quarks up through neutral currents are given by (4.10) with f = u:

1 Gyy G Go \
‘ENC X ~ _—_ <gulpi + gupﬂ + g;:rpL>an€LYOV€L
quark,u ™9 P:ZL;R ML T M M},
1 4 TI%V 4
= _{ [24\/2 (3+7) + 144142 (0-4¢)
NN (1_%Sz>_ o
202 2v2e2 J\2 37VW/) avael|,

Ty Tw(Bg-2tg) 2/ 1 &
w W x 1 5 _
3l su 5w )8 ,
+[6v2 T B6tgv2 3\ 287 aveer )TW| [reverove

where n,, is the up quarks average density.

(4.38)
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SM predictions, using result of (4.7), can be written as

2
Ve = Viie + V¢ = <L2 - 1921 2> ( ; -s2 ) (4.39)
202 2V202 3

where

1 87 1 2
VuL — R _ 2 "
NC <219§ V2192><2 3SW>n

4.40
e 2(1 # \g Y
Vic =3l == - =—= )Siwnu-
NET U3\ 202 2vedl
By comparison, we obtain
1 T, 07
ul . yyul 4 W fg_ga4)_ _ "1
ViL = VL + [24V2 (3+Th) + Tapiga (O 4*) YRTE 6%]%
. . (4.41)
VIR ~ yuR 4 Tw + Ty (38 ~2tgx) .
NC ™ INC T V2 36tg, V2 “
Then we can say that £}, = iy + £4x, where
¥ 5
gl ~ _ L 2 _qq2
fe0 =72 T pavach (9-85h)
82 S (4.42)
5?5 =~ 2 W
6V2Cy,
Again, we obtain universal NSI, as for the electrons. We note that 5‘55 = —(13% /2V?) +

(383/8V2Cy,) — 2¢47 and in the limit V' — oo we recover SM.
For down quarks by (3.33) and (3.24), we obtain that

8x—— >4 g 8x 1
_?dLY”dLBy = dL}"udL _ESWA# - ? <?T5\/CW +ﬂ1>22

()}

8+ M gSW gﬁl 0 8(Cw + ps) o 8Ps o
—p Ayt AWy = duytdy | =S5 A+ S K, - TR

- — " [-gSw g<1 >0
—=dry"di Wy =dytd A S Z
W rytdr LY S ut 2B\ BIWW Ps

gt

v K zf(lTW ﬁ6> ]
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= — S x /1
%dRY#dRBy = dLY”dL [ - gTWA‘u + % <?T5\/CW + ﬁ]>Z2

+% <—\%Tw + [52> Z/?] .
(4.43)

d_Ly"dLAH x —%gsw,
d_Ry"dRAﬂ o —%gSW,

d_LY#dLK,Ig‘u x0= gltj’L’
dry"drKg, « 0= gig,

— 1 4.44
duytdiZy o —g(3+T)Cw +65= 87, .
dry*drZ) o %T&VCW vo=gh
1
6+/3t

_ , 1
uRy"urZ,) « 358w 6 = Shr

dry*dLZ) o (3g +2tg)Tw + Lo = g%,

where
g% 2
(5= —=2—(3-2S},),
24V2Cy, < )
- (-1+3C}, +6Cj,, —8C%))
243v2C, 83,
, (4.45)
85w
12v2C3,’
4/312V2C5,

& =

Then by (4.10) for f = d, we obtain the following effective Lagrangian for NC:

NC - d GVZ’ d sz d Gvk’ —
‘ﬁquark, a~ " <gz’V M2 +&v M2 + gk'VW NnaveLYovVeL
z! z k'
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and the effective potential felt by neutrinos when crossing a medium composed by a density

ny of down quarks is foc = VI(I% + Vf}g' where

382, - 28, 9 — 44t 2
VAL ~ [( w w) +( )T4 +< 1 1 ><_1+15%V>:|nd, (4.47)

24v2ch, 1448V W T\ 282 2v2e2 J\ 23

s? 1/1 &
VR | W oo — -t \s2 |u, 4.48
NC [ 24V2C?,‘v 3 <219% 2V219% w |t ( )

Then we can easily see that in SM the NC effective potential for neutrinos in a d-quark
medium, using result of (4.7), will be given by

1 82 1 2
V§C=V£é+V£§z—<—— 1 ><———S€\,>nd,
202 2v29? J\2 3
1 2 1 1
var - ( — - 1 (--+-s2 >n ,
Ne (2@3 2V213§> 2737w
1/ 1 2
dR 1 2
= — - —1_ . 4.
Ve =3 <219§ 2V26§>Swnd (4.50)

Then from (4.47)—(4.50), we obtain

(4.49)

352 - 254 9 — 444
Vf]é:Vﬁé+|:< w W)+( ) 4] 4

24V2CH 1aapvz W "

52
W= V- st
24v2CY,

(4.51)

drs

and neglecting terms of order (8;/V)", for n > 2, we obtain that sge = s% + 5?5, where

192
dL 2 _ 2
“ = SavacT (3 25W), (4.52)
2 g2
gk - Swb (4.53)
12Vv2Cy,

Then we obtain €45 = (83/8V? Cj,) + €45. Note that again in limit V. — oo we recover the
SM.

5. Results

In last sections we saw that in 331 model we chose, all NSI parameters are universal and
diagonal and will not affect oscillation experiments. However, measurements of cross-section
will be sensitive to such parameters, through modifications on gf* [51]. We will now compare
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Table 1: Values for NSI in 331 model and experimental limits taken of the strongest constraints on these
parameters are given in [18, 19, 21, 22].

