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We study the left-right asymmetric model based on the SUð3ÞC ⊗ SUð2ÞL ⊗ SUð3ÞR ⊗ Uð1ÞX gauge
group, which improves the theoretical and phenomenological aspects of the known left-right symmetric
model. This new gauge symmetry yields that the fermion generation number is 3, and the tree-level flavor-
changing neutral currents arise in both gauge and scalar sectors. Also, it can provide the observed neutrino
masses, aswell as darkmatter, automatically. Further,we investigate themass spectrumof the gauge and scalar
fields. All the gauge interactions of the fermions and scalars are derived. We examine the tree-level
contributions of the new neutral vector, Z0

R, and new neutral scalar, H2, to flavor-violating neutral meson
mixings, say K − K̄, Bd − B̄d, and Bs − B̄s, which strongly constrain the new physics scale as well as the
elements of the right-handed quark mixing matrices. The bounds for the new physics scale are in agreement
with those coming from the ρ-parameter, as well as the mixing parameters between W, Z bosons and new
gauge bosons.

DOI: 10.1103/PhysRevD.95.075034

I. INTRODUCTION

In the standard model, the neutral currents of γ and Z
conserve every flavor at the tree level, whereas the charged
current of W changes quark flavors through the Cabibbo-
Kobayashi-Maskawa (CKM) matrix (where lepton flavors
are separately conserved). This directly leads to quark-flavor
violating processes such as neutral meson mixings, K − K̄,
D − D̄, Bd − B̄d, and Bs − B̄s, and rare meson decays,
Bs → μþμ−, Bs → φμþμ−, Bd → KðK�Þμþμ−, and others.
All such standard model predictions have been experimen-
tally tested so far, and that they are globally compatible with
the existing data [1].However,with the reduced experimental
errors, as well as enhanced QCD and EW precision compu-
tations, a number of tensions have recently been found at
2 − 3σ levels corresponding to individual processes [2–6].
While some of them might be due to statistical fluctuations/
errors, it does not exclude a possibility that they reveal some
new physics. Further, the standard model cannot explain the
small, nonzero neutrinomasses and lepton-flavor mixings. It

also fails to address darkmatter that occupies roundly 25%of
the mass-energy density of the Universe.
The minimal left-right symmetric model based on the

SUð3ÞC ⊗ SUð2ÞL ⊗ SUð2ÞR ⊗ Uð1ÞB−L gauge group is
one of the most attractive extensions of the standard model
[7,8]. A motivation of the model is that the parity is exact but
its asymmetry as seen in the weak interaction is due to the
spontaneous breaking of SUð2ÞR at some large energy scale.
It also plays an important role in developing the theories of
neutrino masses, well-known as seesaw mechanisms, and
that nonzero neutrinomasses were suggested long before the
experimental confirmations. Particularly, the phenomeno-
logical consequences of the new particles that contribute to
the meson mixing systems, as well as rare meson decays,
were studied in [9]. The contribution of the right current that
addresses the Vub problem was also discussed in [10].
Generally, the experimental bounds would require the left-
right scale to be in the TeV region, and the explicit left-right
asymmetries should be imposed in order to fit most, but not
all of, the data,whichmaybewell tested at theLHC run II.As
the standard model, the minimal left-right symmetric model
cannot solve the dark matter issue.
Furthermore, the minimal left-right symmetric model

does not contain the necessary ingredients for solving the
750 GeV diphoton excess naturally [11]. Although the
resonancewas subsequently proved as statistical fluctuations
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[12], theguidance for goingbeyond thismodel to address new
physics anomalies like that is still worth studying. In the
literature, the proposals [13] that enlarged only the particle
content are not considered here since they included the new
fields by hand, and obviously it is not natural on both
phenomenological and theoretical grounds. However, the
proposals [14] that extended the gauge group can show
alternative important results since they manifestly follow a
gauge principle. Indeed, it was shown that the diphoton
anomaly might be associated with fundamental left-right
asymmetries, and thus the three theories that were proposed,
corresponding to the gauge symmetries, SUð3ÞC⊗
SUðMÞL⊗SUðNÞR⊗Uð1ÞX (3−M−N−1), for ðM;NÞ ¼
ð2; 3Þ; ð3; 2Þ, and (3,3), respectively. Here, the left-right
asymmetry is either explicitly recognized for M ≠ N or
spontaneously produced after the gauge symmetry breaking
for M ¼ N. The diphoton excess was the new scalar fields,
produced/decayedasmediatedby thenew fermions,which all
transform as fundamental components, in the quotient space
½SUðMÞL ⊗ SUðNÞR�=½SUð2ÞL ⊗ SUð2ÞR�, enlarged from
those of the minimal left-right symmetric model.
However, the new physics scales were generally low,

below a few TeVs, and the characteristic electric charge
parameter was rarely big, in order to explain the large
diphoton signal strength. Because the massive diphoton
signals were absent, the new physics scales must be large,
above those bounds, which are also needed to evade other
constraints discussed hereafter (as also noted in [14]), and
the electric charge parameter is not necessarily large
beyond the usual electric charges. Simultaneously, as
shown in this work, the fundamental left-right asymmetries
as proposed provide automatically the tree-level flavor-
changing neutral currents (FCNCs) through the gauge and
Yukawa interactions, which may be the new source for
addressing the B physics anomalies and others, which
dominate over those loop-induced by the minimal left-right
symmetric model. Additionally, the new gauge symmetries
that reflect the left-right asymmetries can supply dark
matter naturally by the means that dark matter candidates,
along with their stability mechanism and relic density,
automatically arise from the gauge principles.
In this work, we take the most simple theory among

the three mentioned into account, which is given by the
SUð3ÞC ⊗ SUð2ÞL ⊗ SUð3ÞR ⊗ Uð1ÞX (3 − 2 − 3 − 1)
gauge symmetry. Note that the two others, namely, the
3 − 3 − 2 − 1 and 3 − 3 − 3 − 1 models, include an exten-
sion, SUð2ÞL → SUð3ÞL, besides the corresponding
enlargements of the weak hypercharge. Therefore, we
see that the left-handed fermion content and symmetry
are the same standard model and minimal left-right
symmetric model, but the right sector is extended, explic-
itly violating a symmetry between the left and right, the so-
called left-right asymmetry. This approach predicts the
three fermion generations as observed as a result of
SUð3ÞR anomaly cancellation and QCD asymptotic free-
dom. The new FCNCs come from two distinct sources:

either loop induced by WR and a charged Higgs boson or
tree-level contributed by nonuniversal couplings of Z0

R and
a neutral Higgs boson (H2) with ordinary quarks. The
former is similar to the minimal left-right symmetric model,
which is negligible as suppressed by loop factors, whereas
the latter may dominate and is in charge to interpret the
mentioned flavor-physics anomalies. Additionally, the new
gauge symmetry, SUð3ÞR ⊗ Uð1ÞX, may define a non-
trivial W-parity as well as the W-odd matter content
responsible for dark matter, which is quite similar to the
3 − 3 − 1 − 1 model [15].
Let us stress that the interesting feature of the considered

model is that the right-handed quarks of the first and second
generations transform under the gauge symmetry differ-
ently from the third generation, which directly leads to the
tree-level FCNCs caused by only the right-handed quarks
when coupling to the H2 scalar and Z0

R gauge boson. This
property does not exist in the 3 − 3 − 1 models or the other
left-right theories. The former models, including the two
remaining left-right asymmetric theories, have a similar
property but caused by the left-handed quarks [14,16].
Unlike those theories, the model under consideration yields
that the relevant observables depend only on the new
energy scale and the right-handed quark mixing matrices,
VuR and VdR, which are not constrained by the standard
model (i.e., they act as arbitrary parameters). Further,
this proposal implies that the neutrino masses are generated
via seesaw mechanisms like the minimal left-right sym-
metric model. The electric charge operator is directly
related to the baryon-minus-lepton charge (B − L), which
is unlike the 3 − 3 − 1 − 1 model [15]. The characteristic
electric charge parameter of the model also defines the
B − L charge for the new particles, by which a class of
wrong B − L particles is naturally recognized, which
transform nontrivially under a residual discrete gauge
symmetry, called W-parity. The new gauge and Higgs
bosons might also be the subjects for the dijet, Drell-Yan,
and diboson searches by the LHC experiments. For all the
purposes, we will identify the scalars and gauge bosons, as
well as calculating all the necessary gauge interactions.
The rest of this paper is organized as follows: In Sec. II,

we give a detailed review of the model with stress on dark
matter and FCNCs. Sections III and IV study the mass
spectra of the scalar and gauge boson fields, respectively.
The gauge interactions of fermions and scalars are consid-
ered in Sec. V. Section VI is devoted to the FCNCs, which
are directly mediated by the new neutral gauge and scalar
fields. The mixing effects in the gauge and scalar sectors
are also discussed therein. Finally, we summarize our
results and conclude this work in Sec. VII.

II. THE MODEL

As mentioned, the gauge symmetry of the model is
defined by SUð3ÞC ⊗ SUð2ÞL ⊗ SUð3ÞR ⊗ Uð1ÞX, where
the first group factor is the ordinary QCD symmetry, while
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the last three are an extension of the electroweak symmetry,
which contains that of the minimal left-right symmetric
model as a subgroup. However, the considered model does
not conserve a left-right symmetry, Z2, that interchanges
the left and right gauge groups as well as their correspond-
ing field contents; i.e., the model presents an explicit left-
right asymmetry.
The electric charge operator is embedded in the gauge

symmetry as follows [14]:

Q ¼ T3L þ T3R þ βT8R þ X; ð1Þ
where TaL (a ¼ 1, 2, 3), TiR (i ¼ 1; 2; 3;…; 8), and X are
the SUð2ÞL, SUð3ÞR, and Uð1ÞX generators, respectively. β
can be expressed via an electric charge parameter (q) as
β ¼ −ð2qþ 1Þ= ffiffiffi

3
p

. The baryon-minus-lepton charge is
embedded as 1

2
ðB − LÞ ¼ βT8R þ X. Hence, depending

on the embedding parameter β (or q), this model may
automatically provide dark matter candidates, which are
stabilized by a W-parity,

P ¼ ð−1Þ3ðB−LÞþ2s ¼ ð−1Þ6ðβT8RþXÞþ2s; ð2Þ

as residual gauge symmetry, similarly to the 3 − 3 − 1 − 1
model [15] (see below).
The fermion content that is anomaly free is given by [14]

ψaL ¼
�
νaL

eaL

�
∼
�
1; 2; 1;−

1

2

�
;

ψaR ¼

0
B@

νaR

eaR
Eq
aR

1
CA ∼

�
1; 1; 3;

q − 1

3

�
; ð3Þ

Q3L ¼
�
u3L
d3L

�
∼
�
3; 2; 1;

1

6

�
;

Q3R ¼

0
B@

u3R
d3R

J
qþ2

3

3R

1
CA ∼

�
3; 1; 3;

qþ 1

3

�
; ð4Þ

QαL ¼
�
uαL
dαL

�
∼
�
3; 2; 1;

1

6

�
;

QαR ¼

0
B@

dαR
−uαR

J
−q−1

3

αR

1
CA ∼

�
3; 1; 3�;−

q
3

�
; ð5Þ

Eq
aL ∼ ð1; 1; 1; qÞ;

J
qþ2

3

3L ∼
�
3; 1; 1; qþ 2

3

�
;

