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We perform a comprehensive analysis of several phenomenological aspects of the renormalizable

extension of the inert 3-3-1 model with sequentially loop-generated Standard Model fermion mass
hierarchy. Special attention is paid to the study of the constraints arising from the experimental data on the
p parameter, as well as those ones resulting from the charged lepton flavor violating process ¢ — ey and
dark matter. We also study the single Z’ production via Drell-Yan mechanism at the LHC. We have found
that Z' gauge bosons heavier than about 4 TeV comply with the experimental constraints on the oblique
p parameter as well as with the collider constraints. In addition, we have found that the constraint on the
charged lepton flavor violating decay u — ey sets the sterile neutrino masses to be lighter than about
1.12 TeV. In addition the model allows charged lepton flavor violating processes within reach of the
forthcoming experiments. The scalar potential and the gauge sector of the model are analyzed and
discussed in detail. Our model successfully accommodates the observed dark matter relic density.
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I. INTRODUCTION

Despite its great successes, the Standard Model (SM)
does not explain the observed mass and mixing hierarchies
in the fermion sector, which remain without a compelling
explanation. It is known that in the SM, the masses of the
matter fields are generated from the Yukawa interactions. In
addition, the Cabibbo—Kobayashi—-Maskawa quark mixing
matrix is also constructed from the same Yukawa cou-
plings. To solve these puzzles, some mechanisms have been
proposed. To the best of our knowledge, the first attempt to
explain the huge differences in the SM fermion masses is
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the Froggatt-Nielsen (FN) mechanism [1]. According to the
FM mechanism, the mass differences between generations
of fermions arise from suppression factors depending on
the FN charges of the particles. It has been noticed that in
order to implement the aforementioned mechanism, the
effective Yukawa interactions have to be introduced, thus
making this theory nonrenormalizable. From this point of
view, the recent mechanism proposed by Cércamo,
Kovalenko, and Schmidt [2] (called by CKS mechanism)
based on sequential loop suppression mechanism, is more
natural since its suppression factor arises from the loop
factor [~ (1/4x)>.

One of the main purposes of the models based on the
gauge group SU(3). x SU(3), x U(1)y (for short, 3-3-1
model) [3—10] is concerned with the search of an explan-
ation for the number of generations of fermions. Combined
with the QCD asymptotic freedom, the 3-3-1 models
provide an explanation for the number of fermion gen-
erations. These models have nonuniversal U(1), gauge
assignments for the left handed quarks fields, thus implying
that the cancellation of chiral anomalies is fulfilled when
the number of SU(3), fermionic triplets is equal to the
number of SU(3), fermionic antitriplets, which happens

Published by the American Physical Society
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when the number of fermion families is a multiple of three.
Some other advantages of the 3-3-1 models are: (i) they
solve the electric charge quantization [11,12], (ii) they
contain several sources of CP violation [13,14], and
(iii) they have a natural Peccei-Quinn symmetry, which
solves the strong-CP problem [15-18].

In the framework of the 3-3-1 models, most of the
research is focused on radiative seesaw mechanisms, and
but some involving nonrenormalizable interactions intro-
duced to explain the SM fermion mass and mixing pattern
(see references in Ref. [19]).

The FN mechanism was implemented in the 3-3-1
models in Ref. [20]. It is interesting to note that the FN
mechanism does not produce a new scale since the scale of
the flavor breaking is the same as the symmetry breaking
scale of the model.

The CKS mechanism has been implemented for the first
time in the 3-3-1 model without exotic electric charges
( = —1/+/3) in Ref. [19]. The implementation of the CKS
mechanism in the 3-3-1 model leads to viable renormaliz-
able 3-3-1 model that provides a dynamical explanation for
the observed SM fermion mass spectrum and mixing
parameters consistent with the SM low energy fermion
flavor data [19]. It is worth mentioning that the extension of
the inert 331 model of Ref. [19] contains a residual discrete

Z<2L”) lepton number symmetry arising from the sponta-
neous breaking of the global U(1) 1, symmetry. Under this

residual symmetry, the leptons are charged and the other
particles are neutral [19].

However, in the mentioned work, the authors have just
focused on the data concerning fermions (both quarks and
leptons including neutrino mass and mixing), but some
questions are open for the future study.

The purpose of this work is to study several phenom-
enological aspects of the renormalizable extension of the
inert 3-3-1 model with sequentially loop-generated SM
fermion mass hierarchy. In particular, the constraints
arising from the experimental data on the p parameter, as
well as those ones resulting from the charged lepton flavor
violating process y — ey and dark matter. Furthermore our
work discusses the Z’ production at proton-proton collider
via quark-antiquark annihilation. To determine the oblique
p parameter constraints on the SU(3); x U(1)y symmetry
breaking scale v, which will be used to constrain the heavy
7' gauge boson mass, we proceed to study in detail the
gauge and Higgs sectors of the model. In addition we
determine the constraints imposed by the charged lepton
flavor violating process y — ey and dark matter on the
model parameter space. In what regards the scalar potential
of the model, due to the implemented symmetries, the
Higgs sector is rather simple and can be completely solved.
All Goldstone bosons and the SM like Higgs boson are
defined.

The further content of this paper is as follows. In Sec. II,
we briefly present particle content and SSB of the model.

Section III is devoted to gauge boson mass and mixing.
Taking into account of data on the p parameter, and if
only contributions of the gauge bosons are mentioned, we
will show that the mass of the heavy neutral boson Z’
will be constrained nearly to the excluded regions derived
from other experimental data such as LHC searches,
and K, D, and B meson mixing. The Higgs sector is
considered in Sec. IV. The Higgs sector consists of two
parts: the first part contains lepton number conserving
terms and the second one is lepton number violating. We
study in details the first part and show that the Higgs
sector has all necessary ingredients. The p parameter will
be investigated including Higgs contributions. In Sec. V,
lepton flavor violating decays of the charged leptons are
discussed, where sterile neutral lepton masses are con-
strained. Section VI is devoted to the production of the
heavy Z' and the heavy neutral scalar H,. In Sec. VII, we
deal with the DM relic density. We make conclusions in
Sec. VIII. The scalar potential of the model is given in
Appendix.

II. REVIEW OF THE MODEL

To implement the CKS mechanism, only the heaviest
particles such as the exotic fermions and the top quark get
masses at tree level. The next—medium ones: bottom,
charm quarks, tau, and muon get masses at one-loop level.
Finally, the lightest particles: up, down, strange quarks and
the electron acquire masses at two-loop level. To forbid the
usual Yukawa interactions, the discrete symmetries should
be implemented. Hence, the full symmetry of the model
under consideration is

SUB)exSUB), xU(1)y X Zy X Zy X U(l)Lg, (1)

where L, is the generalized lepton number defined in
Refs. [19,21]. It is interesting to note that, in this model,
the light active neutrinos get their masses from a combi-
nation of linear and inverse seesaw mechanisms at two-
loop level.

As in the ordinary 3-3-1 model without exotic electric
charges, the quark sector contains the following SU(3) x
SU(3), x U(1)y representations [19]

QVlL = (Dn’ _Uann>{ ~ (37 3*’ 0),

1
Q3L:(U3’D3’T){N <3a31§)a n:1a27

1 2
3717__ 3 Ul ~ 3’15_ ) .:192935
) w3
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where ~ denotes the quantum numbers for the three above
subgroups, respectively. Note that the SU(3), singlet exotic
up type quarks TL, &> down type quarks By x in the last line
of Eq. (2) are added to the quark spectrum of the ordinary
3-3-1 model in order to implement the CKS mechanism.

|

1

LiL = (1/[,8[,1/5){ ~ (1,3,—§>,

EILN(I’I’_D’ E2LN(171’_1)’
EIRN(LL_l)? E2R~(1,1,—1),
N1R~(171’0)’ NZRN(LLO)?