331 Model Exp. 90% C.L.
-0.14 < L < 0.09
(1-282)02 B2
L. w/ 2 2 L
5;2 = W 0.114 W -0.033 < S;i” < 0.055
-0.6 < ek <04
-0.03 < e < 0.18
2 2
gR = 282 gl ﬁﬂ -0 143<&> -0.040 < R < 0.053
e wee T 2t w : V2 : pp S P

~04<eR<06
-1<el <03

132 132 132 _ 19.2
el v+ ——2(9-85%) o.5o< : 1) leL| < 0.003

T2V2 T 24v2Ch, V2
levl] < 1.4
0.4 <R <0.7
9§ S? 2
urR . P2 Pw 2 uR
Epp = mg 0065<W> -0.008 < Eﬂ# < 0.003
lerr| <3
-03<edl <03
dL 8 2 % dL
ey = W(S -25,) 0.179<W> |eg:| < 0.003
" ledk| < 1.1
0.6 <R <05
dR Sy % dR
ey = —m _0'033<W> —0.008 < &y, < 0.015
letsl <6

our results with those obtained in cross-section measurements. We will assume sinZQW =
0.23149(13).

In Table 1 we can see that constrains in 525 lead to V2 > 4.719%., while the constrains in
gy lead to V2 > 21.783, and the constrains in £}, (|efs| < 0.003) lead to V* > 6083. If 8 has its
maximum value of 174.105 GeV, then V' 2 1.3 TeV. We note also that by |e,'j{;| < 0.003 we obtain
|85 -0%| < 0.006 V?; then, for V ~ 1.3 TeV and 8, = 174 GeV, we obtain 142 GeV< & < 201 GeV.
We therefore cannot predict any hierarchy to the VEV’s 3; and 8. Based on those results, we
obtain the following inferior limits for the new gauge bosons masses:

MK[ = MZ’ > 610G6V,
My > 613GeV, (5.1)
Mg, > 740 GeV.

6. Conclusion

We presented in this work a procedure to show that models with extended gauge symmetries
SUB)c x SU(B); x U(1)x can lead to neutrino nonstandard interactions, respecting the
Standard Model Gauge symmetry SU(3)- x SU(2); x U(1)y, without spoiling the available
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experimental data and reproducing the known phenomenology at low energies. We also have
shown that with an assumption about a mass hierarchy for the Higgs triplets VEV’s we could
qualitatively address the mass hierarchy problem in standard model. Finally we obtained
limits for the triplets VEV’s based on limits for NSI in cross-section experiments.

We believe that the class of model presented here is an interesting theoretical
possibility to look for new physics beyond SM. We restrained our work to a simple scenario,
but flavor-changing interactions can be naturally introduced in the model, leading to new
constraints on NSL
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There are different models which are based on the gauge symmetry SU(3)- ® SU(3); ® U(1)x
(331), and some of them include exotic particles, and others are constructed without any exotic
charges assigned to the fermionic spectrum. Each model build-up on 331 symmetry has its own
interesting properties according to the representations of the gauge group used for the fermionic
spectrum, that is, the main reason to explore and identify the possible sources of flavor changing
neutral currents and lepton flavor violation at tree level.

1. Introduction

The standard model (SM) [1-3] has been successful to describe leptons, quarks, and their
interactions. But in any case, the SM leaves open questions concerning to the electroweak
symmetry breaking sector of the model, as well as the particle content of the model: why
there are three generations of quarks and leptons? These questions, among others, are the
motivation to consider the SM as one important attempt to understand the elementary
particles of nature and their interactions but not to consider the SM as the ultimate theory of
nature. A common alternative to look for new physics beyond the SM is enlarging the gauge
symmetry group, one of these alternatives is the gauge symmetry SU (3)- x SU(3); x U(1)x
(331) [4-11]. There are many motivations for this new gauge symmetry group, one of them
is that there are some of models are based on 331 symmetry that explain why the family
number must be three. This result is obtained from the anomaly-free condition which is
satisfied when equal number of triplets and antitriplets (taking into account the SU(3).) are
present and requiring the sum of all fermion charges to vanish, but even that each generation
is anomalous and the anomaly cancellation is given for three generations or multiply of three.
Other motivation is concerned with the feature that sin’6yy in this model should be less than
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1/4, it is related to the ratio of the coupling constants g’ and g of U (1)y and SU(3);,

<g_’>2 _ sin’Oy (L1)
g 1-4sin%0y

in this model, there is an energy scale at which the perturbative character is lost, and the
energy scale is found using the condition sin®0yy = 1/4 and it is order of ~ 4 TeV [12].

On the other hand, in the breaking symmetry of the 331 gauge symmetry to the gauge
group of the SM and then to the U(1),, some new bosons appear such as a new neutral Z'
boson which is heavier than the SM gauge bosons and in all the 331 models it can mediate
flavor changing process at tree level. In contrast, in the framework of the SM it is well known
that flavor changing neutral currents (FCNC) are strongly suppressed, because they appear
only at one loop level. Therefore, these FCNC processes can help to put stringent bounds on
the parameter space of these kind of models [13-20]. Our aim in this work is to review the
possible models that can be built on the basis of extended gauge symmetry 331 and identify
the different sources of FCNC in the quark sector as well as the lepton sector.

2. 331 Models

The gauge group to be consider is SU(3)- ® SU(3); ® U(1)x. Left-handed particles are into
SU(3); triplets, there are the usual quarks and leptons plus new exotic particles, and the
anomaly-free condition constrains the allowed fermion representations (3 or 3*) and the
quantum numbers. To describe the particle content of the model and to identify specific types
of 331 models is important and so is how defined the electric charge operator, which can be
written as a linear combination of the diagonal generators of the group

Q=T+pTls+X, (2.1)

where f is a parameter that characterizes the specific particle structure. The parameter f can
be chosen f = +v/3 or f = +1/+/3, obtaining 331 models with exotic electric charges or 331
models without exotic electric charges, and by exotic charges we mean charges different from
those that appear in the SM framework.