J
−q−1

3

αL ∼
�
3; 1; 1;−q −

1

3

�
; ð6Þ

where a ¼ 1, 2, 3 and α ¼ 1, 2 are generation indices. The
numbers in the parentheses denote the quantum numbers
based on the 3 − 2 − 3 − 1 subgroups, respectively.
We see that the proposal of SUð3ÞR leads to not only the

existence of the right-handed neutrinos which induce
the neutrino masses via seesaw mechanisms, but also the
new leptons Ea and exotic quarks Ja which might yield
interesting phenomena. Indeed, note that Ea and Ja have
a B − L charge equal to two times their electric charges,
i.e., ½B − L�ðEaÞ ¼ 2q, ½B − L�ðJ3Þ ¼ 2ðqþ 2=3Þ, and
½B − L�ðJαÞ ¼ 2ð−q − 1=3Þ. Therefore, the model recog-
nizes a nontrivial W-parity for wrong B − L particles that
include E, J and others, called W-particles, responsible
for dark matter if q ≠ ð2m − 1Þ=6 ¼ �1=6;�1=2;�5=6;
�7=6;… for anm integer [15]. Here, W-particles have P ¼
Pþ or P−, with P� ≡ ð−1Þ�ð6qþ1Þ ≠ 1, while the remaining
particles that include the standard model particles and some
new ones have P ¼ 1, called normal particles. Particularly,
the model with ordinary charge q¼m=3¼ 0;�1=3;�2=3;
�1;… belongs to this class, which yields W-parity as
R-parity and W-particles as R-odd particles (the simplest,
but most realistic version is if q ¼ 0).
Provided that the right-handed fermions are arranged in

the fundamental representations of SUð3ÞR, the SUð3ÞR
anomaly cancellation demands that the number of triplets
equal that of antitriplets. Thus, the generation number must
be a multiple of 3. Since the extra quarks are included
to complete the representations, the QCD asymptotic
freedom requires the generation number to be less than
or equal to 5. Hence, the generation number is 3, as
expected. Furthermore, the right-handed quarks of the third
generation transform differently from those of the first two
generations. This leads to the tree-level quark FCNCs due
to the interactions with the new gauge bosons of T8R and X,
as well as new neutral scalars (shown below). This
demonstrates that the new dominant FCNCs all arise from
such an explicit left-right symmetry violation.
To break the gauge symmetry and generate appropriate

masses for the particles, the scalar multiplets are introduced
as

S ¼
� S011 Sþ12 S−q13

S−21 S022 S−q−123

�
∼
�
1; 2; 3�;−

2qþ 1

6

�
; ð7Þ

ϕ ¼

0
B@

ϕ−q
1

ϕ−q−1
2

ϕ0
3

1
CA ∼

�
1; 1; 3;−

2qþ 1

3

�
; ð8Þ

Ξ ¼

0
BBBBB@

Ξ0
11

Ξ−
12ffiffi
2

p Ξq
13ffiffi
2

p

Ξ−
12ffiffi
2

p Ξ−−
22

Ξq−1
23ffiffi
2

p

Ξq
13ffiffi
2

p Ξq−1
23ffiffi
2

p Ξ2q
33

1
CCCCCA ∼

�
1; 1; 6;

2ðq − 1Þ
3

�
; ð9Þ
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which have the corresponding vacuum expectation values
(VEVs),

hSi ¼ 1ffiffiffi
2

p
�
u 0 0

0 v 0

�
;

hϕi ¼ 1ffiffiffi
2

p

0
B@

0

0

w

1
CA;

hΞi ¼ 1ffiffiffi
2

p

0
B@

Λ 0 0

0 0 0

0 0 0

1
CA: ð10Þ

As mentioned in [14], if one introduces a scalar tripletΔ the
neutrinos get masses through a combination of the type I
and II seesaw mechanisms; otherwise, the only type I
seesaw mechanism is presented. Since both cases can fit
the data, we would not include Δ for simplicity. The
W-fields include ϕ1;2, S13;23, and Ξ13;23. The other scalars
are normal fields.
The gauge symmetry is broken via two steps,

SUð3ÞC ⊗ SUð2ÞL ⊗ SUð3ÞR ⊗ Uð1ÞX
↓w;Λ

SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY ⊗ P

↓u; v

SUð3ÞC ⊗ Uð1ÞQ ⊗ P:

Here, the VEVof ϕ (w) provides the masses for new leptons
and exotic quarks, while the VEV of Ξ (Λ) provides
the Majorana masses for right-handed neutrinos. Both the
VEVs w, Λ give the masses for new gauge bosons. The
VEVs of S (u, v) generate the masses for ordinary charged
leptons, quarks, and weak gauge bosons as well as Dirac
masses for neutrinos. Subsequently, the small neutrino
masses are induced via the seesaw mechanism as men-
tioned. Additionally, after the first step of symmetry
breaking, the W-parity is defined along with the standard
model symmetry due to the VEV Λ [15]. Note that w, u, v
do not break B − L, whereas Λ breaks this charge, which
defines the Majorana masses and W-parity. Thus, the
observed neutrino masses and dark matter stability are
strongly correlated, as originating from the B − L gauge
symmetry breaking. To be consistent with the standard
model, we must impose u; v ≪ w;Λ.
The total Lagrangian takes the form,

L ¼ Lkinetic þ LYukawa − Vscalar; ð11Þ

where the first part includes kinetic terms and gauge
interactions, which will be obtained later. The second
and last parts correspond to the Yukawa Lagrangian and
scalar potential, respectively, which are obtained by

LYukawa ¼ hlabψ̄aLSψbRþhRabψ̄
c
aRΞ†ψbRþhqa3Q̄aLSQ3R

þhqaβ ~̄QaLS�QβRþhEabĒaLϕ
†ψbRþhJ33J̄3Lϕ

†Q3R

þhJαβJ̄αLϕ
TQβRþH:c:; ð12Þ

Vscalar ¼ μ2STrðS†SÞþ λ1S½TrðS†SÞ�2þ λ2STrðS†SS†SÞ
þμ2ΞTrðΞ†ΞÞþ λ1Ξ½TrðΞ†ΞÞ�2þ λ2ΞTrðΞ†ΞΞ†ΞÞ
þμ2ϕϕ

†ϕþ λϕðϕ†ϕÞ2þ λ1ðϕ†S†SϕÞ
þ λ2TrðS†SΞΞ†Þþ λ3ðϕ†ΞΞ†ϕÞþ λ4ðϕ†ϕÞTrðS†SÞ
þ λ5ðϕ†ϕÞTrðΞ†ΞÞþ λ6TrðΞ†ΞÞTrðS†SÞ
þ ðfSϕ�SþH:c:Þ; ð13Þ

where “Tr” is the trace operator. Here, note that ~QL ≡
iσ2QL transforms as 2� under SUð2ÞL, i.e., ~QL → U�

L
~QL.

Also, we have S → ULSU
†
R, Ξ → URΞUT

R, and
QαR → U�

RQαR, under SUð2ÞL ⊗ SUð3ÞR. Observe that
the third generation of quarks interacts with the scalars
with the forms differently from those for the first two quark
generations, which does not happen with leptons and is not
analogous to the case of the minimal left-right symmetric
model. As referred to in [14], the potential parameters have
been redefined for easy reading, and the f, λ1;2;3 couplings
have been imposed for generalization, which were skipped
in the previous study.
The gauge sector contains two W-fields as X�q

R and

Y�ðqþ1Þ
R , as coupled to 1ffiffi

2
p ðT4R∓iT5RÞ and 1ffiffi

2
p ðT6R∓iT7RÞ,

respectively. The other gauge bosons are normal fields.
Summarizing all theW-fields, we see that themodel provides
dark matter candidates if q ¼ 0;�1 (note that the candidate
must be electrically neutral). For the model with q ¼ 0, the
candidates are E0 or X0

R or some combination of (ϕ0
1, S

0
13,

Ξ0
13). For the model with q ¼ −1, the candidates are Y0

R or
some combination of ðϕ0

2; S
0
23Þ. For themodelwithq ¼ 1, the

candidates are only Ξ0
23. The dark matter candidate must be

the lightestW-particle, called the LWP, which is stabilized by
W-parity. Proof: One has an interaction of r Pþ-fields and s
P−-fields, where r and s are integers. Since P is conserved, it
follows ðPþÞrðP−Þs ¼ 1, which is valid only if r ¼ s. In
otherwords,Pþ andP− always appear in pairs in interactions,
which is analogous to superparticles in supersymmetry.
A detailed study of the three mentioned versions

for dark matter phenomenologies is out of the scope of
this work, which should be published elsewhere [17]. In the
following, we identify physical particles, calculate all
interactions, and present selected phenomena for the
general model.

III. SCALAR SECTOR

Let us expand the neutral scalar fields (S011; S
0
22;ϕ

0
3;Ξ0

11)
around the mentioned VEVs as
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S ¼
 uþS1þiA1ffiffi

2
p Sþ12 S−q13

S−21
vþS2þiA2ffiffi

2
p S−q−123

!
; ð14Þ

ϕ ¼

0
B@

ϕ−q
1

ϕ−q−1
2

wþS3þiA3ffiffi
2

p

1
CA;

Ξ ¼

0
BBBBB@

ΛþS4þiA4ffiffi
2

p Ξ−
12ffiffi
2

p Ξq
13ffiffi
2

p

Ξ−
12ffiffi
2

p Ξ−−
22

Ξq−1
23ffiffi
2

p

Ξq
13ffiffi
2

p Ξq−1
23ffiffi
2

p Ξ2q
33

1
CCCCCA: ð15Þ

To find the potential minimization and scalar mass spec-
trum, we correspondingly expand the original potential
terms up to the second-order terms of the component fields
given above and then sum all the resulting terms that have
the same order in fields. Therefore, the scalar potential is
divided into VðS;ϕ;ΞÞ¼VminþV linearþVmassþV interaction,
where all the interactions are grouped to V interaction, which
we need not determine. Vmin is the minimum of the
potential, which is independent of the fields and only
contributes to the vacuum energy. V linear contains all the
terms that depend linearly on the fields, and the gauge
invariance requires V linear ¼ 0, which leads to the mini-
mization conditions as follows:

μ2Suþ ðλ1S þ λ2SÞu3 −
ffiffiffi
2

p
fvwþ 1

2
u½2λ1Sv2 þ λ4w2 þ ðλ2 þ λ6ÞΛ2� ¼ 0; ð16Þ

μ2Svþ ðλ1S þ λ2SÞv3 −
ffiffiffi
2

p
fuwþ 1

2
vð2λ1Su2 þ λ4w2 þ λ6Λ2Þ ¼ 0; ð17Þ

μ2ϕwþ λϕw3 −
ffiffiffi
2

p
fuvþ 1

2
w½λ4ðu2 þ v2Þ þ λ5Λ2� ¼ 0; ð18Þ

μ2Ξ þ ðλ1Ξ þ λ2ΞÞΛ2 þ 1

2
½ðλ2 þ λ6Þu2 þ λΞSv2 þ λ5w2� ¼ 0: ð19Þ

Vmass consists of the terms that depend quadratically on the fields, given in the form, Vmass ¼ VS
mass þ VA

mass þ Vcharged
mass ,

where the first two terms describe the CP-even and CP-odd scalar fields, respectively, while the last one contains the
charged scalar fields.
After we substitute the minimization conditions into the scalar potential, VS

mass is given by

VS
mass ¼

1

2

�
S1 S2 S3 S4

�
M2

S

�
S1 S2 S3 S4

�
T
; ð20Þ

where M2
S is

0
BBBBBB@

2ðλ1S þ λ2SÞu2 þ
ffiffi
2

p
fvw
u 2λ1Suv −

ffiffiffi
2

p
fw −

ffiffiffi
2

p
fvþ λ4uw ðλ2 þ λ6ÞuΛ

2λ1Suv −
ffiffiffi
2

p
fw 2ðλ1S þ λ2SÞv2 − λ2Su2 þ λ2u2Λ2

2ðv2−u2Þ −
ffiffiffi
2

p
fuþ λ4vw λ6vΛ

−
ffiffiffi
2

p
fvþ λ4uw −

ffiffiffi
2

p
fuþ λ4vw

ffiffi
2

p
fuv
w þ 2λϕw2 λ5wΛ

ðλ2 þ λ6ÞuΛ λ6vΛ λ5wΛ 2ðλ1Ξ þ λ2ΞÞΛ2

1
CCCCCCA
:

Note that f is a mass parameter satisfying

f ¼ −
λ2Suvffiffiffi
2

p
w

−
λ2uvΛ2

2
ffiffiffi
2

p ðu2 − v2Þw ; ð21Þ

which is derived from the minimization conditions (16) and (17). Because of u; v ≪ w;Λ, the parameter f is large in the w,
Λ scale. At the leading order, u; v ≪ w;Λ; f, the above mass matrix implies a massless scalar field,H1 ¼ uS1þvS2ffiffiffiffiffiffiffiffiffiffi

u2þv2
p , and three

heavy scalar fields with masses given by
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H2 ¼
−vS1 þ uS2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p ; m2

