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We study the left-right asymmetric model based on the SU(3), ® SU(2), ® SU(3)x ® U(1)y 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, as well as dark matter, automatically. Further, we investigate the mass spectrum of 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, Z, and new neutral scalar, H,, to flavor-violating neutral meson

mixings, say K — K, B; — B, and B, — B,, 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 p-parameter, as well as the mixing parameters between W, Z bosons and new

gauge bosons.
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I. INTRODUCTION

In the standard model, the neutral currents of y 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 — K,
D-D, B,— By, and B, — B,, and rare meson decays,
By —» puu, By = outu~, By — K(K*)u"pu~, 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 — 30 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 neutrino masses and lepton-flavor mixings. It
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also fails to address dark matter that occupies roundly 25% of
the mass-energy density of the Universe.

The minimal left-right symmetric model based on the
SU3)c ® SU(2), ® SU(2)x ® U(1)p_, 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 SU(2)y 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 neutrino masses 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 V,;, 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, which may be well tested at the LHC 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
resonance was subsequently proved as statistical fluctuations
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[12], the guidance for going beyond this model 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, SU(3)-®
SUM), @SU(N)x®U(1)y 3—M—N-1), for (M,N) =
(2,3),(3,2), 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 = N. The diphoton excess was the new scalar fields,
produced/decayed as mediated by the new fermions, which all
transform as fundamental components, in the quotient space
[SUM), @ SU(N)g]/[SU(2), @ SU(2)g], 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
SUB)-®SU12), @ SUB)®U(l)y (B-2-3-1)
gauge symmetry. Note that the two others, namely, the
3—3—-2—1and3—-3-3-1 models, include an exten-
sion, SU(2), — SU(3),, 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
SU(3), anomaly cancellation and QCD asymptotic free-
dom. The new FCNCs come from two distinct sources:
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either loop induced by Wy and a charged Higgs boson or
tree-level contributed by nonuniversal couplings of Z} and
a neutral Higgs boson (H,) 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, SU(3), ® U(1)y, 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 H, scalar and Z}, 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,
V.gr and V  z, 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 SU(3) ® SU(2), ® SU(3)x ® U(1)y, 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, Z,, 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 =T3 +Tsg + pTsr + X, (1)

where Ty (a=1,2,3), Tjg (i =1,2,3,...,8), and X are
the SU(2),, SU(3)g, and U(1)y generators, respectively.
can be expressed via an electric charge parameter (q) as
p =—(2g +1)/+/3. The baryon-minus-lepton charge is
embedded as 3 (B — L) = fTgz + X. Hence, depending
on the embedding parameter f (or g), this model may
automatically provide dark matter candidates, which are
stabilized by a W-parity,

P = (_1)3(B—L)+25 —_ (_1)6(ﬂTgR+X)+2s’ (2)

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

v, 1
()13
€ar 2
Var 1
Yar = €ar ~ <1’ 1, 3?%) s (3)

YalL

EZL ~(1,1,1,q),
2 2
J;Iz‘ ~ (3, 1, 1,q+§),

—g-1 1
i~ (30 m0-5), ©
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where a = 1, 2, 3 and @ = 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 SU(3), leads to not only the
existence of the right-handed neutrinos which induce
the neutrino masses via seesaw mechanisms, but also the
new leptons E, and exotic quarks J, which might yield
interesting phenomena. Indeed, note that £, and J, have
a B — L charge equal to two times their electric charges,
ie, [B-L|(E,) =2q, [B—L|(J3)=2(q+2/3), and
[B—L]|(J,) =2(—q —1/3). 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 ¢ # (2m—1)/6 = +1/6,+1/2,4+5/6,
+7/6, ... for an m integer [15]. Here, W-particles have P =
P* or P~, with P* = (—1)*4+1) £ [, while the remaining
particles that include the standard model particles and some
new ones have P = 1, called normal particles. Particularly,
the model with ordinary charge ¢ =m/3=0,+1/3,4+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 ¢ = 0).

Provided that the right-handed fermions are arranged in
the fundamental representations of SU(3)g, the SU(3),
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 T’y 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

R} R SR 20 4 1
S—( '_‘ (‘)2 _;3_1) ~ <1,2,3*,——q6+ ) (7)
SZI S22 S23

¢1—q 2g + 1
a1 4q
¢: ¢2q ~ (151139_ 3 >’ (8)
¢
B Y V)
I B 2(g-1)
E=1 5 En 5 N<1’1’6’f>’ ©)
B, B g
\/5 2 —33
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which have the corresponding vacuum expectation values

(VEVS),
1 fu 0 0
<S>_ﬁ<0 v 0)’

(0

<¢>:ﬁ 3,
(A0

®=—[0 0 0]. (10)
V2o 0 o

As mentioned in [14], if one introduces a scalar triplet A 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 A for simplicity. The
W-fields include ¢ 5, S1323, and E;3,3. The other scalars
are normal fields.
The gauge symmetry is broken via two steps,

UB)c ®SU(2), @ SUB)x @ U(l)y
Iw, A
UB)c®SUQ2),®@U(1)y®P
lu,v
UB)c®U(l)y ®P.

Here, the VEV of ¢ (w) provides the masses for new leptons
and exotic quarks, while the VEV of E (A) provides
the Majorana masses for right-handed neutrinos. Both the
VEVs w, A 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 A [15]. Note that w, u, v
do not break B — L, whereas A 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 K w, A.
The total Lagrangian takes the form,

L = Lyinetic T Lyukawa = Vcalars (1 1)
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
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Lyukawa = My War SWir +hE 0 5rE W og + 130,103k
+hiy éaL S* Qpr + o Ear ™ wor + 15303007 O3
+ 1)l #” Qpr +Hoc., (12)

Vscalar = ﬂ%TI‘(SIS) + /IIS[Tr(STS)]Z + )“2STr<STSSTS)

+ pETr(ETE) + 12 [Tr(ETE))? 4+ A, Tr(ETEETE)
1 D+ g (D) + 0 (7S SP)
+ L Tr(STSEET) + 3 (T EE h) + A4 () Tr(S™S)

+25(¢* ) Tr(E'E) + A6 Tr(E'E) Tr(S7S)
+ (fS¢*S+H.c.), (13)
where “Tr” is the trace operator. Here, note that QL =

i6>Q; transforms as 2* under SU(2),, i.e., O; = U;Q;.
Also, we have S§— U,SU,, E— UgEU%, and
Our = UpQugr, under SU(2);, ® SU(3)g. 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, 1; , ; couplings
have been imposed for generalization, which were skipped
in the previous study.