Since each lepton family has three states, taking massless neutrinos, they can be
arranged into SU(3), antitriplets ¢7 = (I;,-v;,[}), where i is a family index. The first two
components corresponds to the ordinary electroweak doublet. This model corresponds to
B = /3 [4-11] for the charge operator in (2.1). Therefore each lepton family will be in the
(1,3*), representation of SU(3)- ® SU(3); ® U(1)x. With these assumptions, there are no
new leptons in the 331 model, and all three lepton families are treated identically. In contrast,
one of the three quark families transform differently from the other two which is required to
anomaly cancellation. Anomaly cancellation requires that two families of quarks transform
as triplets (3,3)_; 3, and the third one transforms as an antitriplet (3,3*), 5. The right-handed
spectrum is put in singlets in the usual way (3%,1)_,/31,34/3 for the first two families and
(3*,1)_5/3,-2/3,13 for the third one. It is worth to notice that in general the assumption that one
quark family is transforming differently to the other two families is a general condition in the
framework of 331 models, and it is generally assumed that the unique generation corresponds
to the third generation, and then, it could explain the heavy top quark mass.
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In the gauge sector, five new gauge bosons beyond the SM are found. The new gauge
bosons form a complex SU(2); doublet of dileptons (Y**,Y*) with hypercharge 3 and a
singlet Wf,. The gauge boson Wf, mixes with the gauge boson X from the U(1)y to form
the hypercharge B, boson and a new neutral Z, boson.

In order to break the symmetry spontaneously, four Higgs multiplets are necessary.
Three triplets in representations (1, 3);, (1,3),, and (1,3)_; for the breaking of SU (2) xU(1) in
order to give masses to all quarks, and a sextet (1, 6), is required for the lepton masses [4-11].

In this first model [4-11], there are new sources of FCNC processes at tree level coming
from the new Z' boson in the quark sector, because the families are treated differently. Also,
at one loop level appears new contributions coming from the charged bileptons and the
charged scalar sector [21-26]. In this model, there are FCNC in the lepton sector, and they
are mediated by the charged bileptons [21-26].

A possible variation of this original model is to consider a new lepton assignment
using a heavy lepton E* instead of the e® and adding e® and E~ as singlets [27]. With this
model, it is easy to generate small neutrino masses and lepton number violation can occur
and one property of this model version is that bileptons only couple standard to exotic leptons
[27].

On the other hand, it is possible to obtain models based on the gauge 331 symmetry
but without new exotic charges for the fermions. One version of that is the model proposed
by Ozer [28], where it is introduced a right-handed neutrino. A systematic study of these
kind of models was done in [29, 30]. According to the f value in (2.1), it is possible to get
six different set of fermions and the fermion structure in order to avoid the quiral anomalies
producing different 331 models. The fermion sets are four lepton sets and two quark sets.

The first set of leptons is

L1 = 8; 63— E:- (2 2)

(1/3)—2/3 (lr 1)1 (1/1)1

using i = 1,2,3 as the family index and e;, d;, and u; are the SM fermions and E;, D;, and U;
are the exotic ones.
The second set is

€;
_ . +
La=| v [} @ (23)
N}
(113*)—1/3 (111)1r
where there is a neutral exotic particle. For the third leptonic set,
e; E; NY
L3 = Vi Ng E;’ (2.4)
N} Nj et

(1/3*)—1/3 (113*)—1/3 (113*)2/3/
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Table 1: Anomalies for the six fermion sets.

Anomalies L L, L; Ly Q1 Q
SU(3)2U(1)y 0 0 0 0 0 0
SU@B)IU(1)y -2/3 -1/3 0 -1 1 0
graviU(1)y 0 0 0 0 0 0
Uy 10/9 8/9 6/9 12/9 -12/9 —6/9

where there is a charged exotic particle and four new exotic neutral ones. Finally, for the forth
set

Vi E,, Ng
Li=| & Ny E; e | Eu E; (2.5)
Ej; Ny E;
(1/ 3)—2/3 (1/ 3)1/3 (1/ 3)—2/3 (1/ 1)1 (1/ 1)1 (1/ 1)1/
with three exotic charged particles and three neutral.
Now, the quark sets are
d;
Qr=| w d; U; u; (2.6)
U;
(3/3*)1/3 (31 1)1/3 (3/1)—2/3 (3/1)—2/3/
Ui
Q= d Uu; d; D; 2.7)
D;

(3/3)0 (3/1)—2/3 (3/ 1)1/3 (311)1/3'

The anomaly contribution for each set is presented in Table 1.

On the basis of Table 1, it is possible to build up many models asking for the anomaly
free condition. There are two one family models and eight three family models, referring to
how cancel out the anomalies if it is needed one family or the three families. There are two
one family models composed by the sets Q> + L3 and Q; + L. These models were studied
in [29-31] and their relation with the grand unified theories established. For the three family
models, there are the combinations 3L, + Q1 +2Q», 3L1 +2Q1 + Q2, 2(Q2+ L3) + (Q1 + L4) and
2(Q1+ L4) + (Q2 + L3), and there are other two models particularly interesting, because they
treat the three family leptons completely different, they are the combinations L + L, + L3 +
Q1 + 2Q2 and Li+ L+ L4+ 2Q1 + Q2 [31, 32]

In the gauge sector, there are 17 gauge bosons, one gauge boson B* associated to U (1),
eight gluons associated to S(3). and eight gauge fields from the SU(3);. The gauge bosons
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associated with SU(3); transform according to the adjoint representation of the group, and
they can be written as

1
W+ %ij V2W; V2K,
A1 _ 5 1
Wu=Wis =3 V2W,  -Wi+ \/—gwﬂ \/EKZ# , (2.8)
V2K, V2Ky, —%Wﬁ

where A“ are the Gell-Mann matrices, and the electric charges of K; and K, are given by
Q1 =1/2++/3p/2and Q, = 1/2 - \/3f3/2, respectively.

In general, it is convenient to rotate the neutral gauge bosons W3, Wﬁ and B, into new
states A, Z,, and Z;l, given by

Ay Sw pSw Cwm we
Z‘u = CW - ﬂSWTW - Sw\/l - ﬂZTI%V WE ’ (2.9)

Zy 0 —\/1-pT2, BT B,

where the angle Oy is defined by Tw = tan6Oyw = ¢'/1/g% + *g?, g & being the coupling
constants associated to the groups SU (3); and U (1)y, respectively, (Sw = sin O, etc.). In the
new basis, A, (the photon) is the gauge boson corresponding to the generator Q, while Z,
can be identified with the SM Z boson. As in the SM, the extended electroweak symmetry is
spontaneously broken in 331 models by the presence of elementary scalars having nonzero
vacuum expectation values [33-37]. The symmetry breakdown follows a hierarchy

SUB), ®U(1)y — SUQ2), ® U(1)y = U(1), (2.10)

in which two VEV scales V and v, with V > v, are introduced. The photon is kept as the only
massless gauge boson, while the remaining neutral gauge bosons get mixed. In this way, Z
and Z' turn out to be only approximate mass eigenstates.