H2
¼ λ2ðu2 þ v2ÞΛ2

2ðv2 − u2Þ ;

H3 ¼ cφS3 − sφS4; m2
H3

¼ λϕw2 þ ðλ1Ξ þ λ2ΞÞΛ2 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðλ1Ξ þ λ2ΞÞΛ2 − λϕw2�2 þ λ25w

2Λ2

q
;

H4 ¼ sφS3 þ cφS4; m2
H4

¼ λϕw2 þ ðλ1Ξ þ λ2ΞÞΛ2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðλ1Ξ þ λ2ΞÞΛ2 − λϕw2�2 þ λ25w

2Λ2

q
;

where we have denoted cφ ¼ cosφ, sφ ¼ sinφ, and so forth, with

t2φ ¼ λ5wΛ
ðλ1Ξ þ λ2ΞÞΛ2 − λϕw2

: ð22Þ

At the next-to-leading order, the Higgs masses,m2
Hi

(i ¼ 1, 2, 3, 4), are contributed by the u2, v2 terms. Particularly, theH1

mass is approximated as

m2
H1

¼ 2ðλ1S þ λ2SÞu2 − λ2Sv2: ð23Þ

It is easily realized that the light state, H1, is identical to the standard model Higgs boson, whereas the heavy states, H2;3;4,
are new particles with the masses as given in the w, Λ scales.
The mass terms of the pseudoscalars, A1, A2, A3, A4, are given by

VA
mass ¼

1

2

�
A1 A2 A3 A4

�
M2

A

�
A1 A2 A3 A4

�
T
; ð24Þ

where

M2
A ¼

0
BBBBBB@

v2ð−2λ2Su2þ2λ2Sv2−λ2Λ2Þ
2ðu2−v2Þ − uv½2λ2Sðu2−v2Þþλ2Λ2�

2ðu2−v2Þ
uv2½2λ2Sðu2−v2Þþλ2Λ2�

2ðu2−v2Þw 0

− uv½2λ2Sðu2−v2Þþλ2Λ2�
2ðu2−v2Þ − u2½2λ2Sðu2−v2Þþλ2Λ2�

2ðu2−v2Þ
u2v½2λ2Sðu2−v2Þþλ2Λ2�

2ðu2−v2Þw 0

uv2½2λ2Sðu2−v2Þþλ2Λ2�
2ðu2−v2Þw

u2v½2λ2Sðu2−v2Þþλ2Λ2�
2ðu2−v2Þw − u2v2½2λ2Sðu2−v2Þþλ2Λ2�

2ðu2−v2Þw2 0

0 0 0 0

1
CCCCCCA
: ð25Þ

The above mass matrix provides only a combination of the pseudoscalars as a physical pseudoscalar, called A, with mass,
m2

A, obtained by

A ¼ vwA1 þ uwA2 − uvA3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu2 þ v2Þw2 þ u2v2

p ; m2
A ¼ −

½v2w2 þ u2ðv2 þ w2Þ�½2λ2Sðu2 − v2Þ þ λ2Λ2�
2ðu2 − v2Þw2

; ð26Þ

which is in w, Λ scales. The remainders are three massless pseudoscalars,

GZ ¼ −uA1 þ vA2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p ; GZ1
¼ A4; GZ0

1
¼ uv2A1 þ u2vA2 þ wðu2 þ v2ÞA3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu2 þ v2Þðu2v2 þ w2u2 þ w2v2Þ
p ; ð27Þ

which are the Goldstone bosons of the neutral gauge bosons, Z;Z1, and Z0
1, respectively.

For the charged scalar sector, Ξ��
22 , Ξ�ðq−1Þ

23 , and Ξ�2q
33 do not mix and are physical fields by themselves with masses

m2
Ξ��
22

¼ λ2ðv2 − u2Þ − 2λ2ΞΛ2

2
; ð28Þ

m2

Ξ�ðq−1Þ
23

¼ λ2ðv2 − 2u2Þ þ λ3w2 − 4λ2ΞΛ2

4
; ð29Þ

m2

Ξ�2q
33

¼ λ3w2 − λ2u2 − 2λ2ΞΛ2

2
; ð30Þ
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which are all in w, Λ scales. The remaining charged scalars mix in terms of

Vcharged
mass ⊃

�
Sþ12 Sþ21 Ξþ

12

�
M2

C1

0
B@

S−12
S−21
Ξ−
12

1
CAþ

�
Sq13 ϕq

1 Ξq
13

�
M2

Cq

0
B@

S−q13
ϕ−q
1

Ξ−q
13

1
CAþ

�
Sðqþ1Þ
23 ϕðqþ1Þ

2

�
M2

Cðqþ1Þ

�
S−ðqþ1Þ
23

ϕ−ðqþ1Þ
2

�
;

ð31Þ

where M2
C1
, M2

Cq
, and M2

Cðqþ1Þ are mass-squared matrices for the singly, q, and (qþ 1) charged scalars, respectively (as

shown below).
First, we derive

M2
C1

¼

0
BBBBB@

λ2u2Λ2

2ðv2−u2Þ
λ2uvΛ2

2ðv2−u2Þ
λ2uΛ
2
ffiffi
2

p

λ2uvΛ2

2ðv2−u2Þ
λ2v2Λ2

2ðv2−u2Þ
λ2uΛ
2
ffiffi
2

p

λ2uΛ
2
ffiffi
2

p λ2uΛ
2
ffiffi
2

p λ2ðv2−u2Þ
4

1
CCCCCA: ð32Þ

This leads to a physical, singly-charged field, with mass in the w, Λ scales,

H�
5 ¼

ffiffiffi
2

p
uΛS�12 þ

ffiffiffi
2

p
vΛS�21 þ ðv2 − u2ÞΞ�

12ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðu2 þ v2ÞΛ2 þ ðv2 − u2Þ2

p ; m2
H�

5

¼ λ2
4

�
v2 − u2 þ 2ðu2 þ v2ÞΛ2

v2 − u2

�
: ð33Þ

Two remaining states are massless, combined of

G�
W1

¼ −vS�12 þ uS�21ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p ; G�
W2

¼ uðu2 − v2ÞS�12 þ vðu2 − v2ÞS�21 þ
ffiffiffi
2

p ðu2 þ v2ÞΛΞ�
12ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu2 − v2Þ2ðu2 þ v2Þ þ 2ðu2 þ v2Þ2Λ2
p ; ð34Þ

which are the Goldstone bosons of W�
1 ;W

�
2 gauge bosons, respectively.

The mass matrix for q charged scalars is

M2
Cq

¼

0
BBBBBB@

ffiffi
2

p
fvw
u þ 1

2
ðλ1w2 − λ2Λ2Þ ffiffiffi

2
p

fvþ λ1uw
2

λ2uΛ
2
ffiffi
2

p

ffiffiffi
2

p
fvþ λ1uw

2
1
2

�
λ1u2 þ λ3Λ2 þ 2

ffiffi
2

p
fuv
w

�
λ3wΛ
2
ffiffi
2

p

λ2uΛ
2
ffiffi
2

p λ3wΛ
2
ffiffi
2

p 1
4
ðλ3w2 − λ2u2Þ

1
CCCCCCA
: ð35Þ

We obtain a massless state,G�q
X ¼ uS�q

13
−wϕ�q

1
þ ffiffi

2
p

ΛΞ�q
13ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2þw2þ2Λ2
p , as the Goldstone boson of the X�q gauge boson. To find the remaining

states, we define

H0�q
6 ¼ wS�q

13 þ uϕ�q
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ w2
p ; H0�q

7 ¼ −
ffiffiffi
2

p
uΛS�q

13 þ ffiffiffi
2

p
wΛϕ�q

1 þ ðu2 þ w2ÞΞ�q
13ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu2 þ w2Þðu2 þ w2 þ 2Λ2Þ
p ; ð36Þ

which are orthogonal toG�q
X . The corresponding physical fields as the combinations ofH0�q

6 ,H0�q
7 with masses are given by

H�q
6 ¼cφq

H0�q
6 −sφq

H0�q
7 ; m2

H�q
6

≃λ1ðu2−v2Þw2−λ2u2Λ2

2ðu2−v2Þ ; H�q
7 ¼ sφq

H0�q
6 þcφq

H0�q
7 ; m2

H�q
7

≃λ3ðw2þ2Λ2Þ
4

; ð37Þ

where the H0�q
6 −H0�q

7 mixing angle, called φq, is defined by
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t2φq
≃ 2ðλ2 þ λ3ÞuΛ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðΛ2 þ w2Þ

p
−2λ1w3 þ λ3wðw2 þ 2Λ2Þ þ 2λ2wu2Λ2

u2−v2
; ð38Þ

which is small due to u; v ≪ w;Λ, implying that such states
slightly mix.
Lastly, there remain two (qþ 1) charged scalars. One of

them is massless to be identified as the Goldstone boson of
the Y�ðqþ1Þ gauge boson,

G�ðqþ1Þ
Y ¼ −vS�ðqþ1Þ

23 þ wϕ�ðqþ1Þ
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2 þ w2
p : ð39Þ

The field that is orthogonal to it is heavy with mass in the
w, Λ scales, given by

H�ðqþ1Þ
8 ¼wS�ðqþ1Þ

23 þvϕ�ðqþ1Þ
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2þw2
p ;

m2

H�ðqþ1Þ
8

¼−
ðv2þw2Þ½ðu2−v2Þð2λ2Su2−λ1w2Þþλ2u2Λ2�

2ðu2−v2Þw2
:

ð40Þ

In summary, the model contains 12 massive Higgs fields,

H0
1;2;3;4,A

0, H�
5 , H

�q
6;7 , H

�ðqþ1Þ
8 , Ξ��

22 , Ξ�ðq−1Þ
23 , and Ξ�2q

33 , in
whichH1 is the standard-model-like Higgs boson with mass
in the weak scale, while the others are new, heavy Higgs
bosons with masses in w, Λ scales. Also, there are 11
masslessGoldstone bosons,which are correspondingly eaten
by the 11massive gauge bosons (where the conjugated fields
are also counted). At the leading order, the physical scalar
states are related to those in the gauge basis as

�
H1

H2

�
≃
�

cα1 sα1
−sα1 cα1

��
S1
S2

�
;

�
H3

H4

�
≃
�
cφ −sφ
sφ cφ

��
S3
S4

�
;

0
BBBBB@

A

GZ

GZ1

GZ0
1

1
CCCCCA ≃

0
BBBBB@

sα1 cα1 − u
w sα1 0

−cα1 sα1 0 0

0 0 0 1

v
2w s2α1

u
2w s2α1 1 0

1
CCCCCA

0
BBBBB@

A1

A2

A3

A4

1
CCCCCA;

0
BBB@

H�
5

G�
W1

G�
W2

1
CCCA ≃

0
BBB@

cα1 sα1
v2−u2ffiffi

2
p ffiffiffiffiffiffiffiffiffiffi

u2þv2
p

Λ

−sα1 cα1 0

uffiffi
2

p
Λ
c2α1

vffiffi
2

p
Λ
c2α1 1

1
CCCA
0
BBB@

S�12
S�21
Ξ�
12

1
CCCA;

0
BBB@

G�q
X

H�q
6

H�q
7

1
CCCA ≃

0
BBB@

u
w sα2 −sα2 cα2
cφq

u
w cφq

− cα2sφq
−sα2sφq

sφq
− u

w cα2cφq
cα2cφq

sα2cφq

1
CCCA
0
BBB@

S�q
13

ϕ�q
1

Ξ�q
13

1
CCCA;

�
G�ðqþ1Þ

Y

H�ðqþ1Þ
8

�
≃
� − v

w 1

1 v
w

��
S�ðqþ1Þ
23

ϕ�ðqþ1Þ
2

�
; ð41Þ

where the α1;2 angles have been introduced, defined by
tα1 ¼ v=u and tα2 ¼ w=

ffiffiffi
2

p
Λ, respectively.