In the leptonic sector, besides the usual SU(3), lepton
triplets, the model contains extra three charged leptons
Ejr) (j = 1, 2, 3) and four neutral leptons, i.e., Nz and
Yy (j =1, 2, 3). The leptonic fields have the following
SU(3)c x SU(3), x U(1)x assignments:

e~ (1,1,=1), i=123, 3)
E3L ~ (17 1’ _1)’
Esg~(1,1,-1),

N3g~(1.1,0),  Wp~ (1. 1,0), (4)

where v;;,1v° =15 and e;; (ep, g, 7;) are the neutral and charged lepton families, respectively.
The Higgs sector contains three scalar triplets: y, 7, and p and seven singlets (p(l), (pg, &, 97, @7, @7, and ¢; . Hence, the
scalar spectrum of the model is composed of the following fields

=+~ (1.3-5) )

V2

— 2% g /I 0 ,— 1
<)(>_ 0’05_ s X = \X1:X2»

1 , r
p= (pT,%(Rp - llp),ﬂ3*> ~ (

1
n=m+n~ <1,3,—3),

¢l ~(1.1.0). @3~ (1.1.0),
¢ ~(L11), ¢y ~(1.1.1),

— [ £0 0/ _E
&=+ <§°>—ﬁ,

The Z, x Z, assignments of scalar the fields are shown
in Table I.

The fields with nonzero lepton number are presented in
Table II. Note that the three gauge singlet neutral leptons
N, as well as the elements in the third component of the
lepton triplets, namely v¢, have lepton number equal —1.

In the model under consideration, the spontaneous
symmetry breaking (SSB) occurs by two steps [19]. The
first step is triggered by the vacuum expectation values

TABLE 1. Scalar assignments under Z; X Z,.

xoon oo @ W e P by b &

Z, 1 1 -1 -1 i i -1 -1 1 1
zZ, -1 -1 1 1 1 1 -1 -1 1

[y

T
75 (Ry — illg)) ,

2
1a3’_ )
)

v T 1 . _
o= (00) o= (e itgsat)

¢y ~(1,1,1),

T

¢y ~(1,1,1),
1

§OI:$(R§O—i150>N(1,1,O). (6)

|

(VEVs) of the x93 and & scalar fields. At this step, all new
extra fermions, non-SM gauge bosons, as well as the
electrically neutral gauge singlet lepton W gain masses.
In addition, the entries of the neutral lepton mass matrices
with negative lepton number (—1) also get values propor-
tional to vs. At this step, the initial group breaks down to

the direct product of the SM gauge group and the Z, x

ZéLg) discrete group. The second step is triggered by v,
providing masses for the top quark as well as for the W and

Z gauge bosons and leaving the SU(3). x U(1), X Zy x

ZgLS’) symmetry preserved. Here ZéLg) is residual symmetry

where only leptons are charged, thus forbidding inter-
actions having an odd number of leptons. This is crucial to
guarantee the proton stability [19]. Thus

015004-3
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TABLE II. Nonzero lepton number L of fields.
Tig Jir Jour Vi err Ewig N Yr X% x5 0% p3 &5 o7 5 & i=1,23
L -2 2 2 -1 1 1 -1 1 2 2 -2 =2 -2 -2 -2 =2

SUB)e x SUQB), x U(l)y x Zy x Zy x U(1),,
“ESUB) e x SUQ), x U(1)y x Zy x 25
—LSU3)e x U(1)g x Zy x 257, (7)
A consequence of the chain in (7) is
v, = v =246 GeV < v, ~ v ~ O(10) TeV. (8)

The corresponding Majoron associated to the sponta-
neous breaking of the U(1) L, global symmetry is a gauge-
singlet scalar and, therefore, unobservable.

An explanation for the relation v, ~ v: ~ O(10) TeV is
provided in the following. The present lower limits on the
7' gauge boson mass in 3-3-1 models arising from LHC
searches reach around 2.5 TeV [22]. These bounds can be
translated into limits of about 6.3 TeV on the SU(3). x
SU(3), x U(1)y gauge symmetry breaking scale v,.
Furthermore, electroweak data from the decays B, —
utu™ and B; - K*(K)u"u~ set lower bounds on the Z’
gauge boson mass ranging from 1 TeV up to 3 TeV [23-27].
Furthermore, as shown in Ref. [28], the experimental data
on K, D, and B meson mixings set a lower bound of about
4 TeV for the Z' gauge boson mass in 3-3-1 models, which
translates in a lower limit of about 10 TeV for the SU(3), x
U(1)y gauge symmetry breaking scale v,.

Finally, to close this section we provide a justification of
the role of the different particles of our model:

(1) The presence of the SU(3), scalar singlet ¢, is
needed to generate two loop level down and strange
quark masses, as shown in Ref. [19]. Besides that, in
order to implement a two loop level radiative seesaw
mechanism for the generation of the up, down, and
strange quark masses as well as the electron mass,
the Z4 charged SU(3), scalar singlets ¢, ¢9, &7,
@5 (which do not acquire a vacuum expectation
value) are also required in the scalar sector. The Z,
charged SU(3), scalar singlet ¢! is also needed to
generate one loop level masses for the charm and
bottom quarks as well as for the tau and muon
leptons. The Z, charged SU(3), scalar singlets ¢9
and ¢5 as well as the SU(3), scalar singlet ¢,
neutral under Z, are also crucial for the implemen-
tation of two loop level linear and inverse seesaw
mechanisms that give rise to the light active neutrino
masses. The SU(3), scalar singlet & is introduced
to spontaneously break the U(1), ~generalized

lepton number symmetry and thus giving rise to a

tree-level mass for the right handed Majorana
neutrino Wg. It is crucial for generating two loop-
level masses for the down and strange quarks.

(2) The SU(3), singlet exotic down type quark, i.e., B,
is crucial for the implementation of the one loop
level radiative seesaw mechanism that generate the
bottom quark mass. The SU(3), singlet exotic up
type quarks, i.e., T, and T, are needed to generate a
one loop level charm quark mass as well as two loop
level down and strange quark masses. The three
SU(3), singlet exotic charged leptons, i.e., E;

(j =1, 2, 3), are required in order to provide the
radiative seesaw mechanisms that generate one loop
level tau and muon masses and two loop level
electron mass. The four right handed Majorana
neutrinos, i.e., Njz (j =1, 2, 3), Wy, are crucial
for the implementation of the two loop level linear
and inverse seesaw mechanisms that give rise to the
light active neutrino masses.

III. GAUGE BOSONS

A. Gauge boson masses and mixing

After SSB, the gauge bosons get masses arising from the
kinetic terms for the n and y SU(3), scalar triplets, as
follows:

Lias = (D, (2)) D" () + (D, () 'D* (). (9)
with the covariant derivative for triplet defined as

A A
—igA. 2~ igxX 2 B,,

D =
0 H2 2

w =y (10)
where g and gy are the gauge coupling constants of the
SU(3), and U(1)y groups, respectively. Here, Ay =
\/2/3diag(1,1,1) is defined such that Tr(dedy) = 2,
similarly as the usual Gell-Mann matrix 4,, a =1,
2,3, ..., 8. By matching gauge the coupling constants at
the SU(3), x U(1)y symmetry breaking scale, the follow-
ing relation is obtained [9]

1=

T /3~ dsin0y(My) (1

9x 3\/§Sin9W(MZ’)
g

Let us provide the definition of the Weinberg angle 6y .
As in the SM, one puts ¢ = gtan 0y, where ¢ is gauge
coupling of the U(1), subgroup satisfying the relation [9]
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SOME PHENOMENOLOGICAL ASPECTS OF THE 3-3-1 MODEL ...