The gauge sector contains two W-fields as X and

Y;E(ﬁl) as coupled to \/—(T4R:|21T5R) and \/—(T6R:FlT7R)

respectively. The other gauge bosons are normal fields.
Summarizing all the W-fields, we see that the model provides
dark matter candidates if ¢ = 0, =1 (note that the candidate
must be electrically neutral). For the model with ¢ = 0, the
candidates are E° or X% or some combination of (¢?, S%,,
29,). For the model with ¢ = —1, the candidates are Y% or
some combination of (¢9, S9; ). For the model with ¢ = 1, the
candidates are only Z;. The dark matter candidate must be
the lightest W-particle, called the LWP, which is stabilized by
W-parity. Proof: One has an interaction of r P*-fields and s
P~-fields, where r and s are integers. Since P is conserved, it
follows (P*)"(P~)* = 1, which is valid only if r =s. In
other words, P and P~ 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 (S9,, 59,,
around the mentioned VEVs as

0 '—O
3’_‘11
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u+S, +iA; St S To find the potential minimization and scalar mass spec-
2 12 13 . o .
S = soiin ot ]’ (14) trum, we correspondingly expand the original potential
— v 2 1L —q— .
A 2 8y terms up to the second-order terms of the component fields
given above and then sum all the resulting terms that have

-4 the same order in fields. Therefore, the scalar potential is
2
—q—1 divided into V(S’ ¢’ E) = Vrnin + Vlinear + vmass + vinteraction’
¢ = ¢, , where all the interactions are grouped to Vi,cractions Which
Wrss%ﬂs we need not determine. V,;, is the minimum of the
? » potential, which is independent of the fields and only
/\+S\;jiA4 5_\/?1 =i contributes to the vacuum energy. Vi, contains all the
__2 : _q_21 terms that depend linearly on the fields, and the gauge
== :_lé Crvy “2732 (15) invariance requires V... = 0, which leads to the mini-
, - mization conditions as follows:
= E =2
7 5 B3
|
1
i+ (Ais + dos)u® = V2fvw + 5”[%502 + 44w + (o 4 46)N*] = 0, (16)
1
120 4 (A5 + Aog)v® — V2 fuw + 5 (2 5u? + Agw? 4 AgA%) = 0, (17)
1
uéw+/1¢w3 —\/Efuv+§w[/l4(u2+vz) +AsA?] =0, (18)
1
pz + (hiz + )N + 5 (Ao + A¢)u* + Azgv* + Asw?] = 0. (19)

Va6 CODSists of the terms that depend quadratically on the fields, given in the form, V. = VS, + VA + Venarged

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, V5, is given by

1 T
ngss=§<51 Sy 83 54)M§<51 Sy 83 S4> ; (20)
where M% is
2hys + dys)u? 4 VLo 20510 — /2 fw —V2fv 4 dguw (A + Ag)uA
2isuv = V2w s+ o) = dosti® + 3250 —/Dfu+ dyow devA
—V2fv + Aguw —V2fu + dyow @4—2@# AswA
(/12 —|— /16)1/11\ /161}/\ /ISWA 2(/115 + AZE)AZ

Note that f is a mass parameter satisfying

Aoguv A uvA?

V2w B 2V2(u? = v¥)w’

f= 21)

which is derived from the minimization conditions (16) and (17). Because of u, v < w, A, the parameter f is large in the w,
A scale. At the leading order, u, v < w, A, f, the above mass matrix implies a massless scalar field, H; = %, and three
u+v

heavy scalar fields with masses given by
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_ —’[]Sl + MS2 m2 _ /12(1/!2 + U2)A2

V2 ¥ 2 ’ H, 2(1]2 _ u2> ’
H3 = C¢S3 - S¢S4, m%,} = /1¢W2 + (/115 + /125)/\2 - \/[(115 + /125)/\2 - /1¢W2]2 + lgWZAZ,

H,

Hy = 5,5+ ¢,8, my, = Agw* + (hiz + Aoz) A* + \/[(/115 + dz) A2 = 2gw?]? + 3w A2,
where we have denoted ¢, = cos ¢, s, = sing, and so forth, with

/15 wA
by, = . 22
2 (i + dam) A% — Agw? @)

At the next-to-leading order, the Higgs masses, m%{i (i =1,2,3,4), are contributed by the u?, v? terms. Particularly, the H,
mass is approximated as

myy, = 2(As + dos)u* = dosv’. (23)
It is easily realized that the light state, H, is identical to the standard model Higgs boson, whereas the heavy states, H 3 4,

are new particles with the masses as given in the w, A scales.
The mass terms of the pseudoscalars, A, A,, A3, A4, are given by

1 T
V?nass :i <A1 Ay A; A4>M/24<A1 Ay A; A4> ) (24)
where
V2 (2host® +200502 =1oA?)  uv[2hps (P —0?)+A A% uv* 2005 (12 =)+, A?] 0
2(u*—1?) 2(u*—1?) 2(u—v?)w
_uoRhs(uP =)+ A WP RAs(u? =0+ A7) W20 [22p5 (WP —0? )+, A?] 0
M% — 2(u?—v?) 2(u*—1?) 2(u?—v*)w . (25)
uv? 2005 (12 =1*)+1,A?] WP 0[5 (P =v*)+1, N?] PP g (4P =)+ A7) 0
2(u—v?)w 2(u>=v*)w 2(u*—v?)w?
0 0 0 0

The above mass matrix provides only a combination of the pseudoscalars as a physical pseudoscalar, called .4, with mass,
m?, obtained by

[?w? + 12 (v? + w?)][2Aa5 (1 — 1?) + 1, A?]
2(u? — v*)w? '

_ vwA| + uwA; — uvAs
V0w + it

(26)

2 —
my =

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

G _—MA1+UA2

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

uv?A; + u?vA, + wu? + v?)A;
Gz = Ay, Gz = == 27
4 N % \/(u2 + 02) (U 0? + wru? + w??) @7)

For the charged scalar sector, 255, Ezi;q_l), and Eizq do not mix and are physical fields by themselves with masses
Ao (v = u?) = 22z A?
m.g.:tt = 2(1] . ) = s (28)
=22 2
Ao (12 = 2u?) + Isw? — ddyzA?
mii(qil) — 2( ) 4 3 28 , (29)
=23
Iaw? — dyu? — 22z A2
m.,, = s 2 3 =, (30)
=33
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which are all in w, A scales. The remaining charged scalars mix in terms of

St S g(a+D)
charged — 23
massg ) <Sl+2 S2+1 ‘—‘12>1‘/[2 S21 + <S6113 ¢[11 “13>M2 ¢1q <Sq+l ¢gq+l>>M2C(q+1) < >’

—(g+1)
—_ = ¢2
=12 '—‘13

(31)

where MZC], Mch, and M%mm are mass-squared matrices for the singly, ¢, and (¢ + 1) charged scalars, respectively (as

shown below).
First, we derive

Jpu>A? JouvA? Ay u\
2007 =u?)  2(v*-u?) 2V2
2 JouvA? I v? A? Ay u\
MC] | 20 -u?) 20 -u?) 2V2 : (32)
Aul Aul Do (v2—u?)
2V2 2V2 4