IV. GAUGE SECTOR

Let us investigate the mass spectrum of the gauge
bosons in the considering model. When the scalars
develop the VEVs, the gauge bosons get masses as derived
from

Ls ¼ Tr½ðDμSÞ†ðDμSÞ þ ðDμΞÞ†ðDμΞÞ�
þ ðDμϕÞ†ðDμϕÞ; ð42Þ

where the covariant derivatives are defined by

DμS ¼ ∂μSþ igL
σa
2
AaLμS − igRS

λi
2
AiRμ þ igXXSBμS;

ð43Þ
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DμΞ ¼ ∂μΞþ igR
λi
2
AiRμΞþ igRΞ

λ�i
2
AiRμ þ igXXΞBμΞ;

ð44Þ

Dμϕ ¼ ∂μϕþ igR
λi
2
AiRμϕþ igXXϕBμϕ: ð45Þ

Here, σa are the Pauli matrices, and λi are the Gell-Mann
matrices. gL, gR, and gX are the gauge coupling constants of
SUð2ÞL; SUð3ÞR, and Uð1ÞX, respectively. XS;Ξ;ϕ stand for
the Uð1ÞX charges of the corresponding scalar multiplets.
Substituting the VEVs for S;Ξ;ϕ, we obtain the mass

Lagrangian,

Lgauge
mass ¼ g2L

8

��
Aμ
3L − tRA

μ
3R −

tRffiffiffi
3

p Aμ
8R −

ð1þ 2qÞtX
3

Bμ

�
2

þ 2½Wμþ
L W−

Lμ þ t2RðWμþ
R W−

Rμ

þXq
RμX

−qμ
R Þ�gu2 þ g2L

8

��
Aμ
3L − tRA

μ
3R þ tRffiffiffi

3
p Aμ

8R þ ð1þ 2qÞtX
3

Bμ

�
2

þ 2½Wμþ
L

×W−
Lμ þ t2RðWμþ

R W−
Rμ þ Yqþ1

Rμ Y−ðqþ1Þμ
R Þ�gv2 − g2L

2
ðW−

LμW
μþ
R þWþ

LμW
μ−
R ÞtRuv

þ g2L
2

��
tRA

μ
3R þ tRffiffiffi

3
p Aμ

8R þ 2tX
3

ðq − 1ÞBμ

�
2

þ t2RðWþ
RμW

μ−
R þ Xq

RμX
−qμ
R Þ

�
Λ2

þ g2L
18

�
½
ffiffiffi
3

p
tRA

μ
8R þ tXð1þ 2qÞBμ�2 þ 9

2
t2RðXq

RμX
−qμ
R þ Yqþ1

Rμ Y−ðqþ1Þμ
R Þ

�
w2;

¼ g2Lt
2
R

4
ðv2 þ w2ÞY−ðqþ1Þ

Rμ Yðqþ1Þμ
R þ g2Lt

2
R

4
ðu2 þ w2 þ 2Λ2ÞX−q

RμX
qμ
R þ ðWμþ

L Wμþ
R Þ

×M2
WðW−

LμW
−
RμÞT þ 1

2
ðAμ

3LA
μ
3RA

μ
8RB

μÞM2
0ðA3LμA3RμA8RμBμÞT; ð46Þ

where we have denoted tX ¼ gX
gL
, tR ¼ gR

gL
, and the non-

Hermitian gauge bosons as

W�
Lμ ¼

1ffiffiffi
2

p ðA1Lμ ∓ iA2LμÞ;

W�
Rμ ¼

1ffiffiffi
2

p ðA1Rμ ∓ iA2RμÞ; ð47Þ

Y�ðqþ1Þ
Rμ ¼ 1ffiffiffi

2
p ðA6Rμ � iA7RμÞ;

X�q
Rμ ¼ 1ffiffiffi

2
p ðA4Rμ � iA5RμÞ: ð48Þ

The mass Lagrangian in (46) has be rewritten in terms of
the matrix forms, where MW and M0 define the mass
matrices of the left-right W and neutral gauge bosons,
respectively.
We see that the gauge bosons, X�q

Rμ and Y�ðqþ1Þ
Rμ , by

themselves are physical with masses,

m2
XR

¼ g2R
4
ðu2 þ w2 þ 2Λ2Þ;

m2
YR

¼ g2R
4
ðv2 þ w2Þ: ð49Þ

The left-right W bosons mix via a mass matrix as given by

M2
W ¼ g2L

4

�
u2 þ v2 −2tRuv
−2tRuv t2Rðu2 þ v2 þ 2Λ2Þ

�
: ð50Þ

Diagonalizing this matrix, we obtain two physical states,

W�
1μ ¼ cξW�

Lμ − sξW�
Rμ;

W�
2μ ¼ sξW�

Lμ þ cξW�
Rμ; ð51Þ

where the WL −WR mixing angle (ξ) is obtained by
t2ξ ¼ tan 2ξ ¼ −4tRuv

2t2RΛ
2þðt2R−1Þðu2þv2Þ. The corresponding

masses are

m2
W1

≃ g2L
4

�
u2 þ v2 −

4t2Ru
2v2

2t2RΛ2 þ ðt2R − 1Þðu2 þ v2Þ
�
;

m2
W2

≃ g2R
4

�
u2 þ v2 þ 2Λ2 þ 4u2v2

2t2RΛ2 þ ðt2R − 1Þðu2 þ v2Þ
�
:

ð52Þ

Because of the condition, u; v ≪ w;Λ, the W1 boson has a
small mass in the weak scales (u, v) which is identical to the
standard model W boson, whereas the W2 boson is a new,
heavy charged gauge boson with a mass proportional to the
Λ scale. The mixing between these two fields is small since
ξ → 0 due to the above condition.
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The diagonalization of the neutral gauge boson sector is more complicated, because all four gauge fields generally mix.
Indeed, the mass matrix is given by

M2
0 ¼

g2L
4

0
BBBBBBBB@

u2 þ v2 −tRðu2 þ v2Þ − tRffiffi
3

p ðu2 − v2Þ βtXffiffi
3

p ðu2 − v2Þ
−tRðu2 þ v2Þ t2Rðu2 þ v2 þ 4Λ2Þ t2Rffiffi

3
p ðu2 − v2 þ 4Λ2Þ m2

42

− tRffiffi
3

p ðu2 − v2Þ t2Rffiffi
3

p ðu2 − v2 þ 4Λ2Þ t2R
3
½u2 þ v2 þ 4ðw2 þ Λ2Þ� m2

43

βtXffiffi
3

p ðu2 − v2Þ m2
42 m2

43 m2
44

1
CCCCCCCCA
; ð53Þ

where

m2
42 ¼ −

tRtX
3

½
ffiffiffi
3

p
βðu2 − v2 þ 4Λ2Þ þ 12Λ2�;

m2
43 ¼

−tRtX
3

½βðu2 þ v2 þ 4w2 þ 4Λ2Þ þ 4
ffiffiffi
3

p
Λ2�;

m2
44 ¼

t2X
3
½ðu2 þ v2 þ 4w2Þβ2 þ 4ð

ffiffiffi
3

p
þ βÞ2Λ2�:

First of all, from the mass matrix, we can always obtain a zero eigenvalue (i.e., photon mass) with the corresponding
eigenstate (i.e., photon field) as

Aμ ¼
tRtXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

t2R þ t2Xð1þ β2 þ t2RÞ
p �

A3Lμ þ
1

tR
A3Rμ þ

β

tR
A8Rμ þ

1

tX
Bμ

�
; ð54Þ

which is independent of the VEVs as a consequence of the electric charge conservation [18]. Next, we can determine
electromagnetic interactions following the standard procedure in [18], and thus the Weinberg’s angle (θW) is identified as

sW ¼ tRtXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xð1þ β2 þ t2RÞ

p : ð55Þ

Note that sW ¼ sin θW , cW ¼ cos θW , and so forth. With this at hand, the photon field is rewritten in terms of

Aμ ¼ sWA3Lμ þ cW

�
tW
tR

A3Rμ þ β
tW
tR

A8Rμ þ
tW
tX

Bμ

�
; ð56Þ

where the parentheses present the field as coupled to the weak hypercharge Y ¼ T3R þ βT8R þ X.
The standard model Z boson is orthogonal to the photon field as usual,

Zμ ¼ cWA3Lμ − sW

�
tW
tR

A3Rμ þ β
tW
tR

A8Rμ þ
tW
tX

Bμ

�
: ð57Þ

The model under consideration contains two new neutral gauge bosons, called ZR and Z0
R, which are given orthogonally to

the hypercharge field in the parentheses (i.e., orthogonal to both the photon and Z fields). Thus, they are obtained by

Z0
Rμ ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ β2t2X

p ðtRA8Rμ − βtXBμÞ; ð58Þ

ZRμ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðt2R þ β2t2XÞ½t2R þ ð1þ β2Þt2X�
p ½−ðt2R þ β2t2XÞA3Rμ þ βt2XA8Rμ þ tXtRBμ�; ð59Þ

where tX ¼ sWtRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R−ð1þβ2þt2RÞs2W

p , and these new states must be heavy.
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Next, let us change to the new basis consisting of Aμ, Zμ, Z0
Rμ, and ZRμ by the transformation,

ðA3LμA3RμA8RμBμÞT ¼ UðAμZμZ0
RμZRμÞT , where

U ¼

0
BBBBBBBB@

sW cW 0 0

sW
tR

− sWtW
tR

0 − t2Rþβ2t2Xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðt2Rþβ2t2XÞ½t2Rþð1þβ2Þt2X �

p
βsW
tR

− βsWtW
tR

tRffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþβ2t2X

p βt2Xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðt2Rþβ2t2XÞ½t2Rþð1þβ2Þt2X �

p
sW
tX

− sWtW
tX

− βtXffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþβ2t2X

p tXtRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðt2Rþβ2t2XÞ½t2Rþð1þβ2Þt2X �

p

1
CCCCCCCCA
: ð60Þ

Correspondingly, the mass matrix M2
0 is changed to

M02
0 ¼ UTM2

0U ¼
�
0 0

0 M02

�
: ð61Þ

We see that the photon field, Aμ, is decoupled as a physical massless field, while the other states ðZμ; Z0
Rμ; ZRμÞ mix by

themselves via a 3 × 3 mass matrix found to be

M02 ¼ g2L
4

0
BBBBBB@

u2þv2

c2W
− ðu2−v2ÞκcWffiffi

3
p ½t2Rþt2Xð1þβ2Þ�

tRðu2þv2ÞκcW
½t2Rþt2Xð1þβ2Þ�3=2

− ðu2−v2ÞκcWffiffi
3

p ½t2Rþt2Xð1þβ2Þ�
ðt2Rþβ2t2XÞ2ðu2þv2þ4w2Þþ4κ0Λ2

3ðt2Rþβ2t2XÞ
κ00ðv2−u2Þffiffi

3
p − 4t2R

ffiffiffi
κ0

p
Λ2ffiffi

3
p

κ00

tRðu2þv2ÞκcW
½t2Rþt2Xð1þβ2Þ�3=2

κ00ðv2−u2Þffiffi
3

p − 4t2R
ffiffiffi
κ0

p
Λ2ffiffi

3
p

κ00
t2R

�
u2þv2
κ000 þ 4κ000Λ2

�

1
CCCCCCA
;

where we have conveniently denoted

κ ¼ ½t2Rð1þ t2XÞ þ ð1þ β2Þt2X�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ β2t2X

q
; κ0 ¼ ½t2R þ ð

ffiffiffi
3

p
þ βÞβt2X�2;

κ00 ¼ tRðt2R þ β2t2XÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ ð1þ β2Þt2X

q
; κ000 ¼ ½t2R þ ð1þ β2Þt2X�=ðt2R þ β2t2XÞ: ð62Þ

Because of the condition, u; v ≪ w;Λ, the first row and first column ofM02 consist of the elements that are much smaller
than those of the remaining entries. Hence, we can diagonalize M02 by using the familiar seesaw formula. We introduce a
basis (Zμ;Z0

Rμ;ZRμ) in such a way as to separate the light Zμ boson from the two heavy Z0
Rμ;ZRμ bosons. This basis is

related to the previous basis (Zμ; Z0
Rμ; ZRμ) by a unitary transformation as ðZμZ0

RμZRμÞT ¼ UðZμZ0
RμZRμÞT .

