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Abstract: We consider heavy neutral bosons in the 3-3-1 model with axionlike particles (331ALP), including the
Higgs boson and the Z’ boson, which lie beyond the Standard Model (SM). Based on gluon-gluon fusion at the LHC,
we investigate cross-section signals in the parameter-space region consistent with current experimental limits on
lepton-flavor-violating decays, including processes involving charged leptons and the Higgs boson, and we provide
predictions of m,, > 630 GeV. A new gauge boson, denoted by Z’, is constrained to have a mass above 5.1 TeV by
analyzing the cross sections of Z’-mediated processes in combination with experimental limits from searches for
high-mass dilepton resonances at ATLAS and CMS. We also consider the stability of odd-Z, particles, with Z, as-
sumed to be a residual symmetry after spontaneous symmetry-breaking stages, to identify dark matter candidates in
the model. By investigating the dark matter relic density within experimentally allowed limits, we establish a rela-
tionship between the dark matter mass and the axion-breaking scale.
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I. INTRODUCTION

The hypothesis of lepton flavor violating (LFV) pro-
cesses has been increasingly considered in explanations
of new physics, such as the polarization of r and the mixing
of charged leptons in the two last generations in T — 3u
decay at Belle-II [1], polarization probes of  and Hyper-
on in quasi-elastic scattering processes [2], and the influ-
ence of LFV interactions mediated by heavy scalars with
lepton number 2 (bilepton scalars) on supernova dynam-
ics [3], among others. The neutral lepton sector is well es-
tablished by the confirmed masses and oscillations of
neutrinos [4, 5], and the charged lepton sector is also con-
strained by the following branching-ratio limits [6—10]:

Br(u — ey) <4.2x 107, Br(t — ey) <3.3x 1078, W
(T > uy) <44x1078,
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and the lepton-flavor-violating decays of the SM-like
Higgs boson (LFVHD) also have experimental limits, as
given in [11-13]

Br(h — ut) < 107, Br(h — 7€) < 107, @
Br(h — pe) <6.1x107°.

The LFV processes are of greater interest in models
beyond the Standard Model (BSM), which contain
abundant sources of lepton flavor violation. They may ap-
pear alongside neutrino mass-generation mechanisms, in-
cluding two main types: effective operators [14—18] and
seesaw mechanisms [19—27]. Both types have yielded
good results regarding LFVHD, even showing that
Br(h — ut) can reach O(10™*) [28-31]. Theoretical stud-
ies have shown that LFVHD signals are much smaller
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than the experimental limit at the LHC [32], even with
contributions from Majorana neutrinos [33]. One study
also pointed out that the LFVHD signal at one-loop order
in BSM models is always smaller than 10~* because it is
suppressed by a loop factor and by constraints from
charged lepton flavor violation (cLFV) [34]. Further-
more, some studies have identified a parameter-space re-
gion that satisfies the experimental limits on both cLFV
and LFVHD, which is well suited for investigating other
phenomena, for example, predicting the signal (g—2), in
the parameter-space region satisfying the experimental
limits of LFVHD [35], and finding the signal of
Br(Z — e,e,) and comparing it with Br(h — e,e,) [36].
Moreover, to explain neutral-meson oscillations and rare
meson decays, tree-level quark FCNCs are often intro-
duced through a new neutral gauge boson Z’ and a sing-
let scalar. To accomplish this, a U(1)y symmetry is ad-
ded to the SM gauge group. An interesting consequence
of this model is that it naturally explains the discrepancy
in the measurement of the W boson mass reported by
CDF or CMS [37].

Recently, LHC experiments based on gluon-gluon fu-
sion at a center-of-mass energy +/s =13 TeV have yiel-
ded very noteworthy results. CMS searched for a heavy
neutral Higgs boson in the mass range of 200 — 900 GeV
in the ur decay mode, using a data set with an integrated
luminosity of 35.9 fb™'. The search set upper limits on the
production cross section multiplied by the branching ra-
tio in the range from 51.9(57.4) fb to 1.6(2.1) fb at 95%
CL [38]. Furthermore, searches for high-mass resonances
in the range of 250 — 6000 GeV have also been carried
out by ATLAS (139 fb™") and CMS (140 fb™"), and an im-
portant consequence is the relationship between the up-
per limit of the cross section times branching ratio at 95%
CL and the resonant mass of the heavy neutral boson [7, 39].
Based on this relationship, one can obtain mass limits for
heavy neutral bosons. This provides a promising theoret-
ical approach for predicting the masses of heavy neutral
bosons by investigating the product of the cross section
and the branching ratio in a specific model.

The 3-3-1 models can provide axions that are not only
naturally light but also avoid quantum-gravity effects by
introducing a local Zy (N =11, 13) symmetry [40—42].
The action of Zy, together with gauge invariance, particle
content, renormalizability, and Lorentz invariance, auto-
matically implements the Peccei-Quinn (PQ) symmetry
in the classical Lagrangian. The light axion mass is re-
solved by adding a gauge singlet whose VEV is at the ax-
ion symmetry-breaking scale of about 10'° GeV in a 3-3-
1 model with the gauge group SUB)c®SUQ3),® U(1)x®
Z,1®Z, [43]. A model established on the basis of the
gauge group and particle content of Ref. [43], differing
only in the action of Z, on the fields, has provided a fairly
complete Higgs-sector phenomenology [44]; it is called
331ALP for short. The 331ALP possesses many interest-

ing properties, such as the following: the physical states
of the axion-like particle and other scalar particles were
obtained, the scalar-sector masses were shown to lie in
the range of 100 GeV — 1 TeV based on numerical analys-
is, and rare top-quark decays, meson oscillations, and the
lepton-flavor-conserving decay of the SM-like Higgs bo-
son were also analyzed. However, LFV processes, the
masses of heavy neutral bosons, and dark matter have yet
to be considered in 331ALP. In this work, we address
these issues.

The paper is organized as follows. In the next section,
we review the model and give the mass spectrum of the
gauge and Higgs bosons. We calculate the Feynman rules
and analytic formulas for cLFV and LFVHDs in Sec. III.
The Z' boson and dark matter are discussed in Sec. IV
and Sec. V. Conclusions are presented in Sec. VI. Finally,
we provide Appendix A, B to calculate the amplitude and
show numerical results for 4;, — ur decays.

II. REVIEW OF THE MODEL

A. Particle content and discrete symmetries

The fermion sector of the model and its SUB)c®
SU3),® U(1)yx assignments are:

lﬁaL: (Va’la,(VaR)C)z"’(l’?’,_1/3)’1(113"‘(1, 1’ _1),NuR~(1, 150),
Q3L = (u39d3’ U3){~(3’3» 1/3)’ QnL: (dn»_un5Dn)[T:~(39 3*’ O)»

uaR~(3’192/3) s U3R~(3’132/3) adaR~(3s1’_l/3)7 DnR~(3’l’_1 /3)7
A3)

where n=1,2 and a = {n,3} are family indices. The Usx
and D, are exotic quarks with charges of 2/3 and —1/3,
respectively, the same as the usual u-type and d-type,
whereas N,z and v, are right-handed Majorana and Dir-
ac neutrinos, respectively.