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

L V2uASE + V20ASE + (vF — u?)ES FECY N 2(u® + v*)A (33)
5= 5 J HE T 4 2_ 2 ‘
V22 + 1?)A? + (v* — u?)? 5 vt —u
Two remaining states are massless, combined of
Gt — —vSis + uS Gt — u(u? — v*)Si; + v(u® = 1%)S3; + V2(u? + v*)AES, (34)
Wi /2 ) W, \/(uz — Dz)z(uz T 1;2) n 2(u2 n 02)2/\2
which are the Goldstone bosons of Wi, W5 gauge bosons, respectively.
The mass matrix for ¢ charged scalars is
B L0 = 1,A%) V2fv 485" v
e e e N - | (33)
WA
s o REEPNS

. ST - +V2AE
We obtain a massless state, G;fq _ uSo TN , as the Goldstone boson of the X*4 gauge boson. To find the remaining
V4w +2A?

states, we define

WS ug ! g VNS 4 VDWAG T+ (4 + wh)E)
Vi +w? ’ Vi + W) (12 + w? + 2A2) ’

1+q H/:tq

Hg = (36)

which are orthogonal to G . The corresponding physical fields as the combinations of H with masses are given by

2 2 ) 2A2 y) 2 2/\2
+q I+q 1t+q 2 ( )W U +q I+q It+q 2 3(W + )
Hg'=c, Hy'=s, H;', m C Hy sy Ho ey Hml =T

?q Héiq 2( 2_y ) (37)

where the Hj, ¢ — H>™¢ mixing angle, called @4, is defined by
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2(/12 + /13)1/!/\ 2(/\2 + W2>
~204W + Aaw(w? + 2A2) 4 Pl

—v

(38)

[2%

which is small due to u, v << w, A, implying that such states
slightly mix.

Lastly, there remain two (g + 1) charged scalars. One of
them is massless to be identified as the Goldstone boson of

the Y*=(@*+1) gauge boson,

+(g+1) + W¢2i(q+l)

—v8y;

G?(‘Pf 1) (39)

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

H2 _Sal Cal S2
9
H, Sy Cy M
A Sa Ca,
G, _ —Cq, Sa,
Gz, 0 0
v u
Gz, 2w S2a 2w S2a
HZ Cay Say
+ ~
GWI - _sa] c(l]
+ u v
GW2 V2A Cq, V2A Coq,
+q u
Gy w S
+q — u
H6 - C¢q w ¢
+ —_u
HE Sp, ~ 1w Ca,Co,
+(g+1) _w +(g+1)
( Gy — w 1 S23
+(g+1) 1 z +(q+1)
HS w ¢2

where the a;, angles have been introduced, defined by
to, = v/u and t,, = w/ V2A, 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

PHYSICAL REVIEW D 95, 075034 (2017)

Hi(q+l) B WS;(qH) + v¢2i<q+1)
2 =

Vvl +w? ’
2 _ (@2 w?)[(? = 0?) 251’ =y w?) + i’ A
“(q+1) T2\ :
Hy 2(u* —v*)w

(40)

In summary, the model contains 12 massive Higgs fields,
HY sy A HE HES Hy Y 255, 2507, and 257, in
which H 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, A scales. Also, there are 11
massless Goldstone bosons, which are correspondingly eaten
by the 11 massive 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

’

wPay 0 Al
o of]a,
0 1 Ay |
1 o/f\a,
P n
\/5\/ w02 A S12
0 S5 |-
=+
=12
+
_saz Caz S13q
(pq - Ca2s¢q _Sa2s¢q itq ’
CayCo, Sa,Co, Eiq
>, (41)
L, = Te{(D,S)T (D S) + (D,E)} (D*E))]
+ (D) (DF), (42)

where the covariant derivatives are defined by

04

s .
) AaryS — lgRSElAiR/A +igxXsB,S,

DﬂS = QMS + lgL
(43)
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*

,1<
A,Rﬂ_ + igpE—

A;
=0, E+igr~ >

2

D

[I]

" lRM + ngX"B

(44)

—
Dy¢ = aﬂ¢ + I9r ~ (45)

5 Aigy® + igx Xy B¢

2
e = d g, - ot -t

IR 4u _ (I+2g)1y
3

PHYSICAL REVIEW D 95, 075034 (2017)

Here, o, are the Pauli matrices, and 4; are the Gell-Mann
matrices. gy, gr, and gy are the gauge coupling constants of
SU(2).,SU(3)g, and U(1)y, respectively. Xz, stand for
the U(1)y charges of the corresponding scalar multiplets.

Substituting the VEVs for S, E, ¢», we obtain the mass
Lagrangian,

2
B"} + 2[W’ﬁW;M + (Wi Wg,

2 2
- g IR (14 2q)tx +
+X%”XRqM)}}M2 + ?L{ |:AI:;L - [RAI:;R + 7§AI§R + fBﬂ + Z[WIZ
xW, + (Wh W, + Y"+1 2tz i (WL, WR" + W, WR ) tguv

2

N

t 2t
+9LH¢RA + R+ (g —1)3”] + R (WE,WE + X5, X5 ‘”‘)}M

2 9 B _
IL {[\@zRAgR + 1x(1 +2¢)B]* + Et,%(x;gﬂx,f” + Y;QZIYRW*”")}W%

9 7 +1) (g+1)u
L4R( )Y (g Rq

VW),

o 1
M, (Wi, WR/;)T + 5 (AgLAgRAgRB”)

where we have denoted 7y, = ZX g = Z—f, and the non-

Hermitian gauge bosons as

+ 1 :
WLﬂ - ﬁ(AlLy + lAZLp>7

1 .
Wl%p = ﬁ(AlRﬂ + lA2R/4)v (47)
yrlar) Z L,
Ru \/i O6Ru LA7R,)»
1
=+, .
XRZ = % (A4R;4 + lASRﬂ)’ (48)

The mass Lagrangian in (46) has be rewritten in terms of
the matrix forms, where My, and M, define the mass
matrices of the left-right W and neutral gauge bosons,
respectively.

We see that the gauge bosons, XR and Y R(“l), by
themselves are physical with masses,
my, = g%(u + w? 4 2A?),
iy = 4 w), ()

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

Q%R

(1 + w* + 207X IX Y + + (WHEWh)

M%(A3LﬂA3RﬂA8RﬂBM)T’ (46)

—2tpuv

2 2
g [u*+v )
M3, =% . (50
v ( 2 (u? + v + 2A2) (50

4 \ =2tpuv
Diagonalizing this matrix, we obtain two physical states,

+ + +
Wl[l - CEWL;t - S§WR/4’
+ + +
W2/4 = S§WL;4 + C§WR;4’

(51)

where the W; — Wy mixing angle () is obtained by

e = tan2¢ = W The  corresponding
masses are
. i 2 — 4tku*0?
iy 25A% + (15 — 1) (u? + 0v?) ]’
2 2,2
> _9R|, 2, 2 2 4uv
~ Ik 1 2A :
e Ty [“ T TN T B T 02)]
(52)

Because of the condition, u, v < w, A, the W, boson has a
small mass in the weak scales (u, v) which is identical to the
standard model W boson, whereas the W, boson is a new,
heavy charged gauge boson with a mass proportional to the
A scale. The mixing between these two fields is small since
& — 0 due to the above condition.