Correspondingly, the mass matrix, M02, is changed to

M02 ¼ UTM02U ¼
�
m2

Z 0

0 M2
2×2

�
: ð63Þ

Using the seesaw approximation, we obtain

U ≃
0
B@

1 ϵ1 ϵ2

−ϵ1 1 0

−ϵ2 0 1

1
CA;

m2
Z ≃ g2L

4

�
u2 þ v2

c2W
þ ϵ1ðu2 − v2ÞκcWffiffiffi

3
p ½t2R þ t2Xð1þ β2Þ� −

ϵ2t2Rðu2 þ v2ÞκcW
½t2R þ t2Xð1þ β2Þ�32

�
;

M2
2×2 ≃ g2L

4

0
BB@

ðt2Rþβ2t2XÞ2ðu2þv2þ4w2Þþ4κ0Λ2

3ðt2Rþβ2t2XÞ
κ00ðv2−u2Þffiffi

3
p − 4t2R

ffiffiffi
κ0

p
Λ2ffiffi

3
p

κ00

κ00ðv2−u2Þffiffi
3

p − 4t2R
ffiffiffi
κ0

p
Λ2ffiffi

3
p

κ00
t2R

�
u2þv2
κ000 þ 4κ000Λ2

�
1
CCA;
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where ϵ1;2 are defined as

ϵ1 ¼
ffiffiffi
3

p
κcW

4κ000

�
−ðu2 þ v2Þ

½t2R þ βt2Xð
ffiffiffi
3

p þ βÞ�½t2R þ ð1þ β2Þt2X�Λ2
−

ðu2 − v2Þ
ðt2R þ β2t2XÞ2w2 þ ½t2R þ ð ffiffiffi

3
p þ βÞβt2X�2Λ2

�
; ð64Þ

ϵ2 ¼
κcW
4κ00

�
u2 − v2

tR½t2R þ βt2Xð
ffiffiffi
3

p þ βÞ�½t2R þ t2Xð1þ β2Þ�Λ2
þ u2 þ v2

tR½t2R þ ð1þ β2Þt2X�2Λ2

�
: ð65Þ

Note that M2
2×2 describes two heavy states, ZR ≃ ZR and Z0

R ≃ Z0
R, as given at the leading order. The mixing between Z

and these heavy states is very suppressed, ϵ1, ϵ2 ≪ 1, due to u; v ≪ w;Λ. TheZμ boson is identical to the standard model Z

boson with mass, m2
Z ≃ g2L

4c2W
ðu2 þ v2Þ.

Finally, the states Z0
R and ZR still mix. Diagonalizing their mass matrix, we obtain the corresponding physical states

Z1 ¼ cϵZ0
R − sϵZR; Z0

1 ¼ sϵZ0
R þ cϵZR; ð66Þ

with masses,

m2
Z1

≃ g2L
6
ft2Rðw2 þ 4Λ2Þ þ t2X½β2w2 þ ð

ffiffiffi
3

p
þ βÞ2Λ2�

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½t2Rðw2 þ 4Λ2Þ þ t2Xðβ2w2 þ ð

ffiffiffi
3

p
þ βÞ2Λ2Þ�2 − 12t2R½t2R þ ð1þ β2Þt2R�w2Λ2

q
g; ð67Þ

m2
Z0

1
≃ g2L

6
ft2Rðw2 þ 4Λ2Þ þ t2X½β2w2 þ ð

ffiffiffi
3

p
þ βÞ2Λ2�

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½t2Rðw2 þ 4Λ2Þ þ t2Xðβ2w2 þ ð

ffiffiffi
3

p
þ βÞ2Λ2Þ�2 − 12t2R½t2R þ ð1þ β2Þt2R�w2Λ2

q
g; ð68Þ

which are all in w, Λ scales. Above, the Z0
R − ZR mixing angle, ϵ, is obtained by

t2ϵ ≃ 2
ffiffiffi
3

p
t2Rðt2R þ β2t2XÞ½t2R þ βðβ þ ffiffiffi

3
p Þt2X�Λ2

κ00fðt2R þ β2t2XÞ2w2 − ½2t4R þ ð ffiffiffi
3

p
− βÞ2t2Rt2X − ð ffiffiffi

3
p þ βÞ2β2t4X�Λ2g ; ð69Þ

which is generally finite due to w ∼ Λ.
To summarize, the physical neutral gauge bosons are related to the gauge states as ðA3LA3RA8RBÞT ¼ VðAZZ1Z0

1ÞT ,
with

V ¼ UUUϵ ≃UUϵ ¼

0
BBBBBBBB@

sW cW 0 0

sW
tR

− s2W
tRcW

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

sϵsW
tRtXcW

−
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

cϵsW
tRtXcW

βsW
tR

− βs2W
tRcW

t2RcϵcW−βtXsϵsW
tRcW

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p t2RsϵcWþβtXcϵsW

tRcW
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

sW
tX

− s2W
tXcW

−βtXcϵcW−sϵsW
cW

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −βtXsϵcWþcϵsW

cW
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

1
CCCCCCCCA
; ð70Þ

where U ≃ 1 due to ϵ1;2 ≪ 1, and

Uϵ ¼

0
BBB@

1 0 0 0

0 1 0 0

0 0 cϵ sϵ
0 0 −sϵ cϵ

1
CCCA: ð71Þ

For the following calculations, we will use V as approximated; thus, Z ¼ Z, and Z1;Z0
1 are directly related to Z

0
R, ZR by an

expression like (66) since ZR ¼ ZR and Z0
R ¼ Z0

R.
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V. INTERACTIONS

A. Fermion–gauge boson interactions

The gauge interactions of fermions arise from the Lagrangian,

Lf ¼ Ψ̄iγμDμΨ ¼ Ψ̄iγμ∂μΨ − gLΨ̄Lγ
μðPCC

Lμ þ PNC
Lμ ÞΨL − gRΨ̄Rγ

μðPCC
Rμ þ PNC

Rμ ÞΨR; ð72Þ

where the covariant derivative is Dμ ¼ ∂μ þ igLTaLAaLμ þ igRTiRAiRμ þ igXXBμ and the gauge vectors relevant to the
charged and neutral currents are obtained as

PCC
L ¼ T1LA1L þ T2LA2L; PNC

L ¼ T3LA3L þ tXXΨL
B;

PCC
R ¼

X
i¼1;2;4;5;6;7

TiRAiR; PNC
R ¼ T3RA3R þ T8RA8R þ tX

tR
XΨR

B:

Above, ΨL and ΨR run on all the left-handed and right-handed fermion multiplets of the model, respectively. Note also that
the interactions of fermions with gluons have the common form, which are easily determined and thus have been omitted.
Using (47) and (48), as well as (51) for (72), we derive the interactions of the physical charged gauge bosons with

fermions as

LCC ¼ −gLΨ̄Lγ
μPCC

LμΨL − gRΨ̄Rγ
μPCC

RμΨR

¼ J−μ1WW
þ
1μ þ J−μ2WW

þ
2μ þ J−qμX Xq

Rμ þ J−ðqþ1Þμ
Y Yqþ1

Rμ þ H:c:; ð73Þ

where the charged currents J−μ1W , J
−μ
2W , J

−qμ
X , and J−ðqþ1Þμ

Y are, respectively, defined as

J−μ1W ¼ −
gLcξffiffiffi

2
p ðν̄aLγμeaL þ ūaLγμdaLÞ þ

gRsξffiffiffi
2

p ðν̄aRγμeaR þ ūaRγμdaRÞ;

J−μ2W ¼ −
gLsξffiffiffi

2
p ðν̄aLγμeaL þ ūaLγμdaLÞ −

gRcξffiffiffi
2

p ðν̄aRγμeaR þ ūaRγμdaRÞ;

J−qμX ¼ −
gRffiffiffi
2

p ðĒaRγ
μνaR − d̄αRγμJαR þ J̄3Rγμu3RÞ;

J−ðqþ1Þμ
Y ¼ −

gRffiffiffi
2

p ðĒaRγ
μeaR þ ūαRγμJαR þ J̄3Rγμd3RÞ: ð74Þ

Using the physical neutral gauge bosons defined by (70), PNC
Lμ and PNC

Rμ become

PNC
Lμ ¼ sWQΨL

Aμ þ
1

cW
ðT3L − s2WQΨL

ÞZμ þ
tXðT3L −QΨL

Þ
cW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2
p ½ðβtXcϵcW þ sϵsWÞZ1μ þ ðβtXsϵcW − cϵsWÞZ0

1μ�;

tRPNC
Rμ ¼ sWQΨR

Aμ −
1

cW
s2WQΨR

Zμ þ
�
cWðtXβcϵtW þ t2RsϵÞT3R − tWðβtXcϵcW þ sϵsWÞQΨR

t−1X sW
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2
p þ cϵ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2

q
T8R

�
Z1μ

þ
�
cWðtXβsϵtW − t2RcϵÞT3R − tWðβtXsϵcW − cϵsWÞQΨR

t−1X sW
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2
p þ sϵ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2

q
T8R

�
Z0

1μ;

where QΨL
¼ T3L þ XΨL

and QΨR
¼ T3R þ βT8R þ XΨR

.
Hence, we have the neutral current interactions from (72) such that

LNC ¼ −gLΨ̄Lγ
μPNC

Lμ ΨL − gRΨ̄Rγ
μPNC

Rμ ΨR

¼ −eQðfÞf̄γμfAμ −
gL
2cW

f̄γμ½gZVðfÞ − gZAðfÞγ5�fZμ

−
gL
2cW

f̄γμ½gZ1

V ðfÞ − gZ1

A ðfÞγ5�fZ1μ −
gL
2cW

f̄γμ½gZ0
1

V ðfÞ − g
Z0

1

A ðfÞγ5�fZ0
1μ; ð75Þ
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where f indicates every fermion of the model, QðfLÞ ¼ QðfRÞ ¼ QðfÞ, and e ¼ gLsW . The vector and axial-vector

couplings g
Z;Z1;Z0

1

V;A ðfÞ can be directly obtained from the corresponding chiral couplings in the expressions of PNC
L;Rμ above to

yield

gZVðfÞ ¼ T3LðfLÞ − 2s2WQðfÞ; gZAðfÞ ¼ T3LðfLÞ;

gZ1

V ðfÞ ¼ t2WðβtXcϵcW þ sϵsWÞ½T3LðfLÞ − 2QðfÞ� þ sWðt2Rsϵ þ tXtWβcϵÞT3RðfRÞ
t−1X t2W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2
p þ cϵcW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2

q
T8RðfRÞ;

gZ1

A ðfÞ ¼ t2WðβtXcϵcW þ sϵsWÞT3LðfLÞ − sWðt2Rsϵ þ tWtXβcϵÞT3RðfRÞ
t−1X t2W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2
p − cϵcW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ t2Xβ

2

q
T8RðfRÞ;

g
Z0

1

V;A ¼ gZ1

V;Aðcϵ → sϵ; sϵ → −cϵÞ: ð76Þ

The first term in (75) yields electromagnetic interactions,
as usual. The second term in (75) determines the neutral
current coupled to the Z boson, which is consistent with the
standard model. Note that the couplings of Z0

1 can be
obtained from those of Z1 by replacing cϵ → sϵ; sϵ → −cϵ,
and vice versa. All the vector and axial-vector couplings of
Z;Z1;Z0

1 with fermions are explicitly calculated as col-
lected in the Appendix.