3. FCNC in 331 Models

First of all, the extension of the gauge group which embedded the SM group implies a new
neutral gauge Z' boson, which in general in all the 331 models presented generates FCNC at
tree-level. This fact is that because in 331 models it is not possible to accommodate all the SM
spectrum in multiplets with the same quantum numbers; therefore, the Z' couplings are not
universal for all the fermions, and that is the origin of a new source of FCNC. Particularly,
to treat in a different manner the third generation, as is usually assumed, to the other two
generations produces FCNC contributions. This property is common to all the 331 models in
the quark sector. It is worth to mention that even in the left-handed couplings of the standard
fermions to the Z neutral boson appear FCNC at tree level through the mixing of Z — Z' and
also coming from the mixing between the standard quarks and the exotic ones included in
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each case. Moreover, the mixing between neutral gauge bosons should take into account the
gauge bosons which transform according to the adjoint representation of the SU(3);, some
noted K* and K gauge bosons for the charged sector and neutral sector (they are related to
Ki>). In order to notice these effects clearly, the Lagrangian for the new Z' boson with a 8
arbitrary is the following:

: Py p
,E ——mzﬂ [mZD <_+L(PL_2PR)>

+D_(3)Y#< \/5 Wﬂ(PL_sz)>DO+ZumYﬂ<\/§ Wﬂ(PL +4PR)>

x U9, + Uy, <—5—% + Lﬂ(PL + 4PR)> uyg + Ly, (—% ~T2,B(Py + ZPR)>

L° +Eyﬂ<—% - T@ﬂ)PLvO +mi_1ﬁm}/#<_% + T, <3 3/[5*))]’"
(e (5 L) - )8

(B (-2 <_pL+pR>)Eo],

where D° = (d9 d9 d9), U° = W ud ud)', L0 = (! & &))", E° = (E° EY EY)’, and
the exotic quarks j’ with electric charges are given by q;, = Qj, = 1/6 + V3p/2 and
qj, = 1/6 — /3B/2. There is explicitly shown the no universal couplings between the quarks
D;, U; and the Z' boson, and it is because one family is in the 3 representation, while the other
two are in the 3* (or vice versa). As a consequence, the FCNCs arise once the fields U; and
D; are rotated to the mass eigenstates. The number of extra fermions up-quark type or down-
quark type depends on the parameter f3, for f = —1/+/3 will have Ny = 1 and Np = 2 and
forp=1/ v/3 will have N; = 2 and Np = 1. Therefore, there is not only FCNC at tree level
through the Z' boson, but also the usual Z boson due to the mix of these new exotic quarks
with the ordinary ones. To notice this, for the case of § = +1/+/3, the following definitions
are useful LIT = (), 1,4, T, T)), D} = (d),d5,d3,B)), E} = (% 7% EY,EY, EO) and
N 5 = (v0,v),v2). Meanwhile, for the case = -1/ \f the deflmtlons are U] = (”y ud, ud, TY),

(do,d0 d3, B}, BY), Ef = (¢°,u°,7°), and NJ = (v0,v),9,, N, N3, NO) With this vector
notation, the Lagrangian for neutral currents is

(3.1)

ZH J—
Lyc= 3 - BE AWyl w0+ Wyel) PRy

<" 2Cy
gz —
e P, PO+ Wy, P 32

_ 8 [go, O 0 1 Apo 0 n
ﬁ{w Yuely, PL¥ORe K¥ + iW0y,el) Pw"Im K*},
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where the sum is over Uy, Dy, Ey, and Njy. The couplings ef;(fl) depends on the parameter S.
With g = +1/+/3, the Z° interaction is

o _ (2 Sk 1 0(3x3)
GM(L) = w = T (B+N{)x(B+Ny) — 1 ’
(N{xN

2
O 4S5y, 1
Uy = T3 ) NG G+N)s

S? 0(3x3)
1 _ 2 w
EQ(L) = <_CW - 3 >1(3+N§)x(3+N§) + < 1 ’
(N5 xN7)

D
282
™ _ w
€9 = +< 3 >1(3+N§)x(3+Ng),

where the no universality of the left handed quarks is clear, while the right-handed couplings

. 1 .
drive for e\ are universals.
M,Q(R)

In a similar way for the Z"° boson, the couplings are

S? 02x2)
2 _ 2 w 2
€, = <CW + ?)1(3+N§)X(B+Nﬁ) - ZCW< )
(NE+1)x(N2+1)

O(3x3
v(cyrach 27 ,
LN

4S?
2 _ w
iy = ﬂ:—3 1GNz)x(3+NE),

S? 02x2)
2
6;()” = <C5v + TW>1(3+N,§)X(3+N,§) - 2C§v<
TNz 1)< (NE+1)
) ) ) 0(3x3)
+ <CW +2C, F SW> p
LRGNRINS

252
@ _ w
€op = T <T> 134NE)x(3+N%)-

At this point, it is important to mention that the couplings in (3.2)—(3.4) are in the
interaction basis, thus to obtain the mass eigenstates, it is necessary to get the rotation

matrices which diagonalize the mass matrices in the Yukawa sector. Therefore, the mass
eigenstates U and D are defined by

(3.3)

(3.4)

u=viu,, DY=ViDy, (3.5)
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with matrices V; of dimensions (3 + Nj;) x (3+ N{;) and (3+ Np) x (3 + N}), respectively. It
is useful to write the matrices V}* 4 as

u u d d
Ve Vo' 3x3) VX(3><N§) v _ Vi @x3) VX(3xN§) (3.6)
L = ’ L = d ’ :
V;(NEXS) Vu(ng«ng) VY(N§x3) Vb (N5 N3)

using submatrices in such a way that Vexw = V' TVO"Z and in general the CKM matrix is not
unitary.