075034-9



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

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

u2—|—112 —tR<u2+1)2) —l—\/’%<u2—1}2) %(u2_1ﬂ>
, & —tr(U? +0?)  2(u* + 17 + 4A2%) % (u? — v + 4A?%) m?, 53)
My =74 , 53
4 12 I
B2 —0?) B - AN B[P+ 4R+ AN i
/L\/% (u? = v?) mi, m m3,

where

tpt
mi, = —% [V3B(u? — v + 4A%) + 12A],

—1Ipt
miy = % [B(u? 4 12 + 4w? + 4A2) + 4v/3A2],

mﬁ4 = % [(u? + v* +4w?)B* + 4(\/37 + B)2A2].

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

trty < 1 B 1 )
A, = Aspy +—Asgy +—Asgy +— B, |, 54
VR B F AR\ g T Ty G4

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 (6y,) is identified as

trix
Sw = . 55
Y VAT EOL T (55)

Note that sy, = sin Oy, cyy = cos By, and so forth. With this at hand, the photon field is rewritten in terms of
Iw Iw Iw
Aﬂ = SWABLﬂ + Cw _A3R/4 +ﬁ_A8Rﬂ +_B;4 ’ (56)
IR IR Ix

where the parentheses present the field as coupled to the weak hypercharge Y = T3z + fTsr + X.
The standard model Z boson is orthogonal to the photon field as usual,

t t t
Zy = CWA3L/4 - Sw <_WA3R/4 +/)7_WA8R;4 + _WB;l> . (57)
IR IR Ix

The model under consideration contains two new neutral gauge bosons, called Z and Z,, 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

1
! _ —
ZRy - \/m (tRASRu ﬂtXBﬂ)v (58)
1
Zpy = [ (1% + PP1%) AR, + PriAsg, + tx1rB,). (59)

YV PR+ (1 + S

where ty = —Swile __ apd these new states must be heavy.
2—(14+p>+12)s2
R R/°W
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Next, let us change to the new basis consisting of A,, Z, Z}Qﬂ, and Zg, by the transformation,

(Asr,Asr,Asr,B,)" = U(A,Z Z%”ZR/‘)T, where

Hu-u
Sw Cw 0 0
Swoo _Swiw 0 _ 24pPE
. tk VAP G475

U= Psw  _ Pswiw g b : (60)

' " NGPE VEAPRIGHR)R]
Sw _Swlw _ _ Pix Ixlr
Ix Ix VP (PR e+(1457)13]

Correspondingly, the mass matrix M3 is changed to

0 0
ME =UTM3U = <0 M'2>' (61)

We see that the photon field, A,, is decoupled as a physical massless field, while the other states (Z,, Zrw Z Ry) MiX by
themselves via a 3 X 3 mass matrix found to be

u?+v? __(@=v)key (2 4v?)rey
‘W V3l (1447)] [+ (122
72 912_ __ (P=v)key (BAPRP (P02 4w+ A (Pu?) ARV
M2 = | TR0 SR i |
tr (P +v?)Kkey (0P —u?) 4133\/?/\2 2 (uz+v2 + 4K///A2>
BRI+ TV R\

where we have conveniently denoted

k=[G(1+5)+ (1 +P)BNW &%+ PR & =%+ (V3+p)B3I%
K= tr(tp + PP)/\ 1 + (L + )iz, K" =[x+ (1 4+ )]/ (1 + f*13). (62)

Because of the condition, u, v < w, A, the first row and first column of M’? consist of the elements that are much smaller
than those of the remaining entries. Hence, we can diagonalize M'? by using the familiar seesaw formula. We introduce a
basis (2, Z¢,, Zg,) in such a way as to separate the light Z,, boson from the two heavy Zf,, Zg, bosons. This basis is

related to the previous basis (Z,,Zg,.Zg,) by a unitary transformation as (Z,Z% Zp,)" =U(Z, 2}, Zg,)".
Correspondingly, the mass matrix, M'?, is changed to

20
M? = UTMU = (mz ) (63)
0 M%XZ

Using the seesaw approximation, we obtain

1 €1 €y
U= —€] 1 0 y
—€) 0 1

mZZ —~ i {Mz + U2 el (uz — UZ)KCW B ezt%e(uz + UZ)KCW}
3 )
v VGO +P)] B+ R0+ )R

4
(t%eJr[)’Zt?()z(u2+1;2+4w2)+4K’A2 K!/(v2_u2> 4t§\/17A2

P (3 +P1x) V3 V3K
M3, =2
22 4 K" (v*—u?) 4’%%‘/FA2 2 [ w41 4" A2 '
3TV e
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where €, , are defined as

o ﬂxcw{ —(2+ %) . (s = 2?) b
L= T [f%e +ﬂt§((\/§+ﬁ)][t12e +(1 +ﬁ2)t§(][\2 (l‘% —|—ﬂ2t§)2W2 + [Z‘Izg + (\/§+ﬂ)ﬂf§(]2/\2 )
o K'C_W{ M2 _ ’U2 N MZ + '112 } (65)
LA gl + (V3B + (1 PN el + (1T BN

Note that M3, , describes two heavy states, Zz = Z and Z} = Zk, as given at the leading order. The mixing between Z
and these heavy states is very suppressed, €1, ¢, < 1, dueto u, v < w, A. The Zﬂ boson is identical to the standard model Z

2
boson with mass, m% = 2% (u> + 1?)
> N2 4, :

Finally, the states Z) and Zj still mix. Diagonalizing their mass matrix, we obtain the corresponding physical states
Zy = 2Zh— 5. 2R, Z = 5.2k + ¢ 2R, (66)

with masses,

2
m, = AL (w +40%) + RIPW + (V3 + A

— B0 +402) + 2P + (V3 + BRA2)E — 12803 + (1 + f)3IwAA2, (67)

2
m, =T (0 +402) + BP0 + (V3 + f)A7)

+ \/[t%(wz +4A2) + (W + (V3 4 )2A2)] — 12633 + (1 + 22w A2}, (68)
which are all in w, A scales. Above, the Z}e — Zp mixing angle, ¢, is obtained by

_ 2V31x(1k + F13) ik + BB+ V3) RN
K (1 + P13 w? = Rek + (V3 = B) 13ty — (V3 + B)* i) A%}