B. Scalar–gauge boson interactions

The interactions of gauge bosons with scalars arise from
(42). First note that there is no strong interaction for the
scalars since they are colorless. Next, expand the scalar
fields around their VEVs as in (14) and (15). Substituting
the physical scalar states from (41) and the physical gauge
states from (48), (51), and (70) into the mentioned
Lagrangian, we get desirable interactions according to
the vertex types between a gauge boson and two scalars,
a scalar and two gauge bosons, and two scalars and two
gauge bosons in the model.1 Consequently, all the standard
model interactions between the Higgs boson and the gauge
fields are consistently recovered at the leading order.

VI. NEW PHYSICS EFFECTS AND CONSTRAINTS

In Ref. [14], the 750 GeV diphoton excess reported by
the ATLAS and CMS experiments was studied, and the
ATLAS diboson anomalies were briefly discussed too.
Since these signals disappeared in the early search results of
the LHC run II, the new physics scales should be high
enough and their masses should be correspondingly large,
above several TeVs, to escape the detections. Of course, the
electric charge parameter q could be kept compatible to the
usual ones. Retaining these conditions, in this work we will
pay attention to alternative, interesting new-physics

features that include the mixing effects in gauge and scalar
sectors, as well as the tree-level FCNCs.

A. ρ and mixing parameters

The new-physics contribution to the ρ-parameter starts
from the tree level due to both mixings of the standard
model Z and W bosons with new gauge bosons. It is
evaluated as

Δρ≡ ρ − 1 ¼ m2
W1

c2Wm
2
Z
− 1

≃ ϵ2
t2Rc

3
Wκ

½t2R þ t2Xð1þ β2Þ�3=2

þ ϵ1
ðv2 − u2Þc3Wκffiffiffi

3
p ðu2 þ v2Þ½t2R þ t2Xð1þ β2Þ�

−
2u2v2

ðu2 þ v2ÞΛ2
; ð77Þ

which is suppressed due to u; v ≪ w;Λ.
TheW mass implies u2 þ v2 ¼ ð246 GeVÞ2. Further, we

take tR ¼ gR=gL ¼ 1 and thus tX ¼ sW=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð2þ β2Þs2W

p
.

Note also that jβj <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=s2W − 2

p ≃ 1.5261, provided
s2W ≃ 0.231. From the global fit, the ρ-parameter is con-
strained by ρ ¼ 1.0004� 0.00024, which is 1.7σ deviating
from the standard model prediction, ρ ¼ 1 [1]. If the data
imply a potential new physics, it sets the corresponding
new-physics scale via 0.00016 < Δρ < 0.00064 at
95% C.L. Otherwise, when the measured central value is
due to statistic errors, it induces a lower bound on the new
physics scale of the interested model via Δρ < 0.00064 at
95% C.L. For this case, note that an upper bound on the
new-physics scale is not presented. In the following, we
take the first interpretation into account. We make a contour
(long and short dashed line) for Δρ as a function of Λ ¼
w ¼ 1–20 TeV and u ¼ 0–246 GeV for three cases
β ¼ −1=

ffiffiffi
3

p
, 0, and 1=

ffiffiffi
3

p
as in Figs. 1, 2, and 3,

1See Appendix B in the first version of the arXiv posting of this
article, https://arxiv.org/abs/1609.03444v1, for the detailed deri-
vations of the Feynman rules corresponding to the various vertices
between the scalar and gauge fields and the associated couplings,
which were appropriately listed from Table IV to Table XXIII.

DONG, HUONG, LOI, NHUAN, and NGAN PHYSICAL REVIEW D 95, 075034 (2017)

075034-14

https://arxiv.org/abs/1609.03444v1
https://arxiv.org/abs/1609.03444v1
https://arxiv.org/abs/1609.03444v1


respectively. The available parameter space is bounded by
both lines of the respective Δρ values.
The mixing of W, Z bosons with the new gauge bosons

also modifies the well-measured couplings of W, Z with
fermions. This new-physics effect is safe if one imposes the
mixing parameters ξ, ϵ1;2 in 10−3 [1]. (Recall that these
parameters are very suppressed due to the condition,
u; v ≪ w;Λ, too.) In Figs. 1, 2, and 3, we make contours
(solid line for ϵ1, dashed line for ϵ2, and short dashed line
for ξ) for jξj ¼ jϵ1;2j ¼ 10−3 in terms of (Λ ¼ w, u), using
the above inputs. The available parameter space lies above
these three lines.
Combining all the constraints, we show the new-physics

regime in green in Figs. 1, 2, and 3 for the three cases of β
aforementioned. Consequently, Λ (thus w ¼ Λ) is bounded
by 4.6 TeV < Λ < 13.7 TeV; 5.5 TeV < Λ < 16.3 TeV,
and 6.6 TeV < Λ < 19.4 TeV for β ¼ 1=

ffiffiffi
3

p
; 0, and

−1=
ffiffiffi
3

p
, respectively. The weak scale regime for u [thus

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð246 GeVÞ2 − u2

p
is followed] is narrow, as limited

by u < 246 GeV, and u > 222.3, 215, and 210.4 GeV,
corresponding to the β values as mentioned.
Particularly, the bounds for the 3 − 2 − 3 − 1 scales

(w, Λ) that come from the ρ-parameter depend significantly
on the weak scale, u, and they may even relax to zero for
certain values of u with regard to the corresponding β
values. But, it is not the complete story that we hope to
close the 3 − 2 − 3 − 1 symmetry at the weak scale, like the
3 − 3 − 1 models investigated in [19]. As a matter of fact,
although Δρ is proportional to ϵ1;2 and ξ ∼ uv=Λ2 (with the
finite coefficients) according to the mixing of Z with
(ZR; Z0

R) and the mixing of WL with WR, the new physics
is not decoupled from the standard model when w, Λ
tend to the weak scale or even to zero. Indeed, the mixing
effects and thus the W, Z-coupling corrections diverge
when ðw;ΛÞ → 0 along the Δρ bounds, as possibly seen
from the corresponding figures for ϵ1;2 and ξ (even though
these mixing effects cancel out in the Δρ expression).
Apparently, this property also emerges at loop levels
because the good custodial symmetry SUð2ÞLþR, if
imposed, only protects ρ from the large contributions
due to the effective cancellations, but it does not preserve
any individual mixing effect from the divergences. The
above judgment is also valid for arbitrary β and the w − Λ
relation. Therefore, closing new gauge symmetries at the
weak scale as observed in the 3 − 3 − 1 models would be
lost due to the contribution of several new gauge bosons
(not one) to the ρ-parameter.
It is easily checked that when ðw;ΛÞ go to infinity, we

have ρ → 1 since ϵ1;2 and ξ, as well as the loop effects of
the new gauge boson and scalar doublets, are suppressed by
ðu2; v2Þ=ðw2;Λ2Þ, as the mass-squared splittings of the
doublet components are. The standard-model-like fields
and masses, as well as couplings, are restored to the
standard model. Therefore, the 3 − 2 − 3 − 1 model has
a decoupling limit at a high scale for ðw;ΛÞ, not at the small
scale as analyzed above.
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The running of the gauge couplings and scalar self-
couplings along with the energy scale may potentially
present a upper bound on the 3 − 2 − 3 − 1 breaking scales,
such as the Landau pole at which some gauge coupling
becomes infinity or the metastable scale at which some
scalar self-coupling becomes negative. This model predicts
the Weinberg angle as

s2W ¼ t2Rt
2
X=½t2R þ t2Xð1þ β2 þ t2RÞ� < t2R=ð1þ β2 þ t2RÞ;

ð78Þ

where gL and gR lightly change as tR ¼ gR=gL does, while
gX and thus tX ¼ gX=gL significantly increase, with the
increasing of the energy scale. Therefore, the model
encounters a Landau pole (M) at which s2WðMÞ ¼ t2R=
ð1þ β2 þ t2RÞ < 1 or gXðMÞ ¼ ∞. Of course, the consis-
tent condition of the theory is w;Λ < M. For simplicity, we
assume tR ¼ 1, thus s2WðMÞ ¼ 1=ð2þ β2Þ, without much
loss of generality (tR ¼ 1 is possibly protected by a
minimal left-right symmetry, and this value is being also
used around the text). The condition (78), s2WðMÞ > s2W ≃
0.231 at the weak scale, implies jβj < 1.5261, which
translates to −1.821 < q < 0.821, which is very con-
strained, but spans every elementary charge as observed.
Although the q charge is arbitrary in its range, the model
predicts only integer charges for q ¼ 0;−1. When q
coincides with its bounds q ¼ −1.821 or 0.821, the
Landau pole lies at the weak scale M ∼ vweak. Since the
new physics is not decoupled as shown, the model in
this case is inconsistent. For the half integer charges
q ¼ 0.5;−1.5 which are near the corresponding bounds,
the Landau pole is greatly increased, M ∼ 10 TeV, by
which the new physics can be explored with great interest at
the current colliders. For q ¼ 0;−1=2;−1, which are being
taken throughout the text, the Landau pole may be higher
than the Planck scale. The above conclusions are analogous
to the case of the 3 − 3 − 1 models as studied in [20].

B. FCNC

As described above, after the spontaneous symmetry
breaking, the Yukawa Lagrangian yields the masses for the
fermions. Therefore, we will extract the quark mass terms
from (12). The exotic quarks get large masses at thew scale,

LJ
mass ¼ J̄3L

hJ33wffiffiffi
2

p J3R þ J̄αL
hJαβwffiffiffi

2
p JβR þ H:c:; ð79Þ

which are physical and decoupled (i.e., do not mix with the
ordinary quarks and can be integrated out). However, the
ordinary quarks mix by themselves with a mass Lagrangian
given by

Lu;d
mass ¼−

X
a;b

ūaLMU
abubR−

X
a;b

d̄aLMD
abdbRþH:c:; ð80Þ

where

MU ¼ fMU
abg ¼ −

1ffiffiffi
2

p

0
BB@

hq11v hq12v hq13u

hq21v hq22v hq23u

hq31v hq32v hq33u

1
CCA; ð81Þ

MD ¼fMD
abg ¼ −

1ffiffiffi
2

p

0
BB@

hq11u hq12u hq13v

hq21u hq22u hq23v

hq31u hq32u hq33v

1
CCA; ð82Þ

which are generally complex-valued matrices and corre-
lated due to u ≠ v.
By applying biunitary transformations, we can diago-

nalize the mass matrices, MU and MD, separately, such
that

V†
dLM

DVdR ¼ MD; V†
uLM

UVuR ¼ MU; ð83Þ

where MU, MD are diagonal matrices and VuL;R; VdL;R are
unitary matrices. The mass eigenstates and gauge states are
related by

dL;R ¼ VdL;Rd0L;R; uL;R ¼ VuL;Ru0L;R; ð84Þ

where we use the notations, the gauge states for up-quarks
u ¼ ðu1; u2; u3ÞT , for down-quarks d ¼ ðd1; d2; d3ÞT , and
the mass eigenstates u0 ¼ ðu; c; tÞT , d0 ¼ ðd; s; bÞT . The
CKM matrix is defined as VCKM ¼ V†

uLVdL. Note also that
although the up and down quark mass matrices differ by
only a relation, u ≠ v, the realistic masses for the quarks
can be achieved by choosing appropriate parameters. Even
if hqab is flavor diagonal, we need only u ≫ v and
hq33 ≫ hq11;22. In this case, there are only two unsuitably
small masses corresponding to u, c as well as the small
quark mixing angles, which can be radiatively induced.
We would like to emphasize that two of the three right-

handed quark multiplets transform differently from the
remainder under SUð3ÞR. This causes the FCNCs at the tree
level for the ordinary quarks due to the following:

(i) Nonuniversal gauge (Z0
R) couplings: The flavors of

ordinary quarks such as fuag and fdag differ in T8R
as well as X charges (note that all the lepton flavors
fνag, feag, fEag and exotic quark flavors fJαg do
not have this property since the corresponding left or
right flavors in each group are identical under every
neutral gauge charge; also, there is no flavor
changing associated with Q, T3L;R since each of
them couples universally to every left or right flavor
group, as mentioned previously). Since X is related
to T8R, the FCNCs are mediated only by the extra
neutral gauge boson, Z0

R, which couples to T8R.
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(ii) Nonuniversal Higgs (H2) couplings: Although the
Higgs doublets are unified in S, the FCNCs asso-
ciated with the ordinary quarks arise due to the
nonuniversal arrangement of quark generations
under the gauge symmetry. This can be seen from
the Yukawa interactions for S and quarks. Similarly
to the previous case, there is no flavor changing
associated with the other fermions, as well as other
neutral scalars. A combination of S11 and S22 is just

the standard model Higgs boson, H1, which con-
serves flavors since its Yuakwa couplings are pro-
portional to the corresponding quark mass matrices.
However, the new Higgs state, H2, which is directly
orthogonal to H1, changes flavors.