In addition, the models include new gauge bosons K, which coupled to the left
handed fermions, the couplings in (3.2) for the K, boson when g = 1/+/3 are

02 1o 0212
3 _ ® _
€Uy, = 0 , €p,, = 011,
Iowo Oz 10
) 02x2 1p.2
B _ 3x3 @ _
e <13x3 > i b o7
12 022
02x2 1
3%x3
ey = 0-1] €= :
D) Eq T
1 0

And when f = -1/+/3 for the K{ boson, they are

02x2 02x2 ~Tpx2
() ) _
€Uy, = 011, €py, = 0 ,
10 1oy 02x2
1 02x2
G _ 3x3 @ _
No ~ <13x3 >’ €Dy = 01/ (3:8)
-10
02x2 1p.2 1
—43x3
ESI?L) - 0 ’ 61(3?“ - <13 3 >
X
I 0202

It is often assumed that the vacuum expectation values of the scalar fields are real, and
this assumption implies that there is not any spontaneous CP symmetry breaking. In that
case, the state Im K decouples and therefore turn into an exact mass eigenstate. However,
the bosons Z¥, Z* and v/2 Re K mix, and it is possible to get the mass basis (Z;, Z,, and Z3)
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through an orthogonal matrix which depends on the vacuum expectation values of the Higgs
bosons,

zZ A
z =R| Z, |, (3.9)
V2ReK Zs

and therefore, the Lagrangian can be rewritten as

3
o5 o () ()
Lye=- D | Qu¥FA, + D g Py <EI§LPL + E\{{RPR>IPRijky

Y=UD jk=1
(3.10)
+ iy (EQ P+ EQ)PR)WV2Im K
2 Y y, L yrtR uls
where Qy is the electric charge and the coupling constants g; are
8 g 8 8
81 = ’ &= = ’ & =75 3.11
2Cwy 2v/3SwCw 24/3Ci /CIZ/V _ :BZSIZ/V 2 ( )
and the matrices E‘(I?LR are given by
(@) vt (i) v, (@) vt (i) y,¥ (@)
Ey =V, ey V',  Ey =Vi'ey Vg =€y . (3.12)

Finally, about the sources of FCNC in the framework of the 331 models, they are
two models which are very interesting, because they have some special properties from
the phenomenological point of view. They are the models build up with the fermionic sets
Li+ Ly +Lg+ Qq +2Q; and Ly + Ly + Ly + 2Q1 + Q,. They not only differentiate the quark
generations, doing one family specially different, but they also do in the leptonic sector. These
models will have the usual FCNC at tree level in 331 models in the quark sector through the Z'
boson but also they present FCNC in the leptonic sector through the scalar fields and through
the Z' boson [32]. To notice the new sources of FCNC arising in these models, the neutral
current Lagrangian is going to be obtained. First of all, the spectrum should be specified

2 em E; N}
Gr=1|¢e |, b= | Vm |, o= Ny |, by =| Ej |, (3.13)
Ex/ N/, N/, e/,
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where m = 2,3, k = 1,2 and note that one of the leptonic triplets is in the adjoint

representation respect to the other two then FCNC at tree level will arise through the Z'
boson. Using vector notation, the neutral current Lagrangian in this case is

L= [Aﬂ{ WOy e, P+ Wopep  Pew)
Y

zr

2gc {Woyeg, PLWO+ Wopel | Prw) (3.14)
gZﬂ d ey 4

235w Ci { OYﬂe‘%’mPLWO“POY#‘:'%PRWO}]'

Defining the vector ET = (e],e;,e;5,E|, E5), the couplings are

A _
€E(L) 8Swlsxs, €, =8Swlsxs,

8
eg(L) = 2C Dlag<C2W, Cow, Cow, —25%,\,, C2W>,

et = s D1ag< —282,-282%,, 25, 25W,C2W>

2Cw (3.15)

Z LDiag(l,—Czw,—Czw,—Czw,—Czw)r

€

B0 2\/3S Cy

z g’ . 2 2 2
€Ew = 2+/3SwCw Dlag<25W'2SW' C2W’25W’1>’

where Cow = cos(20y), and it is worthwhile to point out that the right handed couplings
are not universal, and it is a new feature of this model. Usually, in the framework of the 331
models, only the left-handed couplings are not universal, but the right-handed are universal
as it was shown in (3.1).

For the neutral sector, NT = (V1r vz, v3, N7, 0 N3, 0 N3, N O) is defined, and the left-handed
couplings are

8 .
Ny =0 Ry, =3 - Diag(1,1,1,0,0,1,0,-1),

(3.16)

!

z g

—Di 2 2 2
ENg = 2735, C WDlag<1'_C2W/_C2W12CWr2Cw/—Czw,ZCW,—1>.