PHYS. REV. D 100, 015004 (2019)

PR (12)
V187 — g%
Thus
\/§gx
tan Oy = ———. (13)
VI8¢ - g5
Denoting
Wifl A iA Y= (4 tia
u—ﬁ( ,u:Flﬂz), ;4—75( H6 lw)’
1 .
X2 :75(14”4 - lA#S), (14)

and substituting (10) and (14) into (9) one gets the
following squared masses for the charged/non-Hermitian
gauge bosons

2 2

g 9
=L M=), =2

where v, = v = 246 GeV, as expected.
From Eq. (15) we find the following gauge boson mass
squared splitting

M2, — M3 = mid,. (16)

For neutral gauge bosons, the squared mass mixing
matrix has the form

1
LIS = LVIME,,,Y. (17)
where V' = (A,3.A.5,B,) and
2 vy 2 2
N N B
2 _
Mngauge Z %(41})2{ + 17127) 92% (217)2( - U%) (18)

The down-left entries in (18) are not written, due to the fact
that the above matrix is symmetric.

The matrix in (18) has vanishing determinant, thus
giving rise to a massless gauge boson, which corresponds
to the photon. The diagonalization of the squared mass
matrix for neutral gauge bosons of Eq. (18) is divided
in two steps. In the first step, the massive fields are
identified as

2
AM :SwA”3+Cw< \/_ /l8+ 1 - 3 ﬂ)
tw [ B
<_7§Aﬂ8 + 1- 3 ll>
Z, =1~ A”S —l— \/_ B,, (19)

where we have denoted sy = sin @y, cy = cos Oy, ty =
tan Oy. The coupling of the photon A, gives e = gsy.
After the first step, the squared mass matrix is a block dia-
gonal one in the new basis (A, Z,, 4 Z,), where the entry in the
top is zero (due to the masslessness of the photon), while the
2 x 2 matrix for (Z,,, Z;) in the bottom has the form

Mm% M,

2 _ 77
M}y 0 = <M2 2 ) (20)

Z/

77

Z;t = CWA;B —Sw

The matrix elements in (20) are given by

M2 _gzvg_m_%’V
Z_4 2 - 2’
w
Mézzzg—”n(l 25%),
4eyn/3 =
2 2 1=2 2 \2
4(3-4s52) W) Civ

Note that our formula of M2, is consistent with that given
in [23].

In the last step of diagonalization, the Z — Z' mixing
angle ¢ and mass eigenstates Z'-> are determined as

2M7,
WA @)
z z

tan2¢ =
Zy=2Z,cosdp—Z),sing,
72 =7Z,sing + Z, cos . (23)
Our definition of ¢ is consistent with that in Ref. [29]
needed to study the p parameter.

The masses of physical neutral gauge bosons are
determined as

77 +4(M7,)% ],

2 HAMG, )R (24)

1
M2, ZE{MZ, +M%-[(M%—-M

M, :—{Mz, + ML+ (M2, -M

In the limit 11 > v , one approximates

(M%z)2

Z/

M2, =M%~

2 ”3
+Mx0(=1). (29)

X

015004-5



LONG, HOP, HUE, THAO, and CARCAMO HERNANDEZ

PHYS. REV. D 100, 015004 (2019)

1.0007
1.0006 |
1.0005 |
o 1.0004 ¢
1.0003 |

1.0002
1.0001 |

/

FIG. 1. Left-panel: p parameter as a function of

2 3 4 5 6 7 8

v,, upper and lower horizontal lines are upper and lower limits in (31). Right-panel:

Relation between v, and M2, upper horizontal lines are an upper and a lower limits of »,, respectively.
2

M2 ) 2 4
M2, ~ M2, A Ajf) +M§XO(ZZ> ~ M2, (26)
VA X
. (1=2s3)/3 —4sy (v )
an ¢ = 4ct v:) (
w X

B. Limit on Z' mass from the p parameter

The presence of the non-SM particles modifies the
oblique corrections of the SM, the values of which
have been extracted from high precision experiments.

|

Consequently, the validity of our model depends on the
condition that the non-SM particles do not contradict
those experimental results. Let us note that one of the
most important observables in the SM is the p parameter
defined as

miy
M3

p= (28)

For the model under consideration, one-loop contributions
of the new heavy gauge bosons to the oblique correction lead
to the following form of the p parameter [29]

M, 3v2Gp 2MEM} | M}
p— 1 ~tan’¢p —1>+ {Mz + M2+ "% 1n —]
my 167° Ot ME My M?
M2 (M, M
) |y gt + S o o)) 29)
Sw
where My = Myo, M, = My+ and (M, m) = Mzm_zmz.
Combining with Eq. (16), one gets
M, 3v2G ML (MG +myy) (M3 + m
—1~tan2¢< 5 1) v2 F[2M2 + m, — i L ) (M me)]
my 167> my, My,
2 + my, ;
47rsW 2(M5,, + my,)
[
where a(my) ~ 5 [30]. 3.57 TeV < v, <6.09 TeV. (32)

Taking into account sW =0.23122 [30] and
p = 1.00039 £ 0.00019, (31)

we have plotted Ap as a function of v, in Fig. 1 (the left-
panel). From Fig. 1 (the left-panel), it follows

Substituting (32) into (26) and evaluating in Fig. 1 (the
right-panel) we get a bound on the Z’' mass as follows

142 TeV < M, <242 TeV. (33)

Then, the bilepton gauge boson mass is constrained to be
in the range:

015004-6
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465 GeV < My < 960 GeV, (34)

where my, = 80.379 GeV [30]. The above limit is stronger
than the one obtained from the wrong muon decay My >
230 GeV [31].

It is worth mentioning that the second term in (30) is
much smaller the first one. Consequently, the limit derived
from the tree level contribution is very close to the one
obtained when we consider the radiative corrections arising
from heavy vector exchange.

From LHC searches, it follows that the lower bound
on the Z’' boson mass in 3-3-1 models ranges from 2.5 to
3 TeV [22,32]. From the decays By, — yu"pu~ and B; —
K*(K)u"p~ [23-27], the lower limit on the Z’ boson mass
ranges from 1 TeV to 3 TeV. We will show that when scalar
contributions to the p parameter are included, there will
exist allowed m, values larger than the range given in (33),
so that they satisfy the recent lower bounds concerned from
LHC searches.

For conventional notation, hereafter we will call Z! and
7% by Z and Z', respectively.

Now we turn to the main subject—the Higgs sector.

IV. ANALYSIS OF THE LEPTON
NUMBER CONSERVING PART
OF THE SCALAR POTENTIAL

Below we present lepton number conserving part Vi nc
of the scalar potential of the model shown in Appendix.
Expanding the Higgs potential around the VEVs, one gets

|

A+ % 05(116 + /19)
Mgharged =
3 Uyvels

where we have used the following notations

1
A= H% + E [1})%/118 + /1;,,:1)?],

1 b 1] .
B; = E(U};Aﬂ;"’ + o2l +020%), i=1.2.3.4. (39)
From (38), it follows that in the limit v, < v, pf is a
physical field with mass

1
while the two massive bilepton scalars pj and ¢; mix with
each other.