We need three SU(3), triplet scalars, n,p,y to gener-
ate mass for gauge bosons and fermions as usual in 3-3-1
models with right-handed neutrinos [15, 45]. However, in
this case, we require an additional neutral SU(3), singlet
scalar, ¢, to generate mass for exotic neutrinos. There-
fore, the multiplet scalars and their vacuum expectation
values (VEVs) are given as follows [43, 44, 46]:

m | xi |
m X5
Pt 5
,0= pg ~(153a§)5¢~(1’1a0)’
3

“4)
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and
Vo
=\ o |.w=| 0 |.@= \5 :
0 % 0
Vo
= 5
(#) NG Q)

As shown in Eq. (4), n and y have the same quantum
numbers under the SUB3)c®SU3), ® U(1)x group. There-
fore, in the scalar self-interaction terms, non-Hermitian
terms of second order, such as 'y, or third order, such as
7'y, necessarily appear. These terms cause many diffi-
culties in determining the physical Higgs states. There-
fore, this difficulty can be eliminated by introducing Z;,
into the gauge group [40]. There are several different
ways to assign Z;; charges to eliminate non-Hermitian
terms, but in this work we adopt the same choice as in
Ref. [44]. Then, the fields transform under Z,; as follows:

031 — wo Qs
Yar = OWar, ¢ — 079,
dur = Wydar,p — W' p,
(lar> Usg) — w; (lars Usp)  x — wgl)(,
Dy = wyDyg, O, = w5 Qur.,

1 -1
Ugr — wsuaR,T] - 0.)5 , (6)

i27m

where wmzezn ,m=0,+1---+5 are the charges of the
Z, group.

To generate masses for most SM fermions at tree
level, we use Yukawa interactions involving the scalar
triplets n, p and their VEVs, as given in Egs. (4), (5). A
convenient approach is adopted in which p generates
masses for charged leptons and down-type quarks, while
n generates masses for up-type quarks. In addition, exot-
ic fermions such as Us; g, D,z can also acquire masses at
tree level through the VEV of y, and the gauge singlets
N,z may acquire masses through the VEV of the ¢ field.
The remaining fermions are the active neutrinos of the
SM, which can acquire masses through a type-I seesaw
mechanism based on couplings with N,z. To accomplish
this, Z, is added to the gauge group to eliminate un-
wanted Yukawa interactions. On the other hand, Z, also
contributes naturally to PQ symmetry to create a stable
axion state [40]. The Z, symmetry distinguishes the
particles in the model into two classes, even and odd, cor-
responding to charges of 1 and —1. The odd fields of the
Z, group are given as [44]

(U,P, Ugr ,daR’ laR’NaR) - - (7] »0 5 UaR ’daR’laR’NaR) . (7)

By introducing the discrete groups discussed above,
the full gauge symmetry group of the model is SU(3)¢®
SUB)®U(1)x®Z,1®7Z,. Under the transformations of
this group, the particle assignments are summarized in
Table 1.

From Table 1, one can derive the Yukawa interactions
of the model, which consist of two parts corresponding to
quarks and leptons, where terms that do not preserve the
charge of the gauge symmetry group are excluded. The
Yukawa couplings invariant under the SU3)c®SU(3).®
U()x®Z1 ®Z, symmetry are given by [44]:

Ly

2
_‘Lg =1 Q-SL U3RX + Z Uz)np Q-nLDpRX*

n,p=1

3 2 3
+ Z (V3)3q Q3rUar + Z Z )i Onrdirn”
i=1

n=1 i=1

3 2 3
+ Z (5)3; Qsdirp + Z Z 6D Quittirp”

i=1 n=1 i=1

®)

303 3.3
L = Z Zgij‘ziLljRp + Z Z ) ij JinNjr

i=1 j=1 i=1 j=1

3 3
+ZZ(.YN),‘/‘¢N§3N/'R+H.C. (9)

=1 j=1

We can readily see that the Lagrangian in Egs. (8), (9)
is invariant under all elements of the gauge group, includ-
ing the usual Z, group. We emphasize that the transform-
ation under Z,, as given in Eq. (7), differs from that in
Ref. [43], where y, D, Usz are odd. Of course, choos-
ing the action of Z, as in Ref. [43] or as in Eq. (7) does
not change the Yukawa interactions in Eq. (8), (9). Ac-
cordingly, y couples only to exotic quarks and is respons-
ible for generating masses for particles outside the stand-
ard model, except for Nz. The masses of N,z are gener-
ated through v, of the gauge singlet ¢. Active neutrinos
acquire masses via a type-I seesaw mechanism based on
the 2nd and 3rd terms of Eq. (8). The mass matrix in the
basis (V.r, Nag) 18

. 05 M)
M = (MD)T My ) (10)

D
V,
where MP = % and My = ‘/EYNV(;) are 3x3 matrices.
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Table 1. The SUB)¢®SUB).®U(1)x®Z;; ®Z, charge assignments of the particle spectrum in the model, with a =1,2,3 and n=1,2.
O Os Uar dar Usg D, Yar lar Nor n X P ¢
SU@B3)c 3 3 3 3 3 3 1 1 1 1 1 1
SUQ). 3 3 1 1 1 1 3 1 1 3 3 3 1
7 VT YRS U S - S U S S SR SR S SR
3 3 3 3 3 3 3 3 3
Zn wy! wo ws wy ws wy w; w3 w;s! w;3! wy! w;y! wy!

Z, 1 1 -1 -1 1 1

The masses of the active neutrinos are then given by the
type-I seesaw mechanism as [47]

m, = MPMy' (MP)". (11)

Next, we consider the role of the scalar VEVs in gen-
erating particle masses in the model. First, the VEV v,
breaks the Z;; symmetry, which gives rise to the axion-
like particle and inflation. Second, the VEV of y breaks
the flavor symmetry SU(3); to the subgroup SU(2), and
generates masses for the exotic fermions. Third, the two
remaining SU(3), triplet scalars, # and p, generate masses
for the SM particles, as in the usual 3-3-1 models. To il-
lustrate this more clearly, we present the following sym-
metry-breaking scheme:

SUB)c®SUQB)LU(1)x®Z(11)®2Z,
Lve
SUB)c®SUB),@U(1)x®Z,
Ly

SUQB)®SUR2),@U(1)y®2Z,

LV v
SUB)c@U1),®7Z,. (12)
3 |- \/j
W# + %Wﬂ +1 §XB#
_8 - ;
Py - 5 \/EWH _W: +
V2xy:

in which we denote = % and define the mass eigen-

states of the charged gauge bosons as follows:

Clearly, Z, is a residual symmetry after the stages of
spontaneous symmetry breaking, and it plays a crucial
role in identifying stable particles in the model, including
potential dark matter candidates.

B. Gauge bosons

We consider the structure of the gauge bosons arising
from the nine gauge fields of the electroweak group
SUB).®U(1)x, as well as the masses of these bosons de-
rived from the scalar VEVs. They all originate from the
scalar kinetic terms, which take the familiar form

L= ) (D')'D,S,

S=x.n.p.¢

(13)
where D, is the covariant derivative, defined as follows:
D, =8,-igT* W —igxXT’B, = 8, ~iP,,

(14)

I
where T° = i;g , with I,; denoting the 3 x 3 identity mat-

rix; W¢ (a = 1,8) are the gauge fields of SU(3)., B, is the
gauge field of U(l)yx, and g and gx are the gauge coup-
lings of the two groups SU(3), and U(1)y, respectively.
2
to the triplet representation, can be written as follows:

Furthermore, the matrix W*T“, where T = — corresponds

V2w V2x$
(. 2 _
ﬁwﬂ +1 gXBﬂ V2y, , (15)
2 2
2y —\/§W§+t\/;XBy
+ 1 1 — w2 + 1 6, w77
WH = 72 (Wu +1Wu) ’YH = 72 (Wﬂ +1WH)’
1 1
0 _ 4 75 0% _ 4 5
X) = 72(W#—1Wu),X# —$(WH+1W#) (16)
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After spontaneous symmetry breaking (SSB), the e g 0 412l = g 02 +12) (19)
mass spectrum of the gauge bosons arises from the fol- XOT 4 T Ty T Y T
lowing kinetic terms:

and their mass splitting from the W boson is [48]
Loass = Y (DS (D). (17)

S=x.n.p
Iy, — miyol < my, .