4. Summary

One of the most intriguing options to consider physics beyond the SM consists of extending
the gauge symmetry group to SU(3) x SU(3); x U(1)x. There are many models which are
based on the 331 symmetry, and one intriguing feature of these models is the presence of
FCNC at tree level, but the source of that new interactions is not unique and depends on
how the model is built up. In the Pleitez-Frampton model, the first one proposed, it was
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established the presence of FCNC at tree level coming from the new Z’ boson and due to
the different assignment of the quark representation for one of the quark families; doing
the left-handed couplings between quarks and the Z’ boson not universal. On the other
hand, it is possible to build up models on the basis of 331 symmetry contrary to the Pleitez-
Frampton model without any exotic charges for the new particles in the spectrum. These
kind of models correspond to a § = £1/+/3 in the electric charge operator (2.1). These models
include new exotic up-quark type and down-quark type which are going to mix with the
standard quarks. In one version appears five up quark type and four down quark type, and
another version include four-up quark type and five-down quark type; also, these models
include extra charged leptons in one case and neutral leptons in the other one. The mixing
obtained is a source of FCNC at tree level when the quark fields are written in the mass basis.
There are also a new source of FCNC which is coming from the mixing in the gauge sector
between the bosons (A, Z, Z', K). The mixing in this sector is usually reduced to the mixing
between Z and Z'. If we consider the mixing between the quarks and the mixing (Z, Z'), then
the FCNC interactions appear through the Z and the Z' mediation. In the leptonic sector,
something similar is going to happen. Finally, there are models which not only treat different
the quark families but the leptonic families too. One of these models is presented and the
neutral current Lagrangian obtained, and one interesting new and additional feature is the
nonuniversal couplings in the right-handed sector through the Z and Z' bosons. This new
contributions to the FCNC processes could help to relax the bounds obtained on the Z’ Boson
mass.
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We analyze the properties of electroweak chiral effective Lagrangian with an extended SU(2)
gauge group. Right-handed SU (2); gauge bosons affect electroweak observables by mixing with
electroweak gauge bosons Wy , and B,,. We discuss all possible mass mixing terms and calculate
the exact physical mass eigenvalues by diagonalization of mixing matrix without any approximate
assumptions. The contributions to oblique radiative corrections parameters STU from SU(2)y
fields are also presented.

1. Introduction

Although the standard model (SM) has been checked very successfully by more and more
high energy physics experiments, the as yet undiscovered Higgs, introduced as a basic scaler
field in SM, remains as the only unknown component of the electroweak symmetry-breaking
mechanism (EWSBM) unknown. That situation has prompted many extensions to SM [1-
3]. A new SU(1)g group, associated with an additional triplet of gauge bosons W'* and
Z', is often considered for different reasons as an extension to the gauge symmetry [4-6].
This extension often appears in superstring-inspired models as well as GUT models [7]. The
non-Abelian SU (2); contains sufficient complexity to incorporate interesting issues related to
spontaneous parity violation (SPV) and precise electroweak observables, although remains
simple enough that phenomenology can be subjected to analysis. SU(2) gauge bosons can
improve unitarity of not only WW but also W Z scattering processes and delay the breaking
scale of unitarity.

Many left-right symmetry models with symmetry group SU (2); x SU(2); xU (1) have
been used in studying EWSBM. The common feature of these models is the existence of
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multi-Higgs bosons that then raises phenomenological issues related to multi-Higgs structure
dependencies. To obtain an universal physical analysis, we adopt the nonlinear realization
of the chiral Lagrangian to describe extended SU(2)y electroweak gauge models given the
symmetry breaking pattern SU(2); x SU(2); x U(1) — U(1).y. This chiral Lagrangian
has already been written down in [8]. The model is a generalization of the conventional
linearly realized models with multi-Higgs. Within the extended non-Abelian chiral effective
Lagrangian, multi-Higgs effects are parameterized by a set of coefficients that describes all
possible interactions among the gauge bosons and provides a model-independent platform
to investigate interesting physics [8].

In the paper, we focus on mass mixing effects in left-right chiral effective Lagrangian.
Mass mixings are main focus in the contribution of the right-handed gauge bosons to
electroweak observables at low-energy scales. The SU(2) gauge triplet can be regarded as
a copy of the SU(2); gauge triplet of SM, but with heavier masses. Right-handed charged
gauge bosons W# can mix with left-handed W#, and physical mass eigenstates of W'* and
W# are eigenvalues of the charged mass matrix. Similarly, W} takes part in W - W} - B
three-body mixing to form physical massive neutral bosons Z', Z, and a massless photon.
The nonlinearly realized chiral effective Lagrangian provides us with all possible mass-
mixing channels that are allowed by left-right symmetry. Calculating these mixings, we
obtain a complete mass mixing contribution to the electroweak observables and a largest
parameter space for new physics. Oblique radiative corrections of SU(2) bosons can be
obtained from the mass mixing rotation matrix, which indicates shifts to the SM with new
physics.

The paper is organized as follows. Section 2 reviews SU (2) g x SU (2); x U (1) effective
theory with all possible mass mixing terms in the gauge eigenstates basis. Section 3 presents
calculations of the charged and neutral mass eigenvalues to obtain physical boson masses
estimates. We improved our diagonalization calculation program for the neutral bosons
sector in our paper [8] to yield a set of exact solutions for the rotation matrix and the mass
eigenvalues without making any approximating assumptions. Oblique radiative corrections
coming from the nonstandard mass mixing beyond SM are studied in Section 4. Furthermore,
two kinds of special cases are considered corresponding to condition My, > My, case and
left-right symmetry. Finally, we give a short summary in Section 5.

2. Left-Right Symmetry Effective Lagrangian

Let Wg/ﬂ, Wf,,u B, be electroweak gauge fields (a = 1,2, 3) corresponding to the gauge group
SU(2)g, SU(2);, and U(1), respectively, and Uy r be the two by two unitary unimodular
matrices corresponding to left- and right-handed Goldstone boson fields. Under SU(2) ®
SU(2); ® U(1) transformations, the gauge boson fields transform as

L a ¢ a T i t
TWI-'” — RiTWi,ﬂ(x)Ri - ;RiaﬂRi,
Lo oo (2.1)

B‘u i B‘u - §aﬂ9 ;

U; — RU;R!
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with Ry = e(/270°® and R; = /D70 for i = R,L. The covariant derivative of the
Goldstone fields takes the form

D UR =0 UR +lgR WI‘Q#LIR zguL B
(2.2)

a

DUy = U +igu Wy UL -igUs 7B,

For convenience in present discussion, we will discard conventional EWCL SU (2) covariant
building blocks [9-13] and introduce U (1) invariant building blocks (for i = L, R)

X{ =uf(oruy),

Wi,,uv = ujgiwi,‘uvui/ (2.3)
B‘uv = a‘qu - E),,Bﬂ.

Here,

T4 Ta Tb
Wi,‘uv = Wz ‘uv =0 Wlav > -0 Wl‘u 5 + lg1[ 7 Wlb’vi:l . (24)

With the help of these building blocks, we can write a leading-order chiral Lagrangian as

2y =~ F (X XE) — L fh(XuXl) + R o fr (XEXE) .