(69)

e

which is generally finite due to w ~ A.
To summarize, the physical neutral gauge bosons are related to the gauge states as (A3; As3pAggB)T = V(AZZ, Z))T,
with

Sw Cwy 0 0
swo 3 N A s sy _ \ A1 Bcesw
Tr RCw TrixCw IrixCw
V= UZ/{US = UUS = Psw ﬁs%v ticfcw—ﬂtxsgsw tf(secw—‘rﬂtxcgsw s (70)
IR REW  tpew /AL tgewy/ Bt f
Swo s —PtxCeCw—SeSw —PtxSeCwtCeSw
Ix XCw ey /A p cwy/
where I/ =1 due to €;, < 1, and
1 0 O 0
0 1 0 0
U, = (71)
0 0 ¢ s,
0 0 —-s. c

For the following calculations, we will use V as approximated; thus, Z = Z, and Z,, Z/ are directly related to Z, Z by an
expression like (66) since Z; = Zp and 2 = Zj.
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V. INTERACTIONS
A. Fermion—-gauge boson interactions

The gauge interactions of fermions arise from the Lagrangian,
Ly =Yiy*D,¥ = Wir'd,¥ — g, ¥ r*(PES + PYS)®L — gy (Pgs + PRe) W, (72)

where the covariant derivative is D, = 0, + i9, T o Aqry + 19rTirAiry + igxXB,, and the gauge vectors relevant to the
charged and neutral currents are obtained as

PSC =T A1 + ThrAop, PYC =Ty A + txXy, B,

I3
ch = Z TiRAiR7 P%C == T3RA3R + TSRASR + t_XXWRB'
i=1.2,4,5,6,7 K

Above, ¥; and Wy 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

Lec=—9, Y r"P EC\I’L — grPrr"P 1%? Wr
= T W, + Wi, + I X, + 7Y L Hee, (73)

where the charged currents J 1}, Johy, Jx, and J;(qH)” are, respectively, defined as

- _aLe

Jl!//lV = \/‘2‘5 (UaLJ/ €aL + uaLy daL) + \/-2‘ ( aRV €aR + uaRy daR)»
. 9rCe (o, I

‘]2W f (VaLy €ar + uaL}/ daL) \/E (yaRy €aRr + UqurY daR)a

— dr = - _
Iy = — 2 (E p7"Var — dyr?*J or + J3r7 UU3R),
X \/E( RY"VaR RY"J aR 3RY’ 3R)
— 1 g —
JY(CIJr = \/% (E,ry*eqr + tigry"Jar + Ja3gr"dag). (74)

Using the physical neutral gauge bosons defined by (70), PY'C and Py become

1 tX( 3L Q‘P )
PYC = 53,0y A, + — (T3, — 53,0y, )Z, + 2L — =¥/
Lu v, Ay c ( 3L \I’L) I C l%e &62

1 Cw(txﬁc tW—‘rt%?S )T3R—tw(ﬁtxc Cw+S SW)Q‘P
PR = swQu, Ay = — sy Qv 2, + { - t_els o z2ﬂ26 . R e/ 1%+ 3 Tsr p 21,
W x SwVIg T Iy

tyfs. .t T t tyS.Cwy — C.S /
+ { (Xﬁ w = ) 3R — W(ﬁ X2etWwW € W)Q‘PR + 5, l% + tiﬂzTSR}Zl]w
tx sw/1x + 13/

where Q\yL = T3L -+ X\yL and Q\yR = T3R +ﬁT8R + X\yR.
Hence, we have the neutral current interactions from (72) such that

[(ﬁtXCeCW + sesW)Zl/A + (/B[XSGCW - CesW)Z/lp]’

Lyc = —QL@L?’”PZF‘PL - gRqJRyﬂP%flPR
= —eQ()Fr"fA, - i—LWhﬂ 55(f) - (f)rs)f2,
~ PG () = 7 (D1l 2= 5= Pl (F) = ga (Drslf 24 (75)
w Cy
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where f indicates every fermion of the model, Q(f;) = Q(fz) = O(f), and e = g, sy. The vector and axial-vector

PNC

couplings g‘Z,’j‘ 2 (f) can be directly obtained from the corresponding chiral couplings in the expressions of Py’ &y above to

yield

sz/(f) =T3.(f1) - 2S%VQ(f)’ gi(f) =T3.(fL)s

9‘3‘ (f) = iy (Ptxceew + sesw) T3 (fr) —20(f)] + sw(tgse + txtwhee) Tar(fr) ¥ cocw /t% 4 2L Ter(fr).

1 B/ 1% + 3

g (f) =

=z

e +
1

_ 2
gV,A - gV,A(Ce = SeySe ™ _Ce)'

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 Z can be
obtained from those of Z; by replacing ¢, — s, s, = —c,,
and vice versa. All the vector and axial-vector couplings of
Z, 2, 2| 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.! 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 ¢ could be kept compatible to the
usual ones. Retaining these conditions, in this work we will
pay attention to alternative, interesting new-physics

'See 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.

2, (Ptyc, su)T — sw(f%s, + twtyfBe)T
_ ty(Ptxceew + sesw)Ta (fr) — sw(tgse + twixpe,) 3R(fR)_CECW /f%e+f§(ﬂ2T8R(fR),

(76)

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

A. p and mixing parameters

The new-physics contribution to the p-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

2

_ _ My,
Cymz
1xchK

=¢
2+ (1 + )P

(v* — u?)ciyx
+ €1
V3(? + ) [ty + 53(1 + p2)]
2u??

@A 77

which is suppressed due to u, v K w, A.

The W mass implies u> + v> = (246 GeV)?. Further, we
take tg = gg/g; = 1 and thus tx = sy /\/1 = (2 + p?)s3,.
Note also that |B| < +/1/s% —2=1.5261, provided
5%, =0.231. From the global fit, the p-parameter is con-
strained by p = 1.0004 4 0.00024, which is 1.7¢ deviating
from the standard model prediction, p = 1 [1]. If the data
imply a potential new physics, it sets the corresponding
new-physics scale via 0.00016 < Ap < 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 Ap < 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 Ap as a function of A =
w=1-20TeV and u = 0-246 GeV for three cases

p=-1/v3, 0, and 1/+/3 as in Figs. 1, 2, and 3,
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FIG. 1. The viable new physics regime (green) as constrained

by 0.00016 < Ap < 0.00064, £ = ¢, = ¢, = 1073 for the case
p=-1/V3.

respectively. The available parameter space is bounded by
both lines of the respective Ap 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 &, €, in 1073 [1]. (Recall that these
parameters are very suppressed due to the condition,
u, v < w, A, too.) In Figs. 1, 2, and 3, we make contours
(solid line for €, dashed line for ¢,, and short dashed line
for &) for |£] = |e1 5] = 1073 in terms of (A = 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
aforementioned. Consequently, A (thus w = A) is bounded
by 4.6 TeV < A < 13.7 TeV,5.5 TeV < A < 16.3 TeV,
and 6.6 TeV < A <194 TeV for f=1/1/3,0, and
-1/ V3, respectively. The weak scale regime for u [thus

v = /(246 GeV)? — u? is followed] is narrow, as limited

20000

15000

10000 -

A [GeV]

5000

FIG. 2. The viable new physics regime (green) as constrained
by 0.00016 < Ap < 0.00064, & =¢, =€, = £1073 for the
case f = 0.
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20000 T T T T

A [GeV]

FIG. 3. The viable new-physics regime (green) as constrained
by 0.00016 < Ap < 0.00064, £ = ¢, = e, = £1073 for the case

p=1/V3.

by u < 246 GeV, and u > 222.3, 215, and 210.4 GeV,
corresponding to the f values as mentioned.