First, let us consider the FCNCs induced from quark and
scalar interactions. The same Yukawa terms in (12) that
yield the quark masses also bring FCNCs into the up and
down quark sectors,

Lu;d
int ¼ hqa3d̄aLS

0
22d3Rþhqaβd̄aLS

0
11dβRþhqa3ūaLS

0
11u3RþhqaβūaLS

0
22uβRþH:c:

¼ hqa3d̄aL
uH2þvH1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðu2þv2Þ

p d3Rþhqaβd̄aL
uH1−vH2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðu2þv2Þ

p dβRþhqa3ūaL
uH1−vH2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðu2þv2Þ

p u3RþhqaβūaL
uH2þvH1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðu2þv2Þ

p uβRþH:c:

¼−d̄0L
MDffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu2þv2Þ
p d0RH1þ

v
u
d̄0L

MDffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu2þv2Þ

p d0RH2− ū0L
MUffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu2þv2Þ
p u0RH1−

u
v
ū0L

MUffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu2þv2Þ

p u0RH2

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þv2

p

u2
d̄0iLðV†

dLVuLÞikðMUÞkmðV�
uRÞ3mðVdRÞ3jd0jRH2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þv2

p

v2
ū0iLðV†

uLVdLÞikðMDÞkmðV�
dRÞ3mðVuRÞ3ju0jRH2

þH:c: ð85Þ

We see that the Higgs boson,H1, couples to quarks, even
charged leptons, similarly to the Higgs couplings in the
standard model, which is a feature validating this model
[21].H2 is a new heavy Higgs boson, which changes quark
flavors, as desirable, presented by the nonzero off-diagonal
elements (i ≠ j) in the last two terms of (85). Therefore, the
tree-level FCNC processes might appear due to the con-
tribution of H2 as mediators. Conventionally, we rewrite
the relevant couplings as follows:

LH2

FCNC ¼ d̄0iLΓd
ijd

0
jRH2 þ ū0iLΓu

iju
0
jRH2 þ H:c:; ð86Þ

where

Γd
ij¼−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þv2

p

u2
ðV†

dLVuLÞikðMUÞkmðV�
uRÞ3mðVdRÞ3j;

Γu
ij¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þv2

p

v2
ðV†

uLVdLÞikðMDÞkmðV�
dRÞ3mðVuRÞ3j: ð87Þ

Second, we consider the FCNCs due to the fermion and
gauge boson interactions. As mentioned, the FCNCs
associated with Z0

R are due to the third generation of
quarks that transforms differently from the first two under
the gauge symmetry. Here, the FCNCs occur in the right-
handed quark sector and with the gauge bosons, A8R and B,
which couple to T8R and X, respectively. Since
X ¼ Q − T3L − T3R − βT8R, the source for the FCNCs is
only T8R. Indeed, considering the interacting Lagrangian of
neutral gauge bosons with fermions and using the expres-
sion for X, we come to the relevant interaction,

L8 ¼ −
X3
a¼1

Q̄aRγ
μT8RQaRðgRA8Rμ − βgXBμÞ

¼ −gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ β2t2X

q X3
a¼1

Q̄aRγ
μT8RQaRZ0

Rμ

⊃ −gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ β2t2X

q
ðūRγμTuuR þ d̄RγμTddRÞZ0

Rμ

¼ −gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ β2t2X

q
ðū0RγμðV†

uRTuVuRÞu0R
þ d̄0RγμðV†

dRTdVdRÞd0RÞZ0
Rμ; ð88Þ

where Tu ¼ Td ¼ 1

2
ffiffi
3

p diagð−1;−1; 1Þ includes T8R values

of up or down quark flavors. The tree-level FCNC
associated with the field Z0

R is obtained by

L
Z0
R

FCNC ¼ −ΘZ0
R

ij q̄
0
iRγ

μq0jRZ
0
Rμ ð89Þ

with i ≠ j, where q0 is denoted as either u0 or d0, and ΘZ0
R

ij is
defined as

ΘZ0
R

ij ¼ gLffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2R þ β2t2X

q
ðV�

qRÞ3iðVqRÞ3j: ð90Þ

In the following, we will calculate the contribution of the
new physics to the meson mixing systems as mediated by
the neutral scalar H2 and neutral gauge boson Z0

R. For the
case of the K0 − K̄0 mixing, the relevant effective
Lagrangian is given after integrating out H2 and Z0

R,
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LΔS¼2
effective ¼ −

ðΘZ0
R

12 Þ2
m2

Z0
R

ðd̄RγμsRÞ2 þ
ðΓd

12Þ2
m2

H2

ðd̄LsRÞ2 þ
ðΓd�

21Þ2
m2

H2

ðd̄RsLÞ2

þ Γd�
21Γd

12

m2
H2

ðd̄LsRÞðd̄RsLÞ þ
Γd�
21Γd

12

m2
H2

ðd̄RsLÞðd̄LsRÞ: ð91Þ

This yields the contribution to the K0 − K̄0 mixing parameter or mass difference ΔmK as

ΔmK ¼ 2RehK̄0j − LΔS¼2
eff jK0i: ð92Þ

Using the matrix elements [22]

hK̄0jðd̄RγμsRÞ2jK0i ¼ hK̄0jðd̄LγμsLÞ2jK0i ¼ 1

3
mKf2K;

hK̄0jðd̄LsRÞ2jK0i ¼ hK̄0jðd̄RsLÞ2jK0i ¼ −
5

24

�
mK

ms þmd

�
2

mKf2K;

hK̄0jðd̄LsRÞðd̄RsLÞjK0i ¼ hK̄0jðd̄RsLÞðd̄LsRÞjK0i ¼
�
1

24
þ 1

4

�
mK

ms þmd

�
2
�
mKf2K;

the K0 − K̄0 mixing parameter ΔmK is obtained by

ΔmK ¼ Re

�
2

3

ðΘZ0
R

12 Þ2
m2

Z0
R

þ 5

12

�ðΓd�
21Þ2

m2
H2

þ ðΓd
12Þ2

m2
H2

��
mK

ms þmd

�
2

−
Γd�
21Γd

12

m2
H2

�
1

6
þ
�

mK

ms þmd

�
2
��

mKf2K: ð93Þ

Similarly, we obtain B0
d;s − B̄0

d;s mixing parameters, ΔmBd
and ΔmBs

, as

ΔmBd
¼ Re

�
2

3

ðΘZ0
R

13 Þ2
m2

Z0
R

þ 5

12

�ðΓd�
31Þ2

m2
H2

þ ðΓd
13Þ2

m2
H2

��
mBd

mb þmd

�
2

−
Γd�
31Γd

13

m2
H2

�
1

6
þ
�

mBd

mb þmd

�
2
��

mBd
f2Bd

; ð94Þ

ΔmBs
¼ Re

�
2

3

ðΘZ0
R

23 Þ2
m2

Z0
R

þ 5

12

�ðΓd�
32Þ2

m2
H2

þ ðΓd
23Þ2

m2
H2

��
mBs

mb þms

�
2

−
Γd�
32Γd

23

m2
H2

�
1

6
þ
�

mBs

mb þms

�
2
��

mBs
f2Bs

: ð95Þ

Let us numerically study the mixing parameters, ΔmK and ΔmBd;s
, by using the following input parameters (mass

parameters are measured in MeV) [1,23,24]:

md ¼ 4.73; ms ¼ 93.4; mb ¼ 4190; mt ¼ 173 × 103; fK ¼ 156.1;

mK ¼ 497.614; fBd
¼ 188; mBd

¼ 5279.5; fBs
¼ 225; mBs

¼ 5366.3;

ðVCKMÞ31 ¼ 0.00886; ðVCKMÞ32 ¼ 0.0405; ðVCKMÞ33 ¼ 0.99914: ð96Þ

Referring to the above results for the weak scales, we take u ¼ 230 GeV, and thus v is followed from
u2 þ v2 ¼ ð246 GeVÞ2. Also, tR ¼ 1, tX ¼ sW=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð2þ β2Þs2W

p
, and s2W ¼ 0.231 as given before are used. For the

above β values (i.e., β ¼ 0;�1=
ffiffiffi
3

p
), tX and ΘZ0

R
ij slightly change. So, we can take jβj ¼ 1=

ffiffiffi
3

p
for further calculations. We

have gL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πα=s2W

p
, with α ¼ 1=128. For the right-handed quark mixing matrices, VqRðq ¼ u; dÞ, the elements that enter

the meson mass differences, ΔmK;Bd;Bs
, are ðVuRÞ33, ðVdRÞ31, ðVdRÞ32, and ðVdRÞ33. Since ΔmK;Bd;Bs

depend symmetrically
on ðVdRÞ31 and ðVdRÞ32, one can assume ðVdRÞ31 ¼ ðVdRÞ32 ≡ VdR without loss of generality. Thus, ðVdRÞ233 ¼ 1�2V2

dR
due to the unitarity. We also label ðVuRÞ33 ≡ VuR for simplicity. As seen, the contributions ofH2 and Z0

R are compatible. So,
let us simply take mH2

¼ mZ0
R
≡M, which are commonly called the new-physics scale, as entering the flavor-changing

processes.
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The standard model contributions to the meson mass
differences are given by [25]

ðΔmKÞSM ¼ 0.467 × 10−2=ps;

ðΔmBd
ÞSM ¼ 0.528=ps;

ðΔmBs
ÞSM ¼ 18.3=ps; ð97Þ

whereas the experimental values are [25]

ðΔmKÞExp ¼ 0.5292 × 10−2=ps;

ðΔmBd
ÞExp ¼ 0.5055=ps;

ðΔmBs
ÞExp ¼ 17.757=ps: ð98Þ

Note that the meson mass differences of the considered
model are given by

ðΔmK;Bd;Bs
Þtot ¼ ðΔmK;Bd;Bs

ÞSM þ ΔmK;Bd;Bs
; ð99Þ

where the last terms are due to the new-physics contribu-
tions, which have been obtained above. These total con-
tributions will be compared with the experimental values.
We require the theory to produce the data for the kaon mass
difference within 30% due to the potential long-range
uncertainties, whereas it is within 5% for the B-meson
mass differences, namely,

0.37044 × 10−2=ps < ðΔmKÞtot < 0.68796 × 10−2=ps;

ð100Þ

0.480225=ps < ðΔmBd
Þtot < 0.530775=ps; ð101Þ

16.8692=ps < ðΔmBs
Þtot < 18.6449=ps: ð102Þ

In Fig. 4, we make contours for the mass differences,
ΔmK , ΔmBd

, and ΔmBs
, as functions of the right-handed

quark mixing matrix elements ðVuR; VdRÞ for the new-
physics scale M ¼ 5 TeV and M ¼ 10 TeV, respectively.
The M values have been chosen consistently with the
bounds previously given. The available region for ΔmK is
the whole frame. The two separated regions are for ΔmBd

.
A lower half region is for ΔmBs

. Hence, the available
parameter space for ΔmK;Bd;Bs

is only the (darkest) region
in the lower left corner of each panel. From the allowed
regimes, we obtain constraints for the right-handed quark
mixing matrix elements as jVuRj < 0.08 and jVdRj <
0.0015 for M ¼ 5 TeV, while jVuRj < 0.2 and jVdRj <
0.003 are for M ¼ 10 TeV.
Considering VuR ¼ 0.05, 0.1, and 0.15, we make con-

tours for ΔmK, ΔmBd
, and ΔmBs

as functions of ðM;VdRÞ
in Fig. 5, respectively. The viable parameter space is the
(darkest) region bounded in the upper left corner of each
panel. We obtainM > 2.8 TeV for VuR ¼ 0.05 (left panel),
M > 5.7 TeV for VuR ¼ 0.1 (middle panel), and M >
8.2 TeV for VuR ¼ 0.15 (right panel). Thus the new-
physics scale M is low when VuR is low, and vice versa.
We see that the bounds for the H2 and Z0

R masses are
consistent with the new-physics scale given in the previous
subsection.