The W boson is identical to that in the SM, and its

mass is given by From Eq. (18), it follows that
2
ml, = gz(vg +12), (18) V2412 =12 = 246> Ge V2. (20)
while the two bilepton gauge bosons (X,Y) acquire In the basis (W;,W;.B,), the squared mass mixing
masses as follows [48]: matrix of neutral gauge bosons is

2

2
8 2, 2 8 2.2 88x , » 2
=+ - - +2
4 (V’I VP) 24 \/g(v'l VP) 6 \/E(Vﬂ vp)
Mg = L) lig\zz(zvg 2o | @1)
‘g—i(vf] +472 +07)

[
The matrix M3 has three eigenvalues which belong defined as below:
to photon 4 and Z, Z’ bosons, respectively:

mi =0, Au Cp, 1S, SB1SB2 WZ
— 8
. OL 28V 42 Zo =1 T s e Wa |
m, = s ’
27218202+ + ) + 02 +d2 ) (22 Z, 0 -5 B,
2 2 (23)

8 8
my = ?(V,ZI + VIZ) + v)z() + S—Z(vi +4vﬁ + v)zc) - m% .
where, we denote ¢, = cosg, s, =sing, t, =tangp and the
The physical states of these neutral gauge boson are mixing angles are given by:

6 V21w (v2 =202 = 212)
215 (V2+ 42 +12) =902 +v2 +4v2)

lop, =

, 3 \/gcw (B (v,zi - /2,) +2tan? 6y (vfi - 3v,2]v§ - SV,ZI )2( - 7vﬁ )2( - 4v;‘,))
28, = — >
2 (BctW — 2ty (v,27 + 4\/’2) + v)z())2

72 (vf7 - 2vf, - v)z()2

(V2—202-202) (A=263, (2 +4v2+12) +45 (2 +12) —=36v2) 4 [ 1+

(24)
with s,, = sinfy, Oy is Weinberg angle as known, and
A= \/(2f%v (vf, +4v2 + v)z() +9 (v,z7 +v2+ 4\/)%))2 —18(n2v2 +v2vZ +v2y2),
B=9(v§+vlz)+4v)2() -A. (25)
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In the limits v, > v,,v,, the mixing angle 8, is very
tiny, approximates zero, while the mixing angle g, is re-
defined as:

6Vt

1 ~
TR 18

: (26)

C. The scalar sector

We recall that the scalar self-couplings can include
non-Hermitian terms such as n'y, x'n¢*, and (y'n)?, be-
cause # and y have the same quantum numbers, as given
in Eq. (4). However, following the assignments intro-
duced in Refs. [40, 44], we eliminate these non-Her-
mitian terms by extending the gauge group with Zj;.
Next, we only need to add the Z, group to automatically
implement the PQ symmetry, thereby ensuring that the
axion is naturally stable and light. The action of the Z;;
and Z, symmetries in this work is the same as in
331ALP, as mentioned in Ref. [44]. The Higgs potential
then contains only Hermitian terms, as follows [44]:

V =p38" ¢+ x x + i o+ o' n+ 4 (¢ x)’ + L('n)?
+A3(0"0)* + A W M) + 0 X)) + A6 M)
+ L0 M0 ) + 450 ) ) + (') (")
+410(8" ) + A (8" ) x) + 12(¢" )0 p)
+ (@ D)) + (e mp g+ He.) .
(27)

These scalar fields should be expanded around their
VEVs as follows:

1 . 1 .
pg: ﬁ(VP+R;+115)’n?: \/E(V'?+R’17+1]l;)7
1 1
0 3,373 .
= W, +R +il), 0 = —(vs+ Ry +1l,). 28
X3 \/E X Y X ¢ \/§ 4 ¢ ¢ ( )

Substituting (28) into (27) yields the following condi-
tions for the minimum of the potential:

y§+ﬁ3vi+%vi+%vz+%vj+%=0,

o
p§+/lzv5+%vf{+%vﬁ+% §+%=0,

n
i+ S D ;‘%zo,
My + vy + vy %ﬁ %vz A0, @)

where A = A,v4v,v,v,.
The Higgs potential in Eq. (27) yields the mass mix-

ing matrix of the charged scalar fields. Diagonalizing it
gives the physical states and masses of the charged Higgs
bosons. The result is similar to that in Ref. [44]

2, .2
» _ VA 2 _ W) A
Mmy= = 22 /19 s My = D) /lg N
I 2 vavy 2 2 vive

(30)

. .. VoVy VoVn
with the conditions Ao > 4g—=, Az > 4,—— and
VoVy VeV

Gy \ [ ¢ —Sa o5
Hy S¢  Ca o)
H2i S, Co P§

1%
where the mixing angles are defined by f = Vl and
P

v
lg, = vi’ while Gy, and G are the Goldstone bosons asso-

ciated ‘with the longitudinal components of W* and Y*,
respectively.

Next, we consider the mass matrix of the CP-odd
scalars. According to Eq. (4), there are six initial pseudo-
scalars (12, I;, 1, I)i, Iﬁ, 1,1,). However, they can be separ-
ated into two uncoupled bases [40], depending on the
scalar VEVs in (28) and the Higgs potential in (27). The
first basis is (I, I}), corresponding to a 2x2 mass mat-
rix, and the second basis is (1, I;, Iﬁ, I,; ), corresponding
to a 4 x4 mass matrix. The mass matrix in the first basis
is easily diagonalized, yielding two physical states, but
these are neglected because they are not significantly rel-
evant. In this work, we focus on the 4 x4 mass matrix in

the (I, I, I2, I!) basis, whose form is [44]

0 tpr
1 1 1 1
Vi VeVy VeV VeV
1 1 1
A V2w, v
M= v Nl (32)
vioovy,
1
vy

We can use the Euler method to exactly diagonalize
the mass matrix in Eq. (32), as shown in Ref. [44]. The
results include two massless states, namely G, and Gz,
which are absorbed by the Z and Z’ bosons, respectively,
as well as a massive pseudoscalar and an axion. In a con-
text similar to that discussed in Refs. [40, 49], the model
under consideration also possesses an automatic PQ sym-
metry in the classical Lagrangian, under which we can
eliminate the trilinear terms in the Higgs potential. Fortu-
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nately, this can be achieved by adding Z, to the gauge
group, as mentioned above. To obtain a stable axion, we
add Z;; to the gauge group to prevent the PQ symmetry
from being broken by gravitational effects. Interestingly,
both Z;; and the PQ symmetry are automatically imple-
mented, resulting in a naturally light axion in the model
[49]. However, unlike in Refs. [40, 43], the axion state
obtained in this work is a combination of (I, I;, IZ, I,;).
The relationships between the CP-odd scalars in the phys-
ical states and the interaction states are given below:

3 2 1
a=I¢C%—I)(se}s%—Ips(,69359¢—]nc(,093s9¢, (33)
Gy =Py —Psase.—1'cys (34)

7 — X 63 poa 03 nta 635
_n 1
Gz = Lico—1,Sa, (35)
3 2 1
As =1y5q, +1ng3cg¢ + IpSaC93C9¢ +1"CHCg3C9¢ s (36)

with a given above, the two remaining angles in this sec-
tor are:

v
Iy, = J|Ca|,f9¢ =

Vi 1 1 (37)

Because of the hierarchy of the VEVs, v,,v, <v, < vy,
assumed from the outset, the mixing matrix derived in
Eq. (36) involves only three angles, a, 65, and 6, togeth-

1 1 1 1
er with one parameter, | = +— +— +— |, which ap-
V¢ VX Vp V,7
pears in the expression for the As mass in Eq. (38). Fur-
thermore, the mass of the new massive CP-odd scalar

field As is given by:

Al 1 1 1 1 AgVsV
miSZ—* 7+7+7+7 Q—M.
2 \vy v v,y S2a

X

(38)

Equation (38) shows that the values of 14 should be
negative. It is emphasized that both the squared mass
mixing matrix in Eq. (32) and the mass of the As field
arise from the last term in Eq. (27), which appears only
because of the specific discrete symmetry Z;;®Z, im-
posed on this model from the beginning [40]. Here, the
axionlike particle a is massless and is given by the com-
bination of four CP-odd neutral scalar fields, I, I;, If),
and I}, as in Eq. (33). Due to v, < v,, the values of 7, as
well as sy, go to zero, while ¢y, = 1, which implies ap-
proximately that a = I,.