() S (e + S ().

Here, ( ) stands for the trace in flavor space. f; and fr are the scales for spontaneous symme-
try breaking in the electroweak sector and parity, respectively. The coefficient ff; g1 generates
extra mass for the left-handed (right-handed) third component in breaking the SU(2);
isospin symmetry. The coefficient x parameterizes the mixing between the left- and right-

handed gauge bosons whereas the coefficient ﬁl controls the mixing between left-handed W?;
and right-handed Wj.
The neutral current interactions are

— W3 T# 3 H "
-Lnc = WR,JR + WL#]L +B,J, (2.6)
whereas the charged current interactions are

—ﬁcc = WE#]IE + W+ ]L h.c. (2.7)
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Here,

k= %@,RT YLk (2.8)

The kinetic part has the simple form

1 1 1 =
L = _wa,ﬂvwfv,a - Zwlg,ﬂvwl/:v,a - ZBP”’BW +i¥iy, D, Wi (2.9)
Adding Yukawa terms
Ly =¥ U MUL¥R +h.c, (2.10)

the total Lagrangian is the sum of all the above terms

L ZﬁM+ﬁK+ﬁNc+£cc+,£y. (2.11)

3. Diagonalization and Mass Eigenstates

In this section, we calculate the mass eigenvalues of the left-right symmetry effective
Lagrangian by rotating the mass mixing matrix from the gauge basis to the mass basis.

3.1. Charged Gauge Bosons

Taking the unitary gauge Uy = UR = 1, the charged gauge boson mass terms can be expressed
as

1 _ 1 _
Loy = Zf[%gl%wz,‘uWL,‘u + Z I%gIZQWE,‘uWR,‘u
3.1)
1. " _ . _
— ZKfoRngR <WL,;4WR,;4 + WR,yWL,y>‘

Here, we have used charged boson definitions Wil,y = (Wlf/r” + W, ”)/ v/2 and WiZ,H = i(Wlf/r” -
W, )/V2fori=L,R.
We make an orthogonal rotation V for W} and Wi

Wi cosg sing\ /W' w'=
L )= . L )=V . (3.2)
Wi —sin¢ cos¢ w w
to eliminate the cross-terms involving Wi and Wr in (3.1) to keep the kinetic term diagonal.
The mixing angle ¢ is expressed as

2K fLfRQLYR

tan2¢ = .
r8i -~ frsk

(3.3)
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After this rotation, the charged boson mass-squared matrix for the charged bosons
becomes

VI MV = diag( M}, M3, ), (3.4)

and the heavy and light charged boson masses are

1 2
M, = 5|t + i+ Vst - i)+ % 2 st

]- 2 2{ ~2 ffgi }
= — el 1+ K51,
47k fr8r~ fisi

1

2 ~
M, = g|fist + -V (i - fasd) 4 iRl

2 2
=1 ﬁﬁ{l—%%34§§£f3}-
4 fr8r— fL8L

(3.5)

We notice that the charged boson mixing angle ¢ is controlled by the coefficient k. W — W’
mixing causes W couplings to the right-handed fermion with g}y = g siné/+v2. gf¥ can
yield the contributions to b — sy (see paper [14]) and must be restrained so that g3 /g/" <
4 x 107, which requires & < 4 x 1072,

3.2. Neutral Gauge Bosons

Now, let us discuss the neutral boson sector. The neutral mass terms in our chiral Lagrangian
(2.5) can be readily separated out

1 2 1 2
Ly, = 5(1=2p10) fE(@LWE, ~ 8Bu) + 5(1-26r) fR(8WR,, - 8B,.)

(3.6)
1/. =~ 3,
~1 (K + ﬁ1>foR (gLWf,# - gB#) <8RWR” - gBu)-
It can be written in matrix form
Lus, = 26T MG (3.7)
M, = E u n .
with neutral gauge bosons G, = (Wg,, Wi, B,) and mass-squared matrix
fr8k _kfrfLgRSL frgrgo(kfL - fr)
4 4 4
= | _rEfrfigrer fist figto(kfr—f1) | (33
4 4 4

frgrgo(xfu— fr) frgrgo(xfr—fu) (fx+f1—2xfrfL)8)
4 4 4
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Note that the fr r1 do not appear in the above mass-squared matrix because these can be
absorbed by a redefinition of VEV f; r

fLr — __Jir (3.9)

VI-2Brr1

For the sake of convenience, we will retain using the same notation for the redefined VEV
f1,r but keep in mind that this redefinition has been made. The new parameter x in the above
formula is a combination of ¥ and ﬁl, namely, k = K + ﬁl. Taking into account the VEVs
re-definition, we have

I’E+ﬁl

e VI=2pL1v/T=2pr1

(3.10)

The physical masses of the neutral bosons are the eigenvalues of the matrix _#,. To obtain
the diagonalized eigenvalues, we define the mass eigenstates as C}H =(Z,2z, A,,)T which are
related to G, by a special rotation U™!

Gagr Gt (G2 —G4)gQo
G1Gs — GG G1Gs — GGs G1Gy — GoGs
e Gagr Gigr (G -G)g g, (3.11)
G1Gs — GGs  G1Gy — GGy G1Gy — GoGs
& f\lgL )tzgo
Gs Gs Gs
=U"'q, (3.12)

with undetermined couplings G; (i = 1,...,5) and parameters \; (i = 1,2). This complicated
rotation is motivated by the following simple relations: the rotation U relates
gRWR,‘u - gQB = Glfﬂ + szﬂ,
SiWry — 0By = GsZ'y + G Z,,, (3.13)
gRWR,‘u + )ngLWL,‘u + )ngoB‘u = G5Z‘u
which diagonalizes the B — Wy and B — Wg mixings automatically while simultaneously

keeping the photon massless. To maintain a diagonal kinetic energy matrix, U must satisfy
six independent orthogonality conditions

uur =1. (3.14)
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Adding one mass diagonalization condition for the Wr — W} mass mixing, there are seven
independent equations that determine five G; (i = 1,...,5) and two \; (i = 1,2). Solving these
equations, we obtain