Now we turn into CP-odd Higgs sector. There are three

massless fields: e I,](]), and /. The field 7, is a physical

state itself with squared mass

the scalar potential minimization conditions at tree level as
follows

wy = 0, (35)

1 1
—//l)% = U)%/113 + 5 U%ﬂs + Eﬂ%vg,

1 1
—,u,% = U,%/ln -+ 511)2{15 + 5/1,751%,

1 1
—,u? /1151)}% + 5/1,151}% + ig’l]?. (36)

2

From the analysis of the scalar potential, taking into
account the constraint conditions of Eq. (35), we find that
the charged scalar sector is composed of two massless
fields, i.e., 73 and x5 which are the Goldstone bosons eaten
by the longitudinal components of the W and Y+ gauge
bosons, respectively. The other massive electrically charged
fields are ¢, ¢; and ¢; whose masses are respectively
given by:

1 (3
mi’? = /AZ)T +3 (W2 + 0221+ vgﬂ{{’é],
1
— 5
mi; = ,u{ng +3 (22! + 0248 + vg/lf I\
1
mi. = pd ot W7 + 0220 +0Ug). (37)

In addition, the basis (p},p5,¢7) corresponds to the
following squared mass matrix

0 %0”05/13
A+5(vh +vids)  HUwa |, (38)
\/%v){wz /tf,,; + Bj
m%«lz :'uéz +Bl’ (41)
where
1
B = (4! + Al +03T). n=12. (42)

The squared mass matrix of the four remaining CP-odd
Higgs fields separate into two block diagonal submatrices
corresponding to the two original base (IX?,I,?(;) and

(1,,.1,), namely

2 _
m2CP ddl — /1_8 K ot
0 b
2\ —vv V2

xVn
, pa +B -C Lo, i)
Mecpodda2 = A . (43)
A+20;

%v;(v;](/ll - j'2)

015004-7
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where
C= U%ﬂzz + 1),2]&24 + 92125 (44)

The first matrix in (43) provides two mass eigenstates,
where one of them is massless,

G, = cosGaIX? +sin@,1,o mg, =0,

asiny’ 1

The physical states relating to the second matrix in

(43) are
A cos@, sinf, I
()= (S, @) () @
As —sin6, cos6, 1,

where the mixing angle is given by

A = —sin0,1 + cos 0,1 p, my = 5 219 . (45)
! cos“d,
o ”)(Un(ﬂl - /12>
where tan26, = (2 —C+B —A- %ﬁv,%) . (48)
1
tan@, — 1. (46)
Uy Their squared masses are
|
1
my,, = 3 {A + D, F \/(A —Dy)* + 03 [2(A = D)6 + 0345 + v3 (A3 — /114)2]}’ (49)

where Dy = p2 + B} — C + 4 v} .
Next, the CP-even scalar sector is our task. We find that

R, is physical with mass
1
My, =mi, = i, + 5 (A" + 02 + 0387 (50)

As mentioned in Ref. [19], the lightest scalar ¢9 is a
possible DM candidate with light mass smaller than 1 TeV.
Therefore, Eq. (50) suggests a reasonable assumption

1
My, = =5 (037 + 025°). (51)

In this case, the model contains the complex scalar DM ¢
with mass m%m = m%wz = 120702

There are other seven CP-even Higgs components which
the squared mass matrix separates into two 2 x 2 and one

3 x 3 independent matrices. The 2 x 2 matrices are

2
2 A [ Uy Uy
CPevenl — A ’
2 \ o V2

I

corresponding to the two original base (Rx?’Rn‘{) and
(R,.R,,), respectively. The physical states of the first
matrix in (52) are determined as follows,

Rg, = cos HHRX? + sin HaRﬂg, MRy = 0,
Agv2
H, = —sin QHRZ(IJ + cos HaRng, m%il = mil = 2c§sz)(9 .
a
(53)

The physical states of the second matrix in (52) are

H, cosf, sind, R,
= . , (54)
H; —sinf, cosd, R,

where the mixing angle is

" A )2( 1 tan 20, = Utnlh +42) (55)
ME pevens = ( " ATao _EUXU’?</11+/12)> ' (45, +C+ By _A_%U%)
—30,0,( +4) o +C+ B
(52) and their squared masses are
|
my, | = % {A+D, 7 /(A= Do) + 5}2(4 = Dy)ig + 132 + 0303 + 1))} (56)

where Dy = p2 + B + C + 3 v2s.
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The squared mass matrix corresponding to the basis
(R (3),R17(1J,R§O) is

21))2{/113 /U)(UV[AS l)(éﬂ)(/ljg
2 _ 2
M¢peyen3 — U){ 1],]15 21}’7/117 /1'1‘51]77 Ve s (57)
2
ﬁval/ljg /1,151),7115 2)1‘::7}5

which contains a SM-like Higgs boson found by LHC. The
mass eigenstates will be discussed using simplified
conditions.

Let us summarize the Higgs content:

(1) In the charged scalar sector: there are two Goldstone
bosons #~ and y~ eaten by the gauge bosons W~
and Y. Three massive charged Higgs bosons are

1. ¢5, and ¢ . The remaining fields p;, ¢7, and
p5 are mixing.

(2) In the CP-odd scalar sector: there is one massless
Majoron scalar I, which is denoted by Gy,. For-
tunately, it is a gauge singlet, therefore, is phenom-
enologically harmless. Two massless scalars Iﬂ? and

Ly are Goldstone bosons for the gauge bosons Z and

7', respectively. There exists another massless state
denoted by Gy, its role will be discussed below. Here
we just mention that in the limit v, < v,, this field is
1 prx The massive CP-odd field are 7, , A; and other

two 1, , I, are mixing.

(3) In the CP-even scalar sector: There is one massless
field: Rg,, and in the limit v, < v,, it tends to RZ?'

P22

Combination of G, and R, is Goldstone boson for
neutral bilepton gauge boson X°, namely Gyo =

%(RG] — iGy). The massive fields are R, . H,, H,

and three massive R, R,, R and the SM-like Higgs
boson h. Note that there exists degeneracy in
Egs. (50) and (53) when the contribution arising
from Z, x Z, soft breaking scalar interactions is not
considered. Thus, the complex scalar ¢, has mass
given by Eq. (50), which is consistent with the
prediction in Ref. [19]. To be a DM candidate, the
condition (51) can be used to eliminate the terms
with large VEVs such as v, and Vg. As a result, the
mass of the DM candidate is

mi, == va A2l (58)

According [30], the weakly interacting massive
particles (WIMP) candidate has mass around
10 GeV, implying that 2’ ~ 0.04. To get the second
DM candidate, namely, ¢!, we have to carefully
choose conditions.

Equations (45) and (53) result in a new complex w
defined as follows

1
Cl):—(Hl—iAl), mi:

V2

Let us rewrite the Higgs content in terms of the mass
eigenstates mentioned above:

2
}LS U}{
2cos%0,

(59)

Gyo 2 L5 (v, + h = iGy)
e Gyf , p= %(R/)—llﬂ) s n~ GW‘ s
5 (v, + Ry —iGy) o »
1
(,08 = E(Rm —il, )~ (1,1,0,i,1,0) ~ DM candidate,
1 .
50:72(1;5+R§O—IGM)~(1,1,0). (60)

A. Simplified solutions

We have shown that the mass eigenstates of scalars have
been determined explicitly, except those relating to the two
3 x 3 matrices (38) and (57). By introducing some further
constrained assumptions to simplify these matrices so that
the physical states can be found, we will point out that the
parameter space of the model under consideration contains
valid regions, which are consistent with the experiment data
including the p parameter. To reduce the arbitrary of the
unknown Higgs couplings in the potential (Al), the
following relations are assumed first

M =2, Ais=hies Ao =4y, wi=wy (61
In the next steps, we just pay attention to find the masses
and mass eigenstates of the two matrices (38) and (57). The

other will be summarized if necessary.

1. The CP-odd Higgs bosons

Under the assumption (61), the CP-odd scalar sector

consists of four massless fields {I;r%” I,,Gy. G} and four

massive fields {A, A,, AsI,, }, as summarized in Table IIL
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TABLE IIl.  Squared mass of CP-odd scalars under condition in (61) and v, > v,.

Fields lLp=G1€Gy Lp=Gy lp=Gz Ip=A I,=A;, Iyp= As Iy =DM Ia=Gy
Squared mass 0 0 0 mj m3, m3, m%wg 0
TABLE IV. Squared masses of CP-even scalars under condition in (62) and v, > v,.