Similarly to the pseudoscalar sector, we also have six
original CP-even scalars divided into two uncoupled
bases. These two bases are (Rg, R)'() and (R, R;, Rf), R,‘7).
The mass matrix in the (R}, R}) basis is easily diagonal-
ized to yield the particle masses because it is a 2 x 2 mat-
rix. The mass matrix in the remaining basis is 4 x4 and is
difficult to diagonalize because it has nontrivial eigenval-
ues. We can use the Hartree-Fock method to diagonalize
it, as shown in Ref. [44]. In this way, the original 4 x4
matrix is diagonalized successively through three unitary
matrices. The three rotation angles characterizing those
matrices will be used as dependent parameters in the nu-
merical investigation below. We return to the mass mat-
rix in the (R}, R, R}, R,) basis, whose form is given in [44]

FRE A AV AgWyvs davyyy N AgVpvs  ApVpVy N A13vyvy
a4 4 4 4 4 2
A A A A
/l3V/2)—% oVnVs | AsVoVy Pvyvy 4 212V%Ys
V2= V2 4 2 4 2 (39)
L ) Apvyv,  Anvyvg
api-— e T
o2 4 2
LoV2 — 2
IOV¢ 4\);
The three rotation angles used to diagonalize the matrix
i ; 4 +2A5v22
M2 in Eq. (39) using the Hartree-Fock method are fray = v (A Svf’v)(z ) ) (41)
Cay (&2{—4/11\/;4()
4o vV, (A + AgV2V2) 1
lay = A2 2 ﬂs 2” p4 2,2 nzp/l 2 2)° (40) 2ay = 1 (42)
Co,Vy = AVs +Aviva (v, — 3¢, v7) iV
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After diagonalization of the M3 matrix, four physical
CP-even Higgs states are obtained. Two particles have
masses at the electroweak scale (%;,h,), with the lighter
one (k) identified as the SM-like Higgs boson. The re-
maining two particles are expected to be heavier, one
with mass proportional to v, and the other at the v, scale.
These physical states are

I 2 3
hy = Ry Cay + RS0y Cay + R Say SasCay — RoSay Sas Sarg » (43)

2

hy = Rl,ca2 +R[2)s(,2 , wWith mﬁ]’h ~ A+

2
1 2

hy = =R, Sa, + R;Ca, ,

2

A
. p3 : 2 2 5 2
H, ~ R cq,, with my ~ 2/llv)(+ 2/llvp’

O =~ Rycy, , Withmg = /210vy.

In comparison with the 4 x4 mass-mixing matrix of
the CP-odd sector, which contains only four parameters
and has three massless solutions, the matrix in Eq. (39)
has ten parameters and cannot be diagonalized exactly.
To address this problem, we use the Hartree-Fock meth-
od under the conditions v,>v,>v,v,, 1, <1, and
Sqy ® 0.

With this VEV hierarchy, the derived matrix contains
three angles, a», a3, and «,, and three parameters associ-
ated with the masses of the new fields @, H,, and h,. The
field H, is a heavy scalar boson whose mass should be at
the TeV scale. The field ®, with a heavy mass of order
vy, might be used to explain inflation in the early Uni-
verse [44, 46]. We can estimate v, by preserving the PQ
symmetry against the effects of quantum gravity through
the addition of the Z;; group. In/cvieled, Z,; can eliminate

effective operators of the form NS for Zy, N =11, and
Pl

make the PQ symmetry an automatic symmetry of the
classical Lagrangian. We require that the Peccei-Quinn

solution to the strong CP problem be maintained, which
N
Vo ~11 .
—~vara— =107, We recall that the in-
M Aep

2

means that 6 ~

D
and

stanton-induced axion mass is given by 7, ~

that Mp, is assumed to be 10" GeV [41, 42, 49]; there-
fore, v;~10"GeV when N =11. Unfortunately, the
fields ® and H, are almost devoid of lepton-flavor-violat-
ing interactions, based on Egs. (9), (40), (47). Only two
lighter Higgs bosons, denoted by #; and h,, are involved
in lepton-flavor-violating processes, which we consider

My

1 2 3
hy = =R, Say + R;CayCay + R Cay Say Cay = RyCay Sas Sy » (44)
2 3
HX = _Rpsa3 +R)(Cl}‘3 Cay _R(pcag Say » (45)
3
® =R, Sa, +RycCq, - (46)

In the limit v, > v, > v,,v,, these physical fields have ap-
proximate forms and corresponding masses as follows:

/l3mf,5 (v4 - 2v%v/2))

4 2 (14222 _
my, + A3 (v 3\/,,\/[,)

b

2

(47)

below. Both particles have masses at the electroweak
scale, and the lighter one, h;, is identified with the SM-
like Higgs boson.

III. LEPTON FLAVOR VIOLATING DECAY OF
CHARGED LEPTON AND CP-EVEN HIGGS
BOSONS
In this section, we focus on the lepton-flavor-violat-
ing decays (I, — l,y) and (H — l,l,), H=h, h,. These
channels are closely related because they share a com-
mon source of lepton-flavor violation. Based on existing
experimental constraints, we identify suitable regions of

the model parameter space in which interesting phe-
nomenology and signatures of new physics may arise.

A. Couplings and analytical form related to LFV
processes

All lepton-flavor-violating interactions can be de-
rived from the Lagrangian given in Eq. (9). We rewrite
them in a convenient form as follows:

— — —C
_‘E{eplon = ZabWarlbrp+ (Y?)ab N+ N gy ON xNor+H.C.,
_ < — —C
= 8ab (VarP} +1larP) + (V) a1} lok + (Y8) ety BN oz Nir
+ (ye)ab (%LU? +7{,L)7§ +7§aLn2) Ny +H.c.

(48)

The lepton mass-mixing matrices are given by
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Lmass gllvaZ ! (yN)ah Vo
~~“~Lepton — \/E aLlbr +

\/z NSRNbR
+ (yVD)ab Vn_
2

VarNpr +H.C., (49)

with the corresponding assignment:

_ 8abVp

m; =
la _\/§

Y

V2

6ab’MyD=y\lz) ,MN = \/§va¢’ (50)

and

2 2MP M,
\/_ml 6ab’ny = v_ - s YN = N . (51)

N
P Y \/§V¢

a

8ab =

Substituting these expressions into Eq. (48), we ob-
tain the corresponding results for the first and second
terms on the right-hand side:

gabJaleRp = &ab (VaLpIr +ZaLp(2) +@a[p;r) le

\/Eml

a

= 6ab (VaLpIr + ZaLP(z) + @amg) le

P
\/zml
D

Vp

- V2 (MP
(y‘['))ab W MNor = (V>ah (
n

_Vam),

1%

n

In Eq. (52), we used the supset (D) notation to indic-
ate the omission of irrelevant interactions that arise when
transforming from the interaction basis to the physical
basis. The remaining terms are couplings relevant to LFV
processes.