2
A= 8_1;,
8L
2
1= 38,
8o

_ (KfeC-f)ft o
(frC-xf)fr

Gy = CGy,

Gy

G UrC- ki) fr\g3(1-C) + i+ Cg?
T fRC? + ff = 2CxfrfL '

1
- fRC2+ f2-2CkfrfL

Gy (f2f2|g3+ 2 + 831+ C)]w?
“2frfL[fRC(sk + &) + f1C(81 + &) + & (fRC* + f1)]x

N 1/2
+g2fACh+ g2 f+ g2 (fAC+ 1))

1 1 1
Gs=gx\|—+— +—
S & %

(3.15)

with a real C that satisfies the quadratic equation

(rfrfu(st+83) - f2g8)C* + [ F2(sk+ &2) - 2 (gt + &8)|C + fgd — wfufi(gh+ 83) = 0.

(3.16)
The mass eigenvalues of the physical Z' and Z then become
2 _ (1T
= (@),
(3.17)
2 _ (147
Mz = <LI ﬂu)z,z’

Up to now, we have obtained the exact rotation matrix elements without any approximate
assumption. The total rotation U in (3.12) can be expressed in terms of (3.11), (3.15), and
(3.16).
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4. Oblique Radiative Corrections

To clearly see the new physics correction, we can separate a standard electroweak rotation
from the total rotation in (3.12)

U =UUen (4.1)
with the standard electroweak rotation
1 0 0
Uem=|0 co so |- (4.2)
0 —sg cg

From (3.12) and (4.1), we can calculate the oblique radiative corrections coming from the
right-handed gauge bosons in light of Holdom's work [15]

_ 4spce
a

S

{ (s(Z9 - cé)llgz —2cgs9(Uss — 1) + 2cos9(Uy, — 1) },
20 0m
T= ;{(uzz -1) - AMz}, (4.3)

852
U =~ fcpsollly + 55U~ 1) + (U - 1)},

where sg and cg are the respective sine and cosine of the standard Weinberg angle from SM,
and AMy is the new physical shift in the Z mass AMz = Mz — Mz|sy,. Furthermore, we
calculate to leading order the results for two special conditions.

4.1. Case 1: fr > f1 and gr > g1./0

This case corresponds to a SU(2) breaking scale that is much higher than the electroweak
breaking scale and My, > My, . It is easy to calculate the U’ rotation from (4.1), (4.2), and
(3.15). We only list leading-order terms

uy, =1,

3
, _ CoSer
ulZ - 2 ’

!
Upy,=r,
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3-c2)r?
uy, ~ KfR soco <1 . Ca) >’

B fL r 2
u,, =1,
2
CoSor
U, = -
23 2 4
KfR (1-2e3)r?
Uél"—‘r+m<1+72 ,
2
CoSer
U, = ,
32 2
u;, =1

(4.4)

with coupling ratio r = gy/gr. Obviously, in the limit of heavy Mw,, gr > gr,0, this new
physics rotation matrix U’ becomes a unitary matrix. Indeed, it is a requirement of the SM
structure and a good self-checking condition of our calculation.

From (3.17), we can calculate the gauge boson mass eigenvalues

M, = (u” /nLI)L1 - Iz?flz? (1+7)(1-%), (4.5)
M= (Ut ), = f—i(g%; %) {1 + ( Kf—f - sg>r2}. (4.6)

From (4.5), the mass shift can be calculated

52
AMz = —?9#. (4.7)

Using (4.3), the leading-order terms to the oblique radiative correction parameters are

aS = sgcé (1 + 255)1‘2,
al = sgrz, (4.8)

al = 4sgr2.

Adopting the new physics constraints S < 0.11, T < 0.14, U < 0.16 [16] and taking s} =
0.2311, @ = 1/137, we can estimate the coupling ratio r < 0.05.
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4.2, Case 2: fr = fr and gr > g1/0

The conditions correspond to left-right symmetry. My, > My, requires gr > g1,0. Hence,
the leading-order terms to the matrix elements of U’ are

! ~
u;, =1,
3.2, 2.2 4

. rico(cg+cgsg+1) rca(2+5sp)

Up =~ + ’
So So
4

0 - _xr(2+5,)

13_T 2 4

3
u,, = —r3sgco <§ - cg + Spcor’x,

U, =1 (4.9)

) 5 sgco 17spce(1+3c3)
U5, = —sgcer” + - ,

2 4

T 2.3.3
Uy =71+ cyspr K,

2 3 2
SgCoT 59C6  1°Co 4 5
u, = ¥ { e [4+3s5(1+ )]

When taking r — 0 and ¥ — 0, matrix U’ becomes unitary. The leading order terms for the
gauge boson masses are

M2 = (U ), = %gﬁ (1+72),

11

(4.10)

2002, 2 2.2

2 _ (19T _f(si+8) _ So”

Mz = <ll Jnu)z,z B 4 1 2 )
The shift in mass of Z is
2

AMy=—0,2, (4.11)
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In this case, the leading-order terms of the oblique radiative correction parameters are

aS = 2r25§ <1 - 2s§>c§ + {6(1 - 2c§>sg +7? <4c§ - 3) <3s§ + 4) }ch,

2.2
oT = % (4.12)

al = 4sgr2 + 2{25%(1 - 3cgsg> +7? <2c§ - l) <3s§ + 4) }séx.

From T < 0.10, we can estimate coupling ratio r < 0.09 implying a lower limit for the Z’' mass
of about 0.8 TeV.

5. A Short Summary

To summarize, we have reviewed nonlinearly realized electroweak chiral Lagrangian for the
gauge group SU(2)r x SU(2); x U(1) and diagonalized gauge eigenstates using all possible
mass mixing terms to obtain exact mass eigenstates and the rotation matrix. The oblique
radiative corrections from right-handed gauge bosons have been estimated to leading order.
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