Fields Ry € Gyo Roy~H, Rp= h Rp=H, R,=H, Ryp=H; Ry=DM Rao=x~Hs
Squared mass 0 vy fAvy  mp =my m, m, m%wg = m%wg 3002

2. The CP-even and SM-like Higgs bosons

Now we turn to the sector where the SM Higgs boson
exists, i.e., the matrix in the basis (R){g), Rn?, Ry) is given by
Eq. (57). Let us assume a simplified scenario worth to be
considered is characterized by the following relations:

/15 = 113 = /1]7 = lgj = l}(é = j’ﬂzj = ﬂ, 7)5 = UZ' (62)

In this scenario, the squared matrix (57) takes the simple
form:

X

m2 =1 2
CPeven3 — X

1

(63)

Because v, > v,, the matrix (63) can be perturbatively
diagonalized as follows:

4.2
02 00
R{ EpevensR ~| 0 M 0
CPeven3MCPeven3 N CPeven3 = Uy ’
0 342
1420

RCPeven3 =

W=
N|—

(64)

Thus, we find that the physical scalars included in the
‘v 2
matriX mMepeyens are

|
—_
+
ot

|
&\ Wl
= o
N

(65)

T
“”|§ o
=
=

where /1 is the SM-like Higgs boson with mass 126 GeV
identified with that found by LHC, whereas H, and Hs are
physical heavy scalars acquiring masses at the breaking
scale of the SU(3), x U(l)x X Zy x Zy x U(1),, sym-
metry. Thus, we find that # has couplings very close to
SM expectation with small deviations of the order of
Z—ﬁfv O(1073). In addition, the squared masses of the
X
physical scalars # and H, 5 are given in (64).

Now, the content of the CP-even scalar sector is
summarized in Table IV.

Taking into account mass of the SM Higgs boson equal
126 GeV, from Table IV we obtain A ~ 0.187, which can be
used to calculate masses of the Hy s once v, is fixed.

3. The charged Higgs bosons

The charged scalar sector contains two massless fields:
Gyw+ and Gy+ which are Goldstone bosons eaten by the
longitudinal components of the W' and Y+ gauge bosons,
respectively. The other massive fields are ¢, ¢5, and ¢
with respective masses given in (39).

In the basis (p],p7,¢7), the squared mass matrix is
given in (38). Let us make effort to simplify this matrix.
Note that 47, 44, and p3 can be derived using relations (35)

and (62). In addition, it is reasonable to assume

2
v
L as]

(66)

Wy = —

o |>SM

we obtain the simple form of the squared mass matrix of the
charged Higgs bosons,

305 (4 + o) 0 Lo,
Margeas = 0 5 (0327 + Asvy) % VW)
Su,0, \/% VW) L2200

(67)

The matrix (67) predicts that there may exist two light
charged Higgs bosons H 1+,2 with masses at the electroweak

015004-10



SOME PHENOMENOLOGICAL ASPECTS OF THE 3-3-1 MODEL ...

PHYS. REV. D 100, 015004 (2019)

TABLE V. Squared mass of charged scalars under condition in (66) and v, > v,.

Fields i = Gy 73 =Gy H Hy by by '
2 2 2 2 2
Squared mass 0 0 m m i m ; m e m v m o

scale and the mass of H which is mainly composed of p;
is around 3.5 TeV. In addition, the Higgs boson H| almost
does not carry lepton number, whereas the others two do.

Generally, the Higgs potential always contains mass
terms which mix VEVs. However, these terms must be
small enough to avoid high order divergences (for exam-
ples, see Refs. [33,34]) and provide baryon asymmetry
of Universe by the strong electroweak phase transition
(EWPT).

Ignoring the mixing term containing 15 in (67) does not
affect other physical aspects, since the above-mentioned
term just increases or decreases a small amount of the
charged Higgs bosons. Therefore, without loss of general-
ity, neglecting the term with A3 satisfies other aims such
as EWPT.

Hence, in the matrix of (67), the coefficient A5 is
reasonably assumed to be zero. Therefore we get immedi-
ately one physical field p| with mass given by

1
The other fields mix by submatrix given at the bottom of
(67). The limit pj = H{ when A3 = 0 is very interesting
for discussion of the Higgs contribution to the p parameter.

The content of the charged scalar sector is summarized in
Table V. It is worth mentioning that the masses of three
charged scalars gz’)j, i=1, 2, 4 are still not fixed.

The potential including lepton number violations, i.e.,
Vil = Vine + Viny 18 quite similar to the previous one.
There are some differences:

(1) The masses of the fields receive some new contri-

butions.

(2) The complex scalar (pg has the same mass in

both cases.

(3) Majoron does not exist and its mass only arises from

lepton number violating scalar interactions.

(4) The mixing of the CP-even scalar fields is more

complicated.

B. Scalar contributions to the p parameter

The new Higgs bosons may give contribution to the p
parameter at one-loop level, as shown in many models
beyond the SM, such as the simplified models [35], the two
Higgs doublet models [36,37], and the supersymmetric
version of the SM [38]. In the 3-3-1 CKS model, we will
consider the effect of the Higgs contributions to the p
parameter at one-loop level. These contributions will be
determined in the limit of the suppressed Z — Z’ mixing and

the decoupling of the SM-like Higgs boson with other
CP-even neutral Higgs bosons. As a consequence, the one-
loop contribution of the SM-like Higgs boson to the p
parameter is the same as in the SM. Excepting for the
components of the scalar triplet p, the other heavy CP-even
neutral Higgs bosons do not couple with the SM gauge
bosons W and Z and thus they do not provide contributions
to the p parameter. Contributions of the remaining Higgs
bosons can be calculated using the results given in
Ref. [38]. In particular, contributions of any Higgs bosons
in our case to Ap are determined as follows
_ yw(0) _ 112(0)

Ap = , 69
"= "2 (69)

where Iy, (0) and I1,,(0) are the coefficients of —ig,, in
the vacuum-polarization amplitudes of charged and neutral
W bosons and Z gauge bosons, respectively. Our case
relates with only the contribution of “non-Higgs scalars”
¢, with masses m;, and coupling

ic 0, VF = il 0y — (D)) aIVE, (V= W.Z),

(70)
The corresponding contribution is
|
I(scalar) = @fs(ml, my), (71)
where
m2m3 m3
fslmy my) = fo(my,my) = ﬁ n[m—i]
1 2 1
1
+5 (mi+m3)
xIn(x) 14x
_m%fs(x)_m%<l_x+ 2 >7
2
m
.le = —% (72)
1

The function in Eq. (72) satisfies f(m;,m;) = lim,,,_,,, X
fs(my,my) =0 and f (my,my) >0 with m; # m,. As a
consequence, the charged Higgs bosons ¢f2,4 having
vanishing Higgs-gauge couplings with other Higgs bosons
give vanishing contributions to the p parameter. Nonvani-
shing contributions now may arise from the charged Higgs
bosons Hi, 5 corresponding to the basis (o7, p3’, ¢3) and
the CP-odd neutral Higgs relating with I , The relevant
Lagrangian is
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FIG. 2. Contour plots of the p parameter (dotted-dashed curves) and M (black curves) as functions of v, and m HY- The green regions
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In the scalar-gauge interactions of Eq (73), only the last
term contributes to ITyw(0), thus giving rise to a non-
negative contribution to the p parameter, which may make
the allowed M, mass to move outside the excluded region
recently reported by LHC searches [39]. On the contrary,
all of the remaining terms contributing to I1,,(0), give
nonpositive contributions to the p parameter. For illustra-
tion, we will consider a simple case where only positive
contributions to the p parameter are kept, namely pi ;=
His, ¢5 = Hy,I,=A, and R, are mass eigenstates. Then,
all contributions to I1,,(0) arising from the charged Higgs
bosons are proportional to f(m,, my) =0 with s = plij,
¢5 . In addition, the simplified condition (61) with 4; < 1

results in m? = m% , leading to a vanishing neutral Higgs
p P

boson contribution to I1,,(0): fs(mlﬂ, mpg,) = 0. The only
nonzero contribution has the form

2
g \/ZGF
B! = St sz me) = SEEE ).
(74)
where
19712
Am? = —my = =30~ O(F).(75)

Allowed regions of the parameter space for some specific
values of Am? are shown in Fig. 2. It can be seen that the
large values of v, are still allowed, thus implying that no
upper bounds are required. The allowed values of v, and
M 7 strongly depend on the lower bound of m e and mp ,

which may have previously reported from LHC searches.
Unfortunately, the Higgs triplets p containing the neutral
components p(z) with zero VEV, hence all of the three
components of p do not couple to the two SM gauge bosons
Z and W. This Higgs triplet also does not contribute to the
SM-like Higgs boson. As a result, all of the Higgs bosons
HF, R,, and I, are not affected by the following decays
searched by LHC: Hf —» W*Z, W*h and R,, I, >
W*W~,ZZ,Zh. These Higgs bosons do not couple with
the SM quarks [19], cannot be produced at LHC from the
recent channel searching [40]. Only the allowed tree level
decays to two SM fermions are leptonic decays: Hf —
V537, Vo34 and R/,, Ip — e;e; (i =1, 2, 3), which are also
searched by LHC, but the couplings of these Higgs with
SM quarks are necessary to produce these Higgs bosons.