Particularly, the bounds for the 3 -2 -3 —1 scales
(w, A) that come from the p-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 S
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 Ap is proportional to €, » and & ~ uv/A? (with the
finite coefficients) according to the mixing of Z with
(Zg, Z) and the mixing of W, with Wpg, the new physics
is not decoupled from the standard model when w, A
tend to the weak scale or even to zero. Indeed, the mixing
effects and thus the W, Z-coupling corrections diverge
when (w, A) — 0 along the Ap bounds, as possibly seen
from the corresponding figures for €; , and & (even though
these mixing effects cancel out in the Ap expression).
Apparently, this property also emerges at loop levels
because the good custodial symmetry SU(2); x, if
imposed, only protects p 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 f and the w — A
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 p-parameter.

It is easily checked that when (w, A) go to infinity, we
have p — 1 since €, and ¢, as well as the loop effects of
the new gauge boson and scalar doublets, are suppressed by
(u?,v%)/(w?, A?), 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 (w, A), not at the small
scale as analyzed above.

075034-15



DONG, HUONG, LOIL, NHUAN, and NGAN

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

st = tfx/ Itk + G0+ B+ R)] < 3/ (1+ 5 + 13),
(78)

where g; and gy lightly change as 7z = gg/g; does, while
gx and thus ty = gx/g; significantly increase, with the
increasing of the energy scale. Therefore, the model
encounters a Landau pole (M) at which s3,(M) =13/
(1+p*+1%) <1 or gx(M) = co. Of course, the consis-
tent condition of the theory is w, A < M. For simplicity, we
assume g = 1, thus s3,(M) = 1/(2 + #*), without much
loss of generality (tp = 1 is possibly protected by a
minimal left-right symmetry, and this value is being also
used around the text). The condition (78), s3,(M) > s%, =
0.231 at the weak scale, implies |B| < 1.5261, which
translates to —1.821 < g < 0.821, which is very con-
strained, but spans every elementary charge as observed.
Although the ¢ charge is arbitrary in its range, the model
predicts only integer charges for ¢ =0,—1. When ¢
coincides with its bounds g = —1.821 or 0.821, the
Landau pole lies at the weak scale M ~ v, Since the
new physics is not decoupled as shown, the model in
this case is inconsistent. For the half integer charges
g = 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 ¢ = 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 the w scale,

_ hWlw _ ]’ZJ}W
Eﬁ]ass = J3LLJ3R +J(1LL

V2 V2

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

J/}R +H.C., (79)

Er”n’gss :_ZﬁaLMghubR_ZauLMandbR +H.C., (80)
a,b a,b
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where
X hiiv hiw hiu
MY = {Mtlzjb} = _75 hgl” hgz” hgﬂ ., (81)
hi hd hi
31V A3l Azl
. h‘flu h‘fzu h%v
MP :{M(L;)b} = _ﬁ hgl” hgz” hgs” . (82)
hWu hiu hiw
31 32 33

which are generally complex-valued matrices and corre-
lated due to u # v.

By applying biunitary transformations, we can diago-
nalize the mass matrices, MY and M?P, separately, such
that

VMV =MP. Vi MUV, =MV, (83)
where MY, MP are diagonal matrices and V,; .,V g are

unitary matrices. The mass eigenstates and gauge states are
related by

dpr = VdLA,Rd/L,R7 Upr = VuL.Ru/L,R’ (84)
where we use the notations, the gauge states for up-quarks
u = (uy,uy,u3)?, for down-quarks d = (d,, d,,ds)", and
the mass eigenstates ' = (u,c,t)!, d = (d,s,b)!. The
CKM matrix is defined as Vg = VZ 1 Var- 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 h?, is flavor diagonal, we need only u>>v and
hi3 > hi, ,,. In this case, there are only two unsuitably
small masses corresponding to u, ¢ 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 SU (3 ). This causes the FCNCs at the tree
level for the ordinary quarks due to the following:

(i) Nonuniversal gauge (Z%) couplings: The flavors of
ordinary quarks such as {u,} and {d,} differ in Tgp
as well as X charges (note that all the lepton flavors
{v.}, {e.}, {E,} and exotic quark flavors {J,} 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, T3, g since each of
them couples universally to every left or right flavor
group, as mentioned previously). Since X is related
to Tgg, the FCNCs are mediated only by the extra
neutral gauge boson, Z%, which couples to Tgg.
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(i) Nonuniversal Higgs (H,) 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 S;; and S5, is just

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

Lipd = hfzd oy S%dsg + hiydo, S dsg + hZ3ﬁaLS(1)1 Usg + hZﬁﬁaLS(z)zuﬂR +H.c.
MH2+’UH1 UHz _ MH2+UH1
=hld dig+hiyd dgr+ s + hl ugr +H.c.
3 aL\/ﬁ 3R ap QLW PR 3 aL\/i 3R ap aLﬁ PR
+ d’ m> iy Mo uLH
e e )
\/ u? +U th \/(Mz—l— \/ (u2—|—1)2) R

_Vu u* +v?
u?
+H.c.