In agreement with current experimental observations,
charged leptons are assumed not to oscillate, and active
neutrinos acquire masses through a type-I seesaw mech-
anism. We define the transformations between the flavor
basis {I,z}, {n/}={v,,, (W)} and the mass basis
{Lar.r}s i} = Var, (Nap)):

“ 6ah (VaLlhRSQHT + @aLlhRC(-)l H; - ZaLlhR (hZCaz + hl Saz)) >
Vol + L1y + Vi 713) Nor

(—17“1‘ (hlcaz — hzsaz) +ZuLH;Ca) NbR~ (52)

Lo = lars g = Lars 1y = Ui, ”ﬁ = U;Z”gu
o MP (53)
where U’ = ,
(M2 My

where M? and My have the same form as in Eq. (50).
From the above expansions, we present the lepton-fla-
vor-violating couplings of this model in Table 2,

where

3 2 2 3
/1th1+[.11* = -V (—CQ2 (/l(, +/19)CQ + 8o Sa, (212 +/19)C(l —Cay S, (2/12 + /lg)C(y + 5,5, (/l(, +/19)) R
A - =— AeC2 + 52 A5) + 20,62 + 52 (As+1g)) + Ag + pi
th;H2 - S(rsazv 6691 S(yl 5 C(tcazv 2Cy] Sel 5 8 C(.)ngl Carzv)( 8 Sazv(b @)

Ap iy =V (S0, (Ao + A9) )+ Cay o (2 + A9) €y + 5250, (22 + Do) Co + Cay 5, (Ag + o))

Apy i H; = Sa (Cgl Sg,Vydg +CoV (2/12c§1 + sél (A5 + /18))) + Cq, (sc,v (/lécél + sﬁl /15) — Ca, So, v¢/l¢) . (54)

In the framework of 331ALP, there are no trilinear
couplings of the form [,y (a # b). This can be verified
directly from the kinetic term, Lj7 . =—io D) .

Therefore, the decays (I, — I,y) arise only at the loop
level. Based on Table 2, we determine that the particles

contributing to the loops in these decays can be the fol-
lowing: (vo,W*), (vo,V*), (vo.H7,), and (N, Hy). The
left- and right-handed components of the amplitude for
(I, = l,y) are expressed in terms of the PV functions giv-
en in Appendix B.
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Dan = Dianyr (mvavmW) + Diap)r (mv“’mV) + Danr (mva»mﬂfz) + Danr <mNa,me) )

(55)

Danr = Dianr (mva’mW) + Diavr (mva»mV) + Davr (mva,mez) + Diavr (mNa,me> .

The total branching ratios of the cLFV processes can
be written based on Refs. [22, 29, 50, 51] in the form:

487
p

BrTOlal(la N lb'y) ~ Gi (‘—Z)(ab)R ’2_'_ ’D(ab)L‘2> Br(la i lbvbya)s
F

(56)

where G = g%/(4V2m?3,). For decays of different charged
leptons, we use the experimental data Br(u — ev,v,) =
100%, Br(r — ev,v,) =17.82%, Br(t — uv,v.)=17.39%
given in Refs.[4, 5, 8].

The couplings in Table 2 are determined by the char-
acteristics of the model under consideration. Therefore,
we obtain the following interesting results: i) N,[,H; =0

implies that diagram 6) receives contributions only from
¥, ii) N, does not interact with charged gauge bosons,
so diagram 8) gives no contribution in either the k; or A,
case. Therefore, all one-loop Feynman diagrams for the
decays H — I,1,, (H = hy, hy) are shown in Fig. 1, and the
corresponding amplitudes are presented in appendix B.
The partial width of H — [%]] is

TH- L) =TH—- L)+ TH- )= % (AL P+AL" ) .
(57)

We impose the following conditions on the external
momenta: p2, =m?,, (p,+ py)* = my, and m; > m’,. Un-

Table 2. Couplings related to the LFV process in 331ALP. All couplings were considered only in the unitary gauge.
Vertex Coupling Vertex Coupling
Vol HY lpvaH, VAU, P VRV Ren ValoHy valoHy iV2U Ty Pas iN2U}, S Py
P P
- . MPy; MP)ay . MP)ay . MD),
N H NI H iV py iy M p, vNe Ny ivaug e iy M p,
v,

n n

ivam,  ivV2m,
S, C

s

Ll Ll

@

Vp P
5L, W 7L, Y 8 (pyenp
Valo W, s Valp Ly E ¥ PL
- - igm igm
W}HW)‘ hl’ W‘“ W# hz ¥ (Carcuz - S(ysrrg) i L (Casnz —Cay Sa)

2 2
hyHE Wi, by H W=

hH{Hy ,hH; H; =1 1,1y » =10, Hy 1y

ig ig
—5(170 - pp) (Cdg So + Casng) B _E(p(J - pp) (Crrcag + S(ls()‘z)

n n

(MN)ap 1856,

N +YH— I —
N,Nyp, H,H;Y Vveer, 20 (Po—pp)

o _ ig .,
LWy, v YY, ﬁUab’yNPL
YUYy, YR Y By B s Y S

2 2

- - ig ig
th‘zy‘l ’h2H2+Y“ —E(Po —sz)cagcm»—i(l’o _pp)c(h Say

+ - - : :
hyH{ Hy ,hoHy H; —1Any 1y 1y =1y

.
- 3 ™
W=(Y i': ff‘\'
H ™
———————— -i'}:"w mng
L
1y
b +
1 I
1 h
[ I

Hi,
I‘(b,l r?:
Fig. 1.

la

R —

n;

(8) (9) (10)

Feynman diagrams at one-loop order for the decays H — [,/, in the unitary gauge, where H = {h,,h,}.
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der these conditions, the branching ratio for the decay
H — X[} is given by

Br(H — Lly) = T(H — I,1,) /T (58)

We need to determine s, which can be constrained
using current experimental data on the SM Higgs boson
[52]. Its main contributions are

9% = I(H — bb) + [(H — ¢¢) + T(H - 77)

+T(H— W'W)+T(H - Z*Z)

+I'H—- gg)+I'(H— yy)+T'(H - Zy). (59)

We focus on the SM Higgs boson with a mass of
125.09 GeV. The branching ratios for the channels in Eq.
(59) are given in Table 3 [53], and the total decay width
(T3M) is approximately 4.1 x 107 GeV [54, 55].

For the CP-even Higgs bosons of the BSM, we can
estimate T%9%! using a method similar to that presented in
Ref.[56]. Accordingly, the partial decay width for each
channel in Eq. (59) is determined from the branching ra-
tios in Table 3, combined with a comparison to the cor-
responding quantity in the SM. Applying this procedure
to the case H = hy, h, in this model, we present the coup-
lings of H to quarks relevant to Eq. (59), based on Eq.
(9), in Table 4.

Then, the partial decay widths of the first five chan-
nels in Eq. (59) are obtained from a combination of the
branching ratios in Table 3 and the couplings in Tables 2
and 4. The last two channels in Eq. (59) are assumed to
have the same branching ratios as in the SM. The total
decay width is

2
Ftolal - ZBr(H N ff) <§H/f> I—*iM

hff

2
+ ZBr(H - G'G) (gHGG) s
hGG

+I'H—-gg)+T'(H—- yy)+T(H - Zy), (60)
where G=W=*,Z, H=hy, h,, and f =1,b,c.

The last three terms in Eq. (60) are loop-induced de-
cays in the SM. However, since /;, do not interact with
exotic quarks, I'(H — gg) ~ I'(H — uzu3), uz =t quark. The
remaining two terms are given as

['(H—7yy) = Br(H—-yy)y™,

[(H— Zy) = Br(H — Zy)I's4!, (61)

By substituting Eq. (61) into Eq. (60) and combining
the result with Table 3 and Table 4, we can determine the
total decay widths of 4; and h,. Note that in Eq. (60),
M ~4.1x107 GeV corresponds to my, = 125.09 GeV
[54-56], and the current experimental upper bound on
Br(h — urt) is 1073, as shown in Refs. [4, 5, 8].

B. Numerical results

We use the well-established experimental parameters
[4, 8]: the charged-lepton masses m, =5x10*GeV, m, =
0.105GeV, and m, = 1.776 GeV; the SM-like Higgs mass
my, = 125.1GeV; the W-boson mass my =80.385GeV;
the SU(2); gauge coupling g ~0.651; and v =246GeV.
The mixing angles are treated as both free and dependent
parameters, as specified below, to investigate the numer-
ical behavior of the LFV process. However, this analysis
is challenging because of the large number of parameters.
This issue can be addressed by choosing 7, and my: as
free parameters. In particular, #,, can be expressed as a
dependent parameter in terms of ¢,,, f,,, and the VeVs us-
ing the relations in Eq. (40).