Because the above Higgs bosons have couplings with
many new charged particles in the model under consid-
eration, their one-loop level decays to photons may appear,
thus making them interesting channels for their search at
the LHC, in particular these charged Higgs bosons feature
the following decay modes Hy — W*y, R, I, — Zy [41],
and R, I, — yy [42,43]. The heavy neutral Higgs boson
masses are predicted to be at the TeV scale, which is
outside the LHC excluded regions. Combined with the

relation (75), the mass of the charged Higgs boson H
should also be at the TeV scale. From Fig. 2, we can see
that M, > 4 TeV is allowed if Am? is large enough, for
example Am? > (0.246 TeV)>.

V. CHARGED LEPTON FLAVOR VIOLATING
DECAY CONSTRAINTS

In this section we will determine the constraints that the
charged lepton flavor violating decays y — ey, ¢ — uy and
7 — ey imposed on the parameter space of our model. As
mentioned in Ref. [19], the sterile neutrino spectrum of the
model is composed of two almost degenerate neutrinos with
masses at the Fermi scale and four nearly degenerate neutrinos
with TeV scale masses. These sterile neutrinos together with
the heavy W’ gauge boson induce the /; — [;y decay at one
loop level, whose branching ratio is given by: [44—46]:

3.0 s 2 2\ 12
ay,shm; m%, m%,
Br(l; » liy) = ————F—1|2G ! 4G 2,
tli = L) 256x%my, T; <m%[,,) - (m%vr>
2 3 5 2 _ 3 3
Glx)= - 2X =X O o (76)

4(1 - x)? 2(1 —x)*

In our numerical analysis we have fixed my, = 100 GeV and
we have varied the W’ gauge boson mass in the range
4 TeV < my < 5 TeV. We consider neutral heavy Z’ gauge
boson masses larger than 4 TeV to fulfill the bound arising
from the experimental data on K, D and B meson mixings
[28]. Figure 3 shows the allowed parameter space in the
my — my plane consistent with the constraints arising from
charged lepton flavor violating decays. As seen from Fig. 3,
the obtained values for the branching ratioof 4 — ey decay are
below its experimental upper limit of 4.2 x 10! since these
values are located in the range 3 x 107 <Br(u — ey) <
4 x 107"3, for sterile neutrino masses my, lower than about
1.12 TeV. In the same region of parameter space, the obtained
branching ratios for the 7 — py and r — ey decays can reach

1120F 1 \ i
1100 fedizmmsshonsnsdbanenmbennned = 1
: ‘ Brip-ey)
1080 [
= | ‘ | ‘ ‘ 4.0 x 1071
R ' ' | ' | 4 4 3.8 x - l3
9 1060} -1 W E— B Sl
= ; ! i | 1 1 3160~
g 3 : :_ L i 3.4 %1071
1040 -4 ------ o > = 55 o (1
! ! ; ! 3.0 x 107"
1020 F-4----=- S :
1000 L. e e . i
4750 4800 4850 4900 4950 5000
myy [GeV |
FIG. 3. Allowed parameter space in the mys —my plane

consistent with the LFV constraints.
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values of the order of 10~!3, which is below their correspond-
ing upper experimental bounds of 4.4 x 107 and 3.3 x 107,
respectively. Consequently, our model is compatible with the
charged lepton flavor violating decay constraints provided
that the sterile neutrinos are lighter than about 1.12 TeV.

VI. SEARCH FOR Z' AT LHC

In this section, we present two typical effects of the LHC,
namely, production of single a particle in proton-proton
collisions.
|

2

(DrellYan) g7
pp—)Z/ ( ) - 6C%VS KguL gMR /\/r
/N2 /2 _ln
+ [(9ar)” + (dur) ]/
ln
+ [(gdL + (9ur) /

Figure 4 displays the Z’ total production cross section at
the LHC via Drell-Yan mechanism at the LHC for \/§ =
13 TeV and as a function of the Z’' mass, which is taken to
range from 4 TeV up to 5 TeV. We consider neutral heavy Z’
gauge boson masses larger than 4 TeV to fulfill the bound
arising from the experimental data on K, D, and B meson
mixings [28]. For such as a region of Z’ masses we find that
the total production cross section ranges from 85 fb up to
10 fb. The heavy neutral Z’' gauge boson after being pro-
duced it will decay into pair of SM particles, with dominant
decay mode into quark-antiquark pairs as shown in detail in
Refs. [24,47]. The two body decays of the Z’' gauge boson
in 3-3-1 models have been studied in details in Refs. [47].

100

a(pp-2)[fb]

4400 4600 4800

M[GeV]

4200

0
4000

5000

FIG. 4. Total cross section for the Z' production via Drell-Yan

mechanism at the LHC for v/S = 13 TeV and as a function of the
Z' mass.

m2, m2,
Z' 5y 2 _ Z
/d( S (Y2 fp/d S

A. Phenomenology of Z’' gauge boson

In what follows we proceed to compute the total cross
section for the production of a heavy Z’ gauge boson at the
LHC via Drell-Yan mechanism. In our computation for the
total cross section we consider the dominant contribution
due to the parton distribution functions of the light up,
down and strange quarks, so that the total cross section for
the production of a Z’ via quark antiquark annihilation in

proton proton collisions with center of mass energy v/S

takes the form:
e, ,u2> dy

2 n12/
(M )fp/u( SZ
e‘>',/42> dy
ms, m,
(\/ Sze)”ﬂ)fp/s( S y’/ﬂ)dy

|

In particular, in Ref. [47] it has been shown the Z' decays
into a lepton pair in 3-3-1 models have branching ratios of
the order of 1072, which implies that the total LHC cross
section for the pp — Z' — ]~ resonant production at /S =
13 TeV will be of the order of 1 fb for a 4 TeV Z’ gauge
boson, which is below its corresponding lower experimental
limit arising from LHC searches [39]. On the other hand, at
the proposed energy upgrade of the LHC at 28 TeV center of
mass energy, the total cross section for the Drell-Yan pro-
duction of a heavy Z’ neutral gauge boson gets significantly
enhanced reaching values ranging from 2.5 pb up to 0.7 pb,
as indicated in Fig. 5. Consequently, the LHC cross section
for the pp — Z' — I* I~ resonant production at /S =28 TeV

3.0

25

2.0

a(pp—Z)[pb]

0.5F
O O Il Il Il Il
4000 4200 4400 4600 4800 5000
Mz[GeV]
FIG. 5. Total cross section for the Z' production via Drell-Yan

mechanism at the proposed energy upgrade of the LHC with
\/§ =28 TeV as a function of the Z' mass.
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will be of the order of 1072 pb for a 4 TeV Z’' gauge boson,
which corresponds to the order of magnitude of its correspond-
ing lower experimental limit arising from LHC searches [39].