We see that the Higgs boson, H, couples to quarks, even
charged leptons, similarly to the Higgs couplings in the
standard model, which is a feature validating this model
[21]. H, 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 H, as mediators. Conventionally, we rewrite
the relevant couplings as follows:

Llene = dyTd g Hy + iy Tl Hy + He.,  (86)
where
V u? + v,
rf=- ) (Vi) M) (Vi) 3 (Var) 3
" u? —i—v yP y
rij = (VuLVdL)zk( )km(VdR)Sm(VuR)Bj' (87)

Second, we consider the FCNCs due to the fermion and
gauge boson interactions. As mentioned, the FCNCs
associated with Zj 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, Agg and B,
which couple to Tg; and X, respectively. Since
X = Q — T3, — Tz — fTgg, the source for the FCNCs is
only Tgg. Indeed, considering the interacting Lagrangian of
neutral gauge bosons with fermions and using the expres-
sion for X, we come to the relevant interaction,

d;L(VdL VuL)zk(MU)km(VuR)Sm(VdR)%]d/RHZ +—

\/u +7J

(VuLVdL)zk (MD)km(VZR)3m(VuR)3ju}RH2

(85)
|
3 -
- Z Qur7"Tgg QaR(gRASRﬂ - ﬂngy)
a=1
3 —_
= =g\ 1k + 1y Z Qur?"TsrQurZy,
a=1

D —gp\/tk + PP ez (agy* Tyug + dry"Tydg)Zy,
= —g1\/ 1 + BB (@ (Vg TV ur) it

+d )" (ViRTaVar)dr) Z,» (88)

where T, =T, = %diag(—l, —1,1) includes Tgp values
of up or down quark flavors. The tree-level FCNC

associated with the field Zj is obtained by

Zy

Zh _
Lréne = _®in612'R?’”‘I}RZ§m (89)

e : : 7 .
with i # j, where ¢’ is denoted as either u’ or &', and ©; [ is
defined as

Zy 9L

ij \/— 1x + P1x( or)3i(Var)s;- (90)

In the following, we will calculate the contribution of the
new physics to the meson mixing systems as mediated by
the neutral scalar H, and neutral gauge boson Zj. For the
case of the K°—K° mixing, the relevant effective
Lagrangian is given after integrating out H, and Z7,
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Q%2 _ (ML) - ()2
[A5=2 :_( ) o g 2 )" o2 207 (72
effective mék (dryt'sg)” + m%iz (dpsg)” + m%iz (dgsy)
l—*d*l—*d _ _ Fd*Fd _ B
+ 2522 (dysg) (dgsy) + 22 2 (dgsy)(dpsg). (91)
H, H,

This yields the contribution to the K — K° mixing parameter or mass difference Amyg as

Amy = 2Re(K°| — L5372|K?). (92)
Using the matrix elements [22]
(RO (@rsi PIKO) = (ROV (@, PIKY) = 3 mc
(KO|(dysg)*K") = (K°|(dgsy)?|KO) = _25_4 <ﬁ>2m,(ﬁ(,
<k0|(aLsR)(aRSL)|K0> = <k0|(aRSL)(aLSR)|KO> = [%‘F% <£> 2} me%o

the K — K° mixing parameter Amy is obtained by

Z/
2(0%)2 5 ((T)?  (I%)? 2 rhrd 1 2
g w2088 (0 OPY (e 2 IR (e Y

2
mz: my, My, mg + mgy My, mg + my

. . . O _O . .
Similarly, we obtain B, — B, mixing parameters, Amg, and Amp_, as

4 '« * r 7
Am, —Red 2@ 5 () | (TF)° my, TS [L(Cme V), 3 (94)
B, 3 m%} 12 m%—lz m%—lz my, + my m%_lz 16 my,+mg) | B,J B,
V4 % * r T
Am» = Re %w + i <F§2>2 + (1—*33)2 mp, : _ F?ZF% l_|_ mp, : m f2 . (95)
B, 3 m%;? 12\ m, mi, ) \my + m, my, 16 \m,+mg) | B,J B,

Let us numerically study the mixing parameters, Amg and Amg, , by using the following input parameters (mass
parameters are measured in MeV) [1,23,24]:

mg =473,  my =934, m, =4190, m,=173x103,  fx = 156.1,
my =497.614,  fp =188,  my =52795,  fz =225,  my = 53663,
(Verm)s = 0.00886,  (Vexn)z = 0.0405,  (Vegn)ss = 0.99914. (96)

Referring to the above results for the weak scales, we take u =230 GeV, and thus v is followed from
u? + v? = (246 GeV)2. Also, 1z =1, ty = sy/+\/1 = (24 p?)s¥,, and s, = 0.231 as given before are used. For the
above f values (i.e., f = 0, +1/+/3), ty and @iZjR slightly change. So, we can take || = 1/+/3 for further calculations. We
have g; = \/4na/s%,, with @ = 1/128. For the right-handed quark mixing matrices, V,r(q = u,d), the elements that enter
the meson mass differences, Amg g, g , are (V,g)33, (Var)31» (Var)3- and (Vgg)s3. Since Amyg g, depend symmetrically
on (Vgg)s; and (Vgg)s,, one can assume (Vgz)3 = (Var)so = Vag without loss of generality. Thus, (Vz)3; = 1-2V2,
due to the unitarity. We also label (V,z)3; = Vi for simplicity. As seen, the contributions of H, and Z} are compatible. So,
let us simply take my, = mz, = 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]
(Amg)gy = 0.467 x 1072/ ps,
(Ampg,)sq = 0.528/ps,

(Amp )y = 18.3/ ps, (97)
whereas the experimental values are [25]

(Amg)g,, = 0.5292 x 1072/ ps,

(Amg,)gy, = 0.5055/ ps,

(Amp )gy, = 17.757/ ps. (98)

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

(Amg g, g )t = (Amg g, )sm + Amg g, g, (99)

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 x 1072/ ps < (Amg),, < 0.68796 x 1072/ ps,

PHYSICAL REVIEW D 95, 075034 (2017)

0.480225/ps < (Amp ) < 0.530775/ps,  (101)

16.8692/ ps < (Amp )y < 18.6449/ps.  (102)

In Fig. 4, we make contours for the mass differences,
Amg, Ampg,, and Amp , as functions of the right-handed
quark mixing matrix elements (V gz, V4z) for the new-
physics scale M =5 TeV and M = 10 TeV, respectively.
The M values have been chosen consistently with the
bounds previously given. The available region for Amy is
the whole frame. The two separated regions are for Amg,.
A lower half region is for AmB‘_. Hence, the available
parameter space for Amg g p 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 |V,z| <0.08 and |V | <
0.0015 for M =5 TeV, while |V, x| <0.2 and |V | <
0.003 are for M = 10 TeV.

Considering V,z = 0.05, 0.1, and 0.15, we make con-
tours for Amg, Amg , and Amp_as functions of (M, V )
in Fig. 5, respectively. The viable parameter space is the
(darkest) region bounded in the upper left corner of each
panel. We obtain M > 2.8 TeV for V ,r = 0.05 (left panel),
M >5.7TeV for V,p =0.1 (middle panel), and M >
8.2 TeV for V, =0.15 (right panel). Thus the new-
physics scale M is low when V z is low, and vice versa.

We see that the bounds for the H, and Z} masses are
consistent with the new-physics scale given in the previous

(100) subsection.
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FIG. 4. The left panel presents constraints for (V g, Vz) coming from the meson mass differences, Amg g, 5 , with respect to the
new-physics scale, M = 5 TeV, while the right panel is those for the new-physics scale, M = 10 TeV.
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FIG.5. The left, middle, right panels present bounds for (M, V ;) coming from the meson mass differences, Amy p, g , corresponding

to V,z = 0.05, 0.1, and 0.15, respectively.