>

1
3 2
ty, = (4/13c qu —c /l¢v VeV =43V, v, + AgVov, v,
n'p dVpVx Ve
4co,vyVp (lﬁvnvp + /l¢vxv¢)
__ 2 2 3 2 2 3, _ 2 2
\/64c03v,,vp (Aevyvp + Agvyvy) 2+ (—8A3¢2 v WV 265, Vv ve + 83V, 2/l¢vpvxv¢) ) ,
4 2 2 2 4 2 2 2)2
L 2/11\1)(0% + My CaSaVyVpCay + \/c% (mAchs(,v,,vp +2A1v ) +16v v¢ (mAic{,s(,v,] /lsvpv)()
a3 — 2
4v,vy (AsVpV2 =M} CoSavy)
ATV + v — diovy
t(l¢ = b

/111\/)(

(62)
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Table 3. The branching ratios of the SM Higgs boson decays for a mass of 125.09 GeV.

Channel Isd bb cc W+w- AVA 88 YY Zy

Br(%) 6.32 57.7 291 21.5 2.64 8.57 0.228 0.154

Table 4. The coupling of H with fermions.

Couplings Tr Tty u3us d,d, dsds
.My ™ My, .My, Mgy
hy 1—Sq, 1— Sq, -1 Cay -1 Cay 1 Sa;
Vr Vr e Ve Vr
.me .my, Ly, Mg, Mgy
hy —1—Cq, —1—"Cq, -1 Say -1 Sar -1 Ca,
v, v, Ve Ve v,

where the VEVs are expressed in terms of other paramet-

ers, such as the mass of the new charged gauge boson
1%

(m3) and the mixing angle a (o= vl). In particular,
- 14
vt, v

W= s VW= .
N - R N S |

and cos¢; functions of arbitrary angles ¢; can be related

The sing;

1y
to tang; through the formulas Sy = %1,
1 ty, +
¢4; = ————=. Furthermore, the Yukawa couplings and
e+ ping

2 2 2
e Z(mszX—v mAscasav,,)
57 V2,12 ’
PV

2 2,2
2 (mH1 -V mASC(,sQ)
Ay =

scalar self-coupling constants are chosen to be smaller
than V4r and 4, respectively, in order to satisfy the per-
turbativity limits (Ref. [52]).

Moreover, based on Egs. (30), (40), the interaction
constants are chosen as dependent parameters, whereas
the remaining ones are treated as free parameters and
must lie within ranges that satisfy the perturbativity lim-
its (A; < 4xr). These dependent parameters are listed in Eq.
(63).

2 b
VvV,

2m} CoSa

Ay=——222
VXV¢

2 .22 4.2 2.4 2 202 4 2.4 2 4202 (m2m2 + 3wt —

B My Vv, —Vimy +npvt + \/(mA5 (vnvp V ) +myV ) +3v V,Vs (mhmA5 + 1y, mh)
3 =

To numerically investigate [, — [,y and the LFVHDs,
we next consider the parametrization of the neutrino mix-
ing matrix U”, starting from the original relation in the
seesaw mechanism. It reads:

M = diag(mv, ’mVQ,mm) = U;MNSMVDM}TJI (MP)TUPMNS,
(64)

Upnns M Ubyns = MP M (MP)T . (65)

Using the neutrino oscillation data reported in Refs.
[4-6, 8, 57], namely s2, = 0.307, s, = 0.558, s, = 0.0219,
Am3; =7.53%x107° eV, Am3, =2.455x107% eV?, and
choosing the Dirac and Majorana phases of Upyys in their
simplest form (Refs. [16, 51, 58]), we can determine the

21,212
3y vovo

(63)

right-hand side of Eq. (65) in a known form. Further-
more, MP? must be antisymmetric; therefore, it contains
only six unknowns. Together with My in diagonal form,
this gives three additional unknowns. Hence, there are
nine unknowns in total on the right-hand side, so Eq. (65)
can be solved. This means that we have successfully
parametrized U”.

We investigate the numerical results for [, — [,y in
the parameter space 107 <7, <10° and 300 <mj;, <
5% 10°GeV. We find that 7 — ey is always below the ex-
perimental limit (4.4x107%). The region of parameter
space exceeding the upper limit for r — wy is indicated in
green, with pink dashed lines corresponding to
Br(t — py) =3.3x10"% and 15x10%. Meanwhile, the
yellow and blue markers represent the parameter space in
which Br(u — ey) takes values above the upper bound.
The curves corresponding to Br(u — ey) =4.2x 107" and
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10x 107" can also be found there. Therefore, the region
allowed by the experimental constraints on [, — [,y de-
cays is the uncolored part in Fig. 2.

Based on the analytical expressions for the amp-
litudes given in appendix B, we investigate the values of
Br(h; — ut) and Br(h, — ut), which are shown in Fig. 3.
We observe that most of the values of Br(h; — ut) in the
left panel and Br(k, — u7) in the right panel lie within the
current experimental limits (< 1073).

To illustrate this, we present the signals of
Br(h; — pr) and Br(h, — ut) in the allowed parameter-
space region in Fig. 3. In the left panel of Fig. 3,
Br(h, — ut) can reach values of 3.4x107® and 6.7 x 107,
while in the right panel, Br(h, — u7) can reach values of
9.1x 107 and 5.6x 107, All of these values satisfy the
current experimental limits.

Br(t->uy)x 108 Br(t>ey)x 108 Br(u~ey)x10'3
‘ ‘

1000 F

800 -

2000

4000

I I I
1000 3000 5000

o

m',_% [GeV]

Fig. 2. (color online) Contour plots of /, — [,y decays in the
plane of(tmmH; ).

Br(h1 -1, Br(t>pu(e)y)x 108 Br(uey)x10'3

1000

3:4x10-5

200 -

ok 67x1070 |

0 1000 2000 3000 4000

m,_% [GeV]

5000

Next, we predict the mass of the new CP-even Higgs
boson based on gluon-gluon fusion at the LHC and the
CMS data analysis. The Higgs-boson production signal in
proton-proton collisions is modeled under the assump-
tion of a narrow Higgs-boson width [59]. In this case, the
partons can be gluons or quarks [60, 61]. Therefore, the
hadronic cross section depends on the parton luminosity
and the partonic cross section as follows [60, 61]

o(pp—> H) = Z Ly, (m%l)é\'(pipj - H) ,

pi-pj={g. 4}

(66)

where g and ¢ denote gluons and quarks, respectively.

As shown in Eq. (66), Higgs boson production in pro-
ton-proton collisions at the LHC involves partons,
namely gluons and quarks. However, because of their rel-
atively large masses, the densities of quarks inside the
proton are significantly lower than that of gluons. Con-
sequently, the gluon parton distribution plays the domin-
ant role in Higgs production, with the gluons eventually
coupling through a quark loop. Therefore, we approxim-
ate the hadronic cross section by considering only gluon-
initiated partons, which takes the form [62, 63]

o(pp — H) =0 (gg = H) = Ly, (my) 6(gg — H). (67

The parton luminosity is related to the parton distribution

function as
2 ! dX1 ! dX2 X1 2 2
Ly, (mH) il Fo{ —.my ) F, (x2’mH)
TH X1 X1 X2

X2
2
m
X0 (X1X2— —H> s
N

(68)

Br(ha-u1),Br(top(e)y)x108 Br(u~ey)x10'3
; ;

1000

800 |-

600 -

400 -

|

200

0 00056
0 1000

2000 3000 4000 5000

mH% [GeV]

Fig. 3. (color online) Plots of Br(h, — ur) (left panel) and Br(h, — ut) (right panel) in the (tmmHzt) plane.
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where F, (x,m}) is the gluon parton distribution function,
/s is the center-of-mass energy of the collider, and & is
the partonic cross section, expanded in terms of the
strong coupling constant («;), as follows Refs. [60, 61]:

G(gg — H) = a? [é'(o) (gg = H)+a,6V(gg — H)+ ] .
(69)

Loop corrections involving intermediate quarks are
the primary source of Higgs boson production via gluon-
gluon fusion. However, the t-quark provides the domin-
ant contribution to this process, because the Higgs boson
couples about 35 times more strongly to the t-quark than
to the next-heaviest fermion, the b-quark. Consequently,
the other contributions can be neglected, and only the t-
quark contribution needs to be considered. Thus, the lead-
ing-order approximation in Eq.(69) is expressed as fol-
lows [60, 64]:

9Gpm§,§2

1+(1- 2
1152\@TI +(1=-0fQI,

9 (gg— H) = (70)

2
m
. . t .
where Gy is the Fermi constant, { = T o M s t-quark
H

mass and
.o 1
arcsin 7’ {>1,
f@= 1 l_m . 2 (71)
S P S B P
2 1+ +V1-¢ )

For dilepton decays, if the decay width is assumed to be
very narrow, the cross section of these processes can be
approximated as

O'(gg—>H—>Llj):o-(gg—>H)><Br(H—>Llj). (72)

By analyzing data at a center-of-mass energy of 13
TeV and an integrated luminosity of 35.9 fb™!, CMS has
shown that o(gg — H)XBr(H — ur) can range from
51.9 (57.4) tbto 1.6 (2.1) fb atthe 95% confidencelevel [38].
To optimize the analysis of the experimental data, CMS
divided the mass range into two regions: a low-mass re-
gion of 200—450 GeV and a high-mass region of 450-900
GeV.

As results, we present the combined processes
o(gg » H)XBr(H — ut,) and o(gg » H)XBr(H — ut,)
at 95% CL as the green and cyan lines, respectively, in
Fig. 4. The dotted black line represents the boundary
between the two mass scales.

To predict the masses of the new CP-even Higgs bo-
sons, h,, the parton distribution functions are chosen in a
non-relativistic form (Breit-Wigner distribution  func-
tions), and the partonic cross section is approximated at
Gpmilgz

V2r
I1+(1=20)f()]*. Therefore, we investigate the signal
o (g8 — h3) xBr (k) — ut), shown as the magenta line in
Fig. 4, and the mass of A, is predicted to be greater than
630 GeV.

leading order. For simplicity, & (gg— H)~

IV. ZZ BOSON

In 331ALP, the heavier neutral gauge boson, Z’, has
the mass and physical state given by Eq.(22) in section II.
The interaction of Z’ with fermions originates from the
kinetic term of the spinor fields and has the following
form:

Ly Y (g8 (H+&5 (DY) fZ, (73)

100 [ B
50 8
a(gg->h2))xBr(h2 1)
g
5 10 ' ]
T h
L 5¢ ! .
@ :
X 1
T ' R 1
S : ange
(@] 1 L ;. 4
g) mheemee- mp =450[GeV]
0.5} ' 1
: Range 2
01 Il L - L Il L L - : - L L Il L L Il L L - L
200 300 400 500 600 700 800 900
Mp[GeV]

Fig. 4.

(color online) Plots of o-(gg — hy) x Br(h, — ut) (magenta line) as functions of M; are shown, while the green and cyan lines

represent the CMS observations for the combined decay modes of H — ur (based on Ref. [38]) in the low- and high-mass ranges, re-

spectively.
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where g% and g% are given in Table 5

We also use the kinetic terms of the scalar fields, such
as Eq. (13), to derive the non-zero couplings of Z' to
gauge and Higgs bosons, as shown in Table 6.

The LHC dilepton measurements at +/s =13 TeV in-
dicate that the cross section for the Z’-mediated process is
given by the product of the hadronic cross section and the
branching ratio [39]

(pp—)Z—)ll Z/ dX1/ dxz %)

fq (x2,mz) 6 (qqi — Z)XBr (Z - Zl) ,
(74)

where &, and &, denote the parton distribution functions
of quarks and antiquarks, respectively. The partonic cross
section and branching ratio are given by:

, my ng 4ml2
r(z -1 = 1- 10)
( ) 127 ¢3, e m%, [( )
2 ’ 4 2
x<u-;>+(§@f(p-?>}
7' z'
(76)
Iy ~T(Z' - ff)+I(Z' - H'H)+T(Z' - GH)
+T(Z - GG).
(717)

Because Z and Z’ do not mix, as shown in Eq. (22),
I'(Z’ - W*W~) vanishes, according to Ref. [66]. Further-
more, since my >my /2, T(Z' — X*X, X = V*, X%, X° also
does not contribute to the total width of Z’. The remain-
ing components are given as follows [45, 65, 66]:

2
¢ @q—2)= 50> (@) + (& @)].
Wi

Z 4 2
@z ) =" szc(f) 1——2’“[(gv<f>)
2m]2¢
X | 1+— (f)
my,

m 4m2,\?

7 2 H

TN g (1 - —) .

48 8z HH( m2, (79

r(z 1)

Br(Z' —1l) = i

: (75)

where the final-state particles in the decay channel are
dileptons. The corresponding decay width is given by Eq.
(76), while the total decay width must also include the
gauge and Higgs boson contributions, denoted by G and
H, respectively, as listed in Eq. (77).

[(Z — H'H) ~

Table 5. The couplings of Z’ to fermions are expressed in terms of the angle 3,, defined in Eq. (24), and 7 = &x _ 3V2ty , as shown
. ¢ 3-8
in Ref. [65].
f VesVus Ve eu,T u,c d,s t b Us D,
. ( g, _ﬂ) (&_%cﬁ,) ( S, +tci) <l_&> (ﬁ_'_ tcg, ) 85 (_ o, 11 tcg, ) 8%
8 T3ve/ f\ava T3ve/ f\avaTave/ f\avi T eve/ “\avi 2w 43 23 36 23

@ Gra) 5w W) Wsmow) (Gerew) W) (5675w) 5s%)

Table 6. The couplings of Z’ to charged and gauge bosons.

Vertex Coupling
S 2g (c:; ( Vach, - Lcg, (\B— 33,81) —6swsp, Spg) —s2 ( Vacy - 1cg, (36‘51 + \B) + 125y, sﬁg))
1 - 6+/4ck, -1
2 2g (2 ( 12}, —3cp, — 6swsp, sﬁz) G+ ( VAch, - 1cg, (\6735/3') — 65wSp, sﬁz) sgl)
2 N 6/4c}, -1
Z'H{W~ %gmwcus(, < \/§c[;1 + i;%)
2 -
ZHIY _g2 (cch, ( \Ack, - Lcg, (3% + \/5) — 245y 55, sﬁz) v+ ( \Vack, - 1cg, (35‘31 + \/5) + 1255, xﬂz) So, v)()

4c3, -1
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2 2.2 2
. 8z E~—myg ( E )
I'(Z GH) ~ 2+ ,
(2" = GH) GZ; 24 mZ m% (80)
2, +m —m?

m
where E = —“———" {enotes the energy of the final-

state gauge boson, and the corresponding factors are
taken from Tables 5 and 6.

Based on the analytical expressions in Eqgs. (74), (75)
and the known data given in Sec. IV, we show the de-
pendence of o (pp — Z' — Il) on my as the blue line in
Fig. 5. The red line depicts the upper limits on the
dilepton production cross section reported by ATLAS at
an integrated luminosity of 139 fb! [7], while the black
line is based on the 95% CL upper bound given by CMS
at +/s=13TeV [39]. Therefore, to satisfy these con-
straints, we obtain myz > 5.1 TeV; of course, for masses
below this value, Z’ is excluded. The lower bound on the
Z' mass obtained in this work is highly consistent with
non-supersymmetric models, such as Zj, in grand unified
theories based on the Es gauge group or Z,,, in the gen-
eralized sequential model [7, 39]. However, a major dif-
ference arises in supersymmetric models, where the lower
bound on my , as mentioned above, is significantly smal-
ler [67, 68].