B. Phenomenology of H, heavy Higgs boson

In what follows we proceed to compute the LHC
production cross section of the singly heavy scalar H,.
|

B asmiy, |(Rcpevens) ol

O pp—gg—H, (

647w)2(S

where f,/,(x;, 4?) and f,/,(x,, u*) are the distributions of
gluons in the proton which carry momentum fractions x;
and x; of the proton, respectively. Furthermore y = my, is
the factorization scale and /(z) is given by:

I(z) = /01 dx /OH gy =4 (77)

1 —zxy’

Figure 6 displays the H, total production cross section at
the LHC via gluon fusion mechanism for \/§ =13 TeV, as
a function of the SU(3), x U(1)y symmetry breaking scale
v,, which is taken to range from 10 TeV up to 20 TeV. The
aforementioned range of values for the SU(3), x U(1)y
symmetry breaking scale v, corresponds to a heavy scalar
mass my, varying between 4.4 TeV and 8.9 TeV. Consid-
ering the mass of the heavy scalar field H, in the range
8 TeV < My, < 8.9 TeV, it is reasonable to assume that it
will have dominant decay modes into W'W’ and Z'Z’ heavy
gauge boson pairs. On the other hand, for a heavy scalar

0.00012}

0.00010

0.00008 |-

0.00006 |-

0(pp—>Ha)Ifb]

0.00004 |-

0.00002

0.00000 |-

14000 16000 18000 20000

v [GeV]

10000 12000

FIG. 6. Total cross section for the H, production via gluon
fusion mechanism at the LHC for v/S =13 TeV and as a
function of the SU(3), x U(1)y symmetry breaking scale v,
for the simplified scenario described in Eq. (62).

m2 m2 m2
() 1)+ G
T 7,
X/ m%_[A fp/y S ey’//t fp/g S € Y
ln\/T

Let us note that the singly heavy scalar H, is mainly
produced via gluon fusion mechanism mediated by a
triangular loop of the heavy exotic quarks 7', J;, and J,.
Thus, the total cross section for the production of the
heavy scalar H, through gluon fusion mechanism in proton
proton collisions with center of mass energy /S takes
the form:

Jy
,/f) dy
|

field H, with mass in the range 4.4 TeV < My, <8 TeV,
based on Ref. [48], it is reasonable to assume that its
dominant decay mode will be on #7 pair. Furthermore, in the
region of H, masses considered in our analysis, the H,
decay into exotic quark pairs will be kinematically for-
bidden for exotic quark Yukawa couplings of order unity.
Note that we have chosen values for v, larger than 10 TeV,
which corresponds to a Z’ gauge boson heavier than 4 TeV,
which is required to guarantee the consistency of 331
models with the experimental data on K, D, and B meson
mixings [28]. Here, for the sake of simplicity we have
restricted to the simplified scenario described by Eq. (62)
and we have chosen the exotic quark Yukawa couplings
equal to unity, ie., y(7) = y1) = y(/2) = 1. In addition,
the top quark mass has been taken to be equal to
m, = 173 GeV. We find that the total cross section for
the production of the H, scalar at the LHC takes a value
close to about 10~* fb for the lower bound of 10 TeV of the

0.015F

0.010F

a(pp->Ha)Ifb]

0.005

0.000 |-

10000 12000 14000 16000 18000 20000
vy [GeV]

FIG. 7. Total cross section for the H, production via gluon
fusion mechanism at the proposed energy upgrade of the LHC
with /S =28 TeV as a function of the SU(3), x U(1)y
symmetry breaking scale v, for the simplified scenario described
in Eq. (62).

015004-15



LONG, HOP, HUE, THAO, and CARCAMO HERNANDEZ

PHYS. REV. D 100, 015004 (2019)

SU(3), x U(1)y symmetry breaking scale v, arising from
the experimental data on K, D, and B meson mixings [28]
and decreases when v, takes larger values. We see that the
total cross section at the LHC for the H, production via
gluon fusion mechanism is small to give rise to a signal
for the allowed values of the SU(3), x U(1)y symmetry
breaking scale v,. A similar situation happens at the pro-

posed energy upgrade of the LHC with /S = 28 TeV,
where this total cross section takes a value of 1.6 x 1072 fb
for v, = 10 TeV as shown in Fig. 7. Because of the very
small H, production cross section, we do not perform a
detailed study of its decay modes. It is worth mentioning
that the smoking gun signatures of the model under
consideration will be the Z’' production and the charged
lepton flavor violating decay u — ey, whose observation
will be crucial to assess to viability of this model.

VII. DARK MATTER RELIC DENSITY

In this section we provide a discussion of the implications
of our model for DM, assuming that the DM candidate is a
scalar. Let us recall that our goal in this section is to provide an

|

327% Am ZP W,

0.1pb

estimate of the DM relic density in our model, under some
simplifying assumptions motivated by the large number of
scalar fields of the model. We do not intend to provide a
sophisticated analysis of the DM constraints of the model
under consideration, which is beyond the scope of the present
paper. We just intend to show that our model can accom-
modate the observed value of the DM relic density, by having
a scalar DM candidate with a mass in the TeV range and a
quartic scalar coupling of the order unity, within the pertur-
bative regime. We start by surveying the possible scalar DM
candidates in the model. Considering that the Z, symmetry is
preserved and taking into account the scalar assignments
under this symmetry, given by Eq. (1), we can assign this role
to either any of the SU(3), scalar singlets, i.e., Re¢? and
ImgY (n = 1,2). In this work we assume that the ¢; = Img?
is the lightest among the Re¢? and Im¢? (n = 1, 2) scalar
fields and also lighter than the exotic charged fermions, as
well as lighter than W, thus implying that its tree-level
decays are kinematically forbidden. Consequently, in this
mass range the Im¢! scalar field is stable.
The relic density is given by (cf. Ref. [30,49])

2
17
vre10(@p = pp)K

s —4m

/i
5 (—)ds

thhgp

Qhn* = (ov)

El

A
< _2

ov)

where (ov) is the thermally averaged annihilation cross
section, A is the total annihilation rate per unit volume at
temperature 7, and ng, is the equilibrium value of the
particle density. Furthermore, K; and K, are modified
Bessel functions of the second kind and order 1 and 2,
respectively [49] and m,, = myy,. Let us note that we
assume that our scalar DM candidate is a stable weakly
interacting particle (WIMP) with annihilation cross sec-
tions mediated by electroweak interactions mainly through

|

(2” Zp W.Z.t,b, hgpm(pKZ(mq)))z

(78)

’

[

the Higgs field. In addition we assume that the decoupling
of the nonrelativistic WIMP of our model is supposed
to happen at a very low temperature. Because of this
reason, for the computation of the relic density, we take
T =m,/20 as in Ref. [49], corresponding to a typical
freeze-out temperature. We assume that our DM candidate
@ annihilates mainly into WW, ZZ, fi, bb, and hh,
with annihilation cross sections given by the following
relations [50]:

2 ps(14 2=
WW) — h2q § S _ ’
Vo (@ — ) 87 (s— mh) n m%lrz P
12 4
B s (14 -"0)

1),-316((01(,0] - ZZ)

167 (s —m2)? + m2T2

4m?

2\3
o Nedp o (1 _Tj)
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FIG. 8. Relic density QA?, as a function of the mass m,, of the ¢
scalar field, for several values of the quartic scalar coupling 4,2 2.
The curves from top to bottom correspond to 42,2 = 0.5, 0.7,
0.8, 0.9, 1, respectively. The horizontal line shows the observed
value Qh*> = 0.1198 [54] for the relic density. The vertical lines
correspond to the obtained lower and upper limits 300 GeV and
570 GeV, respectively, of the mass m,, of the scalar dark matter
candidate consistent with the experimental measurement of the
dark matter relic density.

where +/s is the center-of-mass energy, N. = 3 is the color
factor, m;, = 125.7 GeV and ', = 4.1 MeV are the SM
Higgs boson & mass and its total decay width, respectively.
Note that we have worked on the decoupling limit where
the couplings of the 126 GeV Higgs boson to SM particles
and its self-couplings correspond to the SM expectation.