FIG. 4. The left panel presents constraints for (VuR; VdR) coming from the meson mass differences, ΔmK;Bd;Bs
, with respect to the

new-physics scale, M ¼ 5 TeV, while the right panel is those for the new-physics scale, M ¼ 10 TeV.

PHENOMENOLOGY OF THE SUð3ÞC … PHYSICAL REVIEW D 95, 075034 (2017)

075034-19



VII. CONCLUSION

We have shown that the left-right asymmetric model with
the SUð3ÞC ⊗ SUð2ÞL ⊗ SUð3ÞR ⊗ Uð1ÞX gauge group
naturally provides the new, tree-level FCNCs through both
gauge andYukawa interactions as a result of the nonuniversal
fermiongenerations,which is different from theminimal left-
right symmetric model. The new gauge symmetry contains
automatically not only the right-handedneutrinos but also the
wrong B − L particles which induce the observed neutrino
masses and dark matter candidates as a result of the gauge
symmetry breaking. Particularly, the W-parity is naturally
realized as a residual gauge symmetry, which is actually
larger thanZ2 and stabilizing the darkmatter. In other words,
they all arise from the gauge principles.
The scalar sector has been explicitly diagonalized. The

number of Goldstone bosons matches the number of the
massive gauge bosons. There are 12 physical scalar fields,
one of which is the standard model Higgs boson and the
others are new and heavy. Because of the condition,
u; v ≪ w;Λ, the standard model Higgs boson gains a mass
at the leading order in the electroweak scale, and it slightly
mixes with the new neutral Higgs bosons. The gauge sector
has been explicitly diagonalized too. Themodel contains five

new heavy gauge bosons, Z1;Z0
1;W

�
2 ; X

�q
R ; Y�ðqþ1Þ

R ,
besides the standard-model-like gauge bosons, A;Z;W�

1 .
The charged gauge bosons, W�

L;R, mix via a small angle,
tξ ∝ uv

Λ2. Also, the neutral gauge bosonZL slightlymixeswith
the new neutral gauge bosons, ZR and Z0

R, which are
suppressed by u; v ≪ w;Λ too. In the Bd;s and K mass
differences, the model can have box diagrams due to the
contributions of W�

2 , H
�
5 , and even other new particles, in

addition to the standard model boxes, but such contributions
are more suppressed by u; v ≪ w;Λ; f. Furthermore, the
new FCNCs that come from the tree-level interactions with
Z0
R andH2 are larger than thementionedones by loop factors.
All the interactions of the gauge bosons with fermions and

scalars have beenderived. The standardmodel interactions are
successfully recovered. The new interactions play important

roles: they change quark flavors and set dark matter observ-
ables, besides others.Wehave concentrated on the first kindof
interaction, as induced by Z0

R and H2, and obtained their
contributions to the neutral meson mass differences,
ΔmK;Bd;Bs

, which depend on the new particle masses and
the elements of the right-handed quark mixing matrices. The
mixing effects also modify the ρ-parameter, as well as the
well-measured couplings of W, Z bosons, which are deter-
mined by the mixing parameters ξ; ϵ1; ϵ2. In agreement with
electroweak precisionmeasurements, the parameters ρ, ξ, and
ϵ1;2 set the new-physics scale (assuming w ¼ Λ)
as 4.6 TeV<Λ< 13.7 TeV;5.5 TeV<Λ< 16.3 TeV, and
6.6 TeV < Λ < 19.4 TeV, for β ¼ 1=

ffiffiffi
3

p
; 0, and −1=

ffiffiffi
3

p
,

respectively. They also set the narrow regimes for the weak
scales such as u > 222.3, 215, and 210.4 GeV for those
respective β values [the v scale is thus followed from
u2 þ v2 ¼ ð246 GeVÞ2, and noting that u; v < 246 GeV].
Themass differences yield that when the new-physics masses
are fixed, the right-handed quark mixing elements are con-
strained, such that jVuRj < 0.08 and jVdRj < 0.0015 for
M ¼ 5 TeV, while jVuRj < 0.2 and jVdRj < 0.003 for
M ¼ 10 TeV, assuming that mZ0

R
¼ mH2

≡M, ðVdRÞ31 ¼
ðVdRÞ32 ≡ VdR, and ðVuRÞ33 ≡ VuR for short. In the other
case, fixing VuR ¼ 0.05, 0.1, and 0.15, we obtain
M > 2.8 TeV, M > 5.7 TeV, and M > 8.2 TeV, respec-
tively,whereVdR is free to float. The results yield that the new-
physics scale is more sensitive to VuR. The conclusion is that
the two kinds of bounds are compatible, and the new physics
scale should be in 5–10 TeVorder.
This model may predict the quantization of charges such

as the electric charge and B − L. It belongs to a class of the
model that provides dark matter naturally without super-
symmetry. All these are worth exploring and to be
published elsewhere [17].
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FIG. 5. The left, middle, right panels present bounds for (M;VdR) coming from the meson mass differences, ΔmK;Bd;Bs
, corresponding

to VuR ¼ 0.05, 0.1, and 0.15, respectively.
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APPENDIX: VECTOR AND AXIAL-VECTOR COUPLINGS

This section obtains all the couplings of fermions with the neutral gauge bosons Z,Z1, andZ0
1 as displayed in Tables I, II,

and III, respectively.

TABLE I. The couplings of Z with fermions.

f gZVðfÞ gZAðfÞ f gZVðfÞ gZAðfÞ
νa 1

2
1
2

ea − 1
2
þ 2s2W − 1

2

Ea −2s2Wq 0 ua 1
2
− 4

3
s2W

1
2

da − 1
2
þ 2

3
s2W − 1

2
Jα 2s2Wðqþ 1

3
Þ 0

J3 −2s2Wðqþ 2
3
Þ 0 No data No data No data

TABLE II. The couplings of Z1 with fermions.

f gZ1

V ðfÞ gZ1

A ðfÞ
νa tX ½t2Rþβt2Xð2

ffiffi
3

p þβÞ�cϵcWþ ffiffi
3

p ½t2Rþt2Xð2þβ2Þ�sϵsW
2
ffiffi
3

p
tX
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXcϵcWþ ffiffi
3

p
sϵsWÞ

2
ffiffi
3

p
tX

ea tX ½t2Rþβt2Xð2
ffiffi
3

p þβÞ�cϵcW−
ffiffi
3

p ½t2Rþt2Xðβ2−2Þ�sϵsW
2
ffiffi
3

p
tX
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXcϵcW−
ffiffi
3

p
sϵsWÞ

2
ffiffi
3

p
tX

Ea −ðt2Rþβ2t2XÞcϵcW−2
ffiffi
3

p
qtXðtXβcϵcWþsϵsWÞffiffi

3
p ffiffiffiffiffiffiffiffiffiffiffiffi

t2Rþt2Xβ
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

cϵcWffiffi
3

p

uα −tX ½
ffiffi
3

p
t2Rþβt2Xð2þ

ffiffi
3

p
βÞ�cϵcWþ½3t2Rþt2Xð3β2−2Þ�sϵsW

6tX
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXcϵcW−
ffiffi
3

p
sϵsWÞ

2
ffiffi
3

p
tX

u3 tX ½
ffiffi
3

p
t2Rþβt2Xð

ffiffi
3

p
β−2Þ�cϵcWþ½3t2Rþt2Xð3β2−2Þ�sϵsW
6tX

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXcϵcWþ ffiffi
3

p
sϵsWÞ

2
ffiffi
3

p
tX

dα −tX ½
ffiffi
3

p
t2Rþβt2Xð2þ

ffiffi
3

p
βÞ�cϵcW−½3t2Rþt2Xð3β2þ2Þ�sϵsW

6tX
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXcϵcWþ ffiffi
3

p
sϵsWÞ

2
ffiffi
3

p
tX

d3 tX ½
ffiffi
3

p
t2Rþβt2Xð

ffiffi
3

p
β−2Þ�cϵcW−½3t2Rþt2Xð3β2þ2Þ�sϵsW
6tX

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXcϵcW−
ffiffi
3

p
sϵsWÞ

2
ffiffi
3

p
tX

Jα ½ ffiffi3p
t2Rþβt2Xð2þ6qþ ffiffi

3
p

βÞ�cϵcWþ2ð1þ3qÞtXsϵsW
3
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

cϵcWffiffi
3

p

J3 −
ffiffi
3

p ðt2Rþβ2t2XÞcϵcW−2ð2þ3qÞtXðtXβcϵcWþsϵsWÞ
3
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

cϵcWffiffi
3

p

TABLE III. The couplings of Z0
1 with fermions.

f g
Z0

1

V ðfÞ g
Z0

1

A ðfÞ
νa tX ½t2Rþβt2Xð2

ffiffi
3

p þβÞ�sϵcW−
ffiffi
3

p ½t2Rþt2Xð2þβ2Þ�cϵsW
2
ffiffi
3

p
tX
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXsϵcW−
ffiffi
3

p
cϵsWÞ

2
ffiffi
3

p
tX

ea tX ½t2Rþβt2Xð2
ffiffi
3

p þβÞ�sϵcWþ ffiffi
3

p ½t2Rþt2Xðβ2−2Þ�cϵsW
2
ffiffi
3

p
tX
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXsϵcWþ ffiffi
3

p
cϵsWÞ

2
ffiffi
3

p
tX

Ea −ðt2Rþβ2t2XÞsϵcW−2
ffiffi
3

p
qtXðtXβsϵcW−cϵsWÞffiffi

3
p ffiffiffiffiffiffiffiffiffiffiffiffi

t2Rþt2Xβ
2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

sϵcWffiffi
3

p

uα −tX ½
ffiffi
3

p
t2Rþβt2Xð2þ

ffiffi
3

p
βÞ�sϵcW−½3t2Rþt2Xð3β2−2Þ�cϵsW

6tX
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXsϵcWþ ffiffi
3

p
cϵsWÞ

2
ffiffi
3

p
tX

u3 tX ½
ffiffi
3

p
t2Rþβt2Xð

ffiffi
3

p
β−2Þ�sϵcW−½3t2Rþt2Xð3β2−2Þ�cϵsW
6tX

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXsϵcW−
ffiffi
3

p
cϵsWÞ

2
ffiffi
3

p
tX

dα −tX ½
ffiffi
3

p
t2Rþβt2Xð2þ

ffiffi
3

p
βÞ�sϵcWþ½3t2Rþt2Xð3β2þ2Þ�cϵsW

6tX
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXsϵcW−
ffiffi
3

p
cϵsWÞ

2
ffiffi
3

p
tX

d3 tX ½
ffiffi
3

p
t2Rþβt2Xð

ffiffi
3

p
β−2Þ�sϵcWþ½3t2Rþt2Xð3β2þ2Þ�cϵsW
6tX

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ðtXsϵcWþ ffiffi
3

p
cϵsWÞ

2
ffiffi
3

p
tX

Jα ½ ffiffi3p
t2Rþβt2Xð2þ6qþ ffiffi

3
p

βÞ�sϵcW−2ð1þ3qÞtXcϵsW
3
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p −

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

sϵcWffiffi
3

p

J3 −
ffiffi
3

p ðt2Rþβ2t2XÞsϵcW−2ð2þ3qÞtXðtXβsϵcW−cϵsWÞ
3
ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

ffiffiffiffiffiffiffiffiffiffiffiffi
t2Rþt2Xβ

2
p

sϵcWffiffi
3

p
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