V. DARK MATTER

From the symmetry-breaking scheme in (12), we see
that Z, is the residual symmetry of the model; therefore,
odd-Z, particles can be considered dark matter candid-
ates. These include 7, p, u.r, duz, Lir, Nag, according to (7).
However, 5 and p directly break the electroweak scale,
and u.g, d.g, L,z are components of ordinary matter; thus,
only N, remains the most suitable dark matter candidate
in the model.

Among N, we assume that Ny; is the lightest.
Therefore, Ny is identified as dark matter, and pairs of
Nir annihilate into SM particles in the early universe. Be-
cause Nz interacts directly only with @ according to Eq.
(9), and ® can couple to SM particles as in Eq. (27), the
dominant contribution to dark matter annihilation mainly
arises from s-channel exchange diagrams mediated by ©.
The corresponding diagram is shown in Fig. 6. Although
® mixes with R, and R,, and can therefore interact with
fermions according to Eq. (46), the mixing angles are
very small, as shown in Eq. (40). Therefore, the SM
products of the dark matter pair annihilation channel do
not include fermions, but only gauge bosons. This im-
plies that NGNz — h hy, ZZ. Hence, the product of the
annihilation cross section of the dark matter pair and the
relative velocity is approximately [39, 69]

2 3 3n/l%\llk
(T Vi )NE Nigatl = 202 F4(xp) = ;fUA ~ H
WX[@ )2+<gh/)2}
4m]2V]R _ m(zp oZZ Ohyhy )

@®1)

where x;=~20.25 [70] and 8anc N = O whereas

Vo 2 2
gozz=0 and Gomn = —= (Ai2s%, + Ai3ck,) are determ-

ined from Eq. (13) and Eq. (27), respectively.
We employed the dark matter relic abundance given
in Ref. [71]:

0.1pb

Qpyh? ~ —— .
<0-vrel>N]CRN]R4>aI]

(82)

We represent the dark matter relic density, 0.1 < Qpyh® <

a(pp—>Z'—>7/)

2
<
N
4+ 0.100
o
k=
S L
0.010L ATLAS, =6
0.001 — oms F=a%
. E m
10_4 L L L L Il L L L L Il L L L
1000 2000

Fig. 5.

3000 4000 5000 6000
M,[GeV]
(color online) The dependence of o (pp — Z' — Zl) on M, is shown by the blue line. The red line represents the ATLAS up-

per limits on the cross section for I'/m =6% [7]. The black line represents the CMS upper limits on the cross section for I'/m =3% at

95% CL [39].
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SM

Nir SM

Fig. 6. Dominant contributions to dark matter annihilation.

QDmh2

=
(o]
[
o
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v [TeV]
Fig. 7. (color online) Contours of the dark matter relic dens-

ity in the (vg, my,,) plane.

0.3 [72], in the (v, my,, ) plane, as shown in Fig. 7. We
recall that, for the PQ symmetry not to be broken by
quantum gravity effects and to ensure the emergence of a
naturally light, stable axion, vs;=~10"" GeV (as men-
tioned in Sec. II). Therefore, v, is taken to be the axion-
breaking scale in the model. As a result, in Fig. 7, the col-
orless region corresponds to the parameter space consist-
ent with current observations, in which there is a relation-
ship between the dark matter mass and the axion-break-
ing scale.

VI. CONCLUSIONS

In the 3-3-1 model with axionlike particles, we identi-
fy the region of parameter space in which both cLFV and
LFVHD constraints satisfy the experimental limits. In
these allowed regions, Br(h; — ut) is of the order of 107,
while Br(h, — ut) reaches approximately 107. Based on
gluon-gluon fusion at the LHC, we investigate the signal
cross sections in the allowed parameter space and provide
predictions for my, > 630 GeV. Based on searches for

high-mass dilepton resonances at ATLAS and CMS, we
use the numerical result for o (pp — Z' — Il) and show
that the Z’-boson mass satisfies mz > 5.1 TeV. The hypo-
thesis of the existence of a residual Z, symmetry after the
stages of spontaneous symmetry breaking implies that
only N,z can be dark matter candidates among the odd-Z,
particles. By investigating the dark matter relic density
within experimentally allowed limits, we also establish a
relationship between the dark matter mass and the axion
breaking scale.
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APPENDIX A. MASTER INTEGRALS

In this section, we use the Passarino—Veltman (PV)
functions introduced in Ref. [73] to derive the one-loop
contributions of the Feynman diagrams in Fig. 1. Introdu-
cing the denominators Dy =k*— M3 +i6, D, = (k—p;)*—
M? +i6, and D, = (k+ p,)*> — M3 +i5, where ¢ is an infin-
itesimally small positive real quantity, we obtain:

Q)" [ d% paxy _ Cm)"" [ d%k

Ao(M,) =

in? D, Bm=—n DD’

g = G / Ak poy_ Crp)" / d’k
0o = PoY s P20 — PY s

17T DOD1 1T DOD2

1 d*k
= My, M, M
CO CO( 0 1 2) /D()D Dz
(A1)

where n=1,2, D=4-2¢ <4 is the dimension of the in-
tegral, while My, M,, M, denote the masses of the virtual
particles in the loops. We also assume that p} =m? and
p5 =m3 for the external particles. The tensor integrals are

AY(ppsM,) = - i@y / KTk =Ao(M,) P,
CH (Mo, My, My) = gzd; = i+ Caph,
O (Mo, M1, M) = % = Coog" +Ciip/ipy

+ CuP’sz +Couphpl +Caphps,
(A2)

where A, Bgﬁ, B! and C,,,C,, are PV functions. It
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should be noted that only A, B 0 !, and B{"? contain diver-
gences, which are denoted by

1
A.= — +1ndr —yg, (A3)
€

with yg being the Euler—Mascheroni constant.
Using the technique described in Ref. [74], the diver-
gent parts are given by

Div[A¢(M,)] = M>A.,Div[B}’] = Div[B{”] = A

1 1
Div[B{"] =Div[B|""] =58 Div[B{"]=Div[B}”] ==

(A4)

Therefore, the above PV functions can be written in the
form

Ao(M) = M*A.+ay(M), BY} = Div[By 1 +b{}, By
= DivIB) 1+ b, (A5)

where ao(M), by, and bglf)z are finite parts and have spe-
cific forms, as defined in Refs. [17, 29, 75] for LFVHDs.

APPENDIX B. ANALYTIC FORMULAS AT ONE-
LOOP ORDER TO [, — [,by AND H — [l;.

In this section, we present the one-loop analytical ex-
pressions for the decays [, — [,y and H — [;/;. Based on
the couplings listed in Table 2, the decay (I, — l,y) oc-
curs only at the loop level. These contributions include
DRV W), DR, V), DER(va, Hi ), and DER(N,, H).
They are given by [17, 22]:

€g2

32nm3,

9
DfR(VtN Wi) = - Z UV* Uan(th)

2 9
+ eg - v
D(Lj;(va’ Yﬁ) == Z Ug/a+3)n U(b+3)nF(tnY)’

32m2m3 =

@ER(VM Hi,) = - 6 2m2 Z{

— 6t + 312, + 216 — 617 In(ty)

L,s*
i /l
mH+

12(fi — 1)*
My AL RS 1422 =20, In(ty)
m%,i 2ty — 1) ’

L,sx yL,s
/lak ﬂbk
m HE

Dff ) - S

1 — 61, + 317, + 26 — 617, ln(tks)}
12(t, — 1)

. (BI)

where, we use symbols

2 2 2
m m m,
Iys = ( = ) s Iow = ( = ) s Iny = < . ) . (BZ)
mHvt My« My=+

The one-loop factors of the diagrams in Fig. 1 are giv-
en below. We use the same calculation techniques as
those presented in [29], and the symmetry coefficients of
the diagrams are taken from Refs. [76, 77]. We define
my, =my and my; = m,.

1
M (mp,my) = m, {