The vacuum stability and tree level unitarity constraints
of the scalar potential are [51-53]

2
/1%12(/)2 < —ﬂhzt/l(/,zt. (80)

/’{h-’l > O, 3

/1(/)4 > 0,

),[/}4 < 871’, /lhzwz < 4r. (81)
The dark matter relic density as a function of the mass m,,
of the scalar field ¢, is shown in Fig. 8, for several values of
the quartic scalar coupling /1%[2(/)2, set to be equal to 0.7, 0.8
and 0.9 (from top to bottom). The horizontal line corre-
sponds to the experimental value Qh”> = 0.1198 for the
relic density. We found that the DM relic density constraint
gives rise to a linear correlation between the quartic scalar
coupling 4,2 and the mass m,, of the scalar DM candidate
@1, as indicated in Fig. 9.

We find that we can reproduce the experimental value
Qh? = 0.1198 £ 0.0026 [54] of the DM relic density, when
the mass m, of the scalar field ¢; is in the range
300 GeV < m, <570 GeV, for a quartic scalar coupling
/lhzwz in the window 0.5 < ihzq,z <1, which is consistent
with the vacuum stability and unitarity constraints shown
in Egs. (80) and (81). Note that our range of values
chosen for the quartic scalar coupling 4,2, also allow

300 350 400 450 500 550
my[GeV]

FIG. 9. Correlation between the quartic scalar coupling and the
mass m, of the scalar DM candidate ¢, consistent with the

experimental value QA% = 0.1198 for the relic density.

the extrapolation of our model at high energy scales as well
as the preservation of perturbativity at one loop level.

VIII. CONCLUSIONS

We have studied some phenomenological aspects of the
extended inert 331 model, which incorporates the mecha-
nism of sequential loop-generation of the SM fermion
masses, explaining the observed strong hierarchies between
them as well as the corresponding mixing parameters. A
particular emphasis has been made on analyzing the
constraints arising from the experimental data on the p
parameter, as well as those ones resulting from the charged
lepton flavor violating process u — ey and dark matter.
Furthermore, we have studied the production of the heavy
7' gauge boson in proton-proton collisions via the Drell-
Yan mechanism. We found that the corresponding total
cross section at the LHC ranges from 85 fb up to 10 fb
when the Z’ gauge boson mass is varied within a 4-5 TeV
interval. The Z’ production cross section gets significantly
enhanced at the proposed energy upgrade of the LHC with
V'S = 28 TeV reaching the typical values of 2.5-0.7 pb.
From these results we find that the pp — Z' — [T~
resonant production cross section reach values of about

1 fb and 102 pb at M, = 4 TeV, for v/S = 14 TeV and

\/§ = 28 TeV, respectively. These obtained values for the
pp = Z' = I"]~ resonant production cross sections are
below and of the same order of magnitude of its corre-
sponding lower experimental limit arising from LHC
searches, for /S =13 TeV and v/S = 28 TeV, respec-
tively. Besides that, we have found that Z’' gauge bosons
heavier than about 4 TeV comply with the experimental
constraints on the oblique p parameter as well as with the
collider constraints. In addition, we have found that the
constraint on the charged lepton flavor violating decay
u — ey set the sterile neutrino masses to be lighter than
about 1.12 TeV. We have found that the obtained values of
the branching ratio for the y — ey decay are located in the
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range 3 x 10713 <Br(u — ey) <4 x 10713, whereas the
obtained branching ratios for the ¢ — uy and 7 — ey decays
can reach values of the order of 1073, Consequently, our
model predicts charged lepton flavor violating decays
within the reach of future experimental sensitivity. We
found that the total cross section for the production of the
H, scalar at the LHC with \/§ = 13 TeV takes a value
close to about 10™* b for the lower bound of 10 TeV of the
SU(3), x U(1)y symmetry breaking scale v, required by
the consistency of the p parameter with the experimental
data. This value is increased to 1.6 x 1072 fb at the pro-
posed energy upgrade of the LHC with /S = 28 TeV, thus
implying that the total cross section at the LHC for the H,
production via gluon fusion mechanism is very small to
give rise to a signal for the allowed values of the SU(3), x
U(1)y symmetry breaking scale v, even at the proposed
energy upgrade of the LHC. We also analyzed in detail the
scalar potential and the gauge sector of the model.

The general Higgs sector is separated into two parts. The
first part consists of lepton number conserving terms and
the second one contains lepton number violating couplings.
The first part of potential was considered in details and the
SM Higgs boson was derived and as expected, mainly
arises from 7. We have shown that the whole scalar
potential, excepting its CP-even sector, has a quite similar
situation since the resulting physical scalar mass spectrum
is similar in both cases. The scalar spectrum contains
enough number of Goldstone bosons for massive gauge
bosons. In the CP-odd scalar sector, there are four massive
bosons and one of them is a DM candidate. The CP-even
scalar mass spectrum consists of seven massive fields
including the SM Higgs boson and a DM candidate. The
singly electrically charged Higgs boson sector contains six
massive fields. Two of them have masses at the electroweak
scale and the remaining one has a mass around 3.5 TeV. The
masses for the three charged bosons ¢i+, i=1,2,4 are not
|

4 2
Vine = upx'x + 1o o+ n + Y i i dr + Y i,
=1 i=1

fixed. The scalar potential contains a Majoron but it is
harmless, because it is a scalar singlet. Due to the unbroken
Z, symmetry our model has the stable scalar dark matter
candidates Reg? and Img@? (n =1, 2) and the fermionic
dark matter candidate W,. In this work we assume that
@; = Img) is the lightest among the Reg and Im¢)
(n =1, 2) scalar fields and also lighter than the exotic
charged fermions and than Wy, which implies that it is
stable and thus it is the dark matter candidate considered in
this work. To reproduce the dark matter relic density, the
mass of the scalar dark matter candidate has to be in the
range 300 GeV <m, <570 GeV, for a quartic scalar
coupling 42,2 in the window 0.5 < 42,2 < 1. In addition,
it has been shown in Ref. [19] that requiring that the DM
candidate ¢° lifetime be greater than the universe lifetime
7, ~ 13.8 Gyr and assuming m o ~ 1 TeV, we estimate the

cutoff scale of our model A > 3 x 10'° GeV. Thus we
conclude that under the above specified conditions the
model contains viable fermionic W and scalar ¢° DM
candidates. A sophisticated analysis of the DM constraints
of our model is beyond the scope of the present paper and is
left for future studies.
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APPENDIX: THE SCALAR POTENTIAL

The renormalizable potential contain three parts: the first
one invariant under group G in (1) is given by
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The second part is a lepton number violating one (the subgroup U(1) L, is violated)
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The last part which breaks softly Z, x Z,, is given by

L — 1308 + uZod ol + 13 (99)* + u3ds b3
+ W25 d5 + 13¢5 7 + Hee. (A3)

The total potential is composed of three above mentioned
parts

V= VLNC + Viny + [scalars

soft

(A4)

The scalar interactions needed for quark and charged lepton
mass generation, read as follows

Ligigesqel = 2ixpng + 310" pd3E° + apy 5 9 E°

+ wi (03)%¢) +war'pgs + Hee. (A5)

(A2)

For the neutrino mass generation, beside the first term in
(AS5), the additional part is given as

Luiggsneutino = A130¢'%)* + 45 (¢ x) (n"n)
+ [ (p'p) ' +1'x) + K77 +Heel.
(A6)

It is worth mentioning that for the generation of masses
for quark and charged lepton, only terms in the conserving
part V| nc are enough, while for the generation of the light
active neutrino masses, one needs the lepton number
violating scalar interactions of Vv as well as the softly
breaking part £54 [the last term in (A6)] of the scalar
potential.
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