VII. CONCLUSION

We have shown that the left-right asymmetric model with
the SU(3), ® SU(2), ® SU(3)x ® U(1)y gauge group
naturally provides the new, tree-level FCNCs through both
gauge and Yukawa interactions as a result of the nonuniversal
fermion generations, which is different from the minimal left-
right symmetric model. The new gauge symmetry contains
automatically not only the right-handed neutrinos 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 than Z, and stabilizing the dark matter. 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 <K w, A, 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. The model contains five
new heavy gauge bosons, Z, Z’l, W;,X,fq, Y,jeE(qH),
besides the standard-model-like gauge bosons, A, Z, W.
The charged gauge bosons, WfR, mix via a small angle,
1 & 5. Also, the neutral gauge boson Z slightly mixes with
the new neutral gauge bosons, Zp and Zj, which are
suppressed by u,v < w, A too. In the B;; and K mass
differences, the model can have box diagrams due to the
contributions of W3, HZ, and even other new particles, in
addition to the standard model boxes, but such contributions
are more suppressed by u,v < w, A, f. Furthermore, the
new FCNCs that come from the tree-level interactions with
Z, and H, are larger than the mentioned ones by loop factors.

All the interactions of the gauge bosons with fermions and
scalars have been derived. The standard model interactions are
successfully recovered. The new interactions play important

roles: they change quark flavors and set dark matter observ-
ables, besides others. We have concentrated on the first kind of
interaction, as induced by Z% and H,, and obtained their
contributions to the neutral meson mass differences,
Amyg g, g, Which depend on the new particle masses and
the elements of the right-handed quark mixing matrices. The
mixing effects also modify the p-parameter, as well as the
well-measured couplings of W, Z bosons, which are deter-
mined by the mixing parameters &, €|, €,. In agreement with
electroweak precision measurements, the parameters p, &, and
€1, set the new-physics scale (assuming w = A)
as 4.6 TeV <A <13.7TeV,5.5 TeV <A <16.3 TeV, and
6.6 TeV < A < 19.4 TeV, for f=1/4/3,0, and —1/+/3,
respectively. They also set the narrow regimes for the weak
scales such as u > 222.3, 215, and 210.4 GeV for those
respective f values [the v scale is thus followed from
u? + v* = (246 GeV)?, and noting that u, v < 246 GeV].
The mass differences yield that when the new-physics masses
are fixed, the right-handed quark mixing elements are con-
strained, such that |V x| < 0.08 and |V 4| < 0.0015 for
M =5 TeV, while |V,z| <0.2 and |V | < 0.003 for
M =10 TeV, assuming that mz = mp, =M, (Vag)3 =
(Var)z = Vg, and (V,z)s3 =V, for short. In the other
case, fixing V,zr =0.05, 0.1, and 0.15, we obtain
M >28TeV, M >57TeV, and M > 8.2 TeV, respec-
tively, where V  is free to float. The results yield that the new-
physics scale is more sensitive to V5. The conclusion is that
the two kinds of bounds are compatible, and the new physics
scale should be in 5-10 TeV order.

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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APPENDIX: VECTOR AND AXIAL-VECTOR COUPLINGS
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This section obtains all the couplings of fermions with the neutral gauge bosons Z, Z;, and Z/, as displayed in Tables I, II,

and III, respectively.

TABLE I. The couplings of Z with fermions.
f 9v(f) gi(f) f 9v(f) gi(f)
2 % % a “1es, -1
E, —ZS%Vq 0 u, % _ %S%V %
d, —%—i—%s%, —% Jy 2s%,v(q+%) 0
J3 —25%,(q +3) 0 No data No data No data
TABLE II. The couplings of Z; with fermions.
f 95 (/) g1 ()
v, 1x[2+B5% (2V/3+) ey +V3[5+15 2+ |scsw \/W(txcfcwﬂstsw)
23ty + % - 2\31x
e, x[BAPE V3P ccew—V3IR 41 (B =2)]sesw /AR (tycecy—3scsw)
23ty 2 - 231y
E, (4P 13 )c.cw—2v/3qtx (txBe.cy+sesw) \/WQCW
V3 V- I
Uy —tx[V3245 (2+V3P)|cecw+Bia+1% (32 =2)]sesw V48P (txccow—V3s.sy)
6ix\/ 13 +12° 231x
Uz 1x[V3RAPE(V3p-2)ccew+B3ia+15 (3 =2)]sesw W(IXL}L'W+\/§SJW)
(N - 2v/31x
d, ~ix V3G A5 2HV3P)lcccw =B 352 +2)]sesw VBABR (1xcccw+V3s sw)
6tx\/ 3+ 157 2/31x
d3 tx[\/gtfﬁ‘/}’i(\/gﬁ—Z)]Cc-fw—[3[i+f§((3ﬂ2+2)]“¢-~‘w \/W(rxcecw—\/gsesw)
NG - 2V/31x
Ja [\/5’;23+ﬁ[§((2+GQ+\/§ﬁ)]CsCtv+2(1+3q)[xsssw \/WC;(TW
3+ RV R
J3 —V3(B A+ 1) cecw=2(243q) 1x (ixBeccy+sesw) VAt ey
3Ot V3
TABLE III.  The couplings of Z| with fermions.
/ gv' (/) 9 ()
v, ix [t A5 V3B ]sccw=VBIGH R (248 eesw AL (tys.cw=3eesy)
NV - 231y
e, ix[ 8% 2V3+B)sccw+V3[R 415 (B =2)lcesw VAR (txscew+Vesy)
2313/ G P B 231y
Ea *(tfﬁrﬂzf;()SeCW*2\/§qfx(fxﬁSsCW*CeSW) \/st\cw
V3B V3
U, —1x VBB (24V3P)]sccw— B+ (35 =2)|cosw BAL (tys cw V3¢ sw)
6tx\/ 3+ 15 231y
U3 tx V3545 (V3P=2)]s.cw—[363+3 (362 =2)|c sy /tfﬁtf(/fz(txsfcw—ﬁcgsw)
61x\/ B+ 25 - 2V/31y
d, —ty[V38+p5% 24+V3B)]sccw+B35+1% (382 42) ey AL (txs.cw—Becsw)
6tx\/ 12+ 2/31x
ds 1x V3R AP (V3P=2)]s o+ B +1 (3 42)]c.sw /B2 P (tysccw+3e sy)
613/ 13+ - 231y
Ja [\/gt?ﬁ'ﬁtf((2+6‘1+\/§/”)]S¢-6'W—2(1+3‘1>fx¢'¢-5w \/Wsecw
3y V. B
Js3 —V3(BAB ) s.cw=2(243q)1x (txBsccw—cesw) N
3Bt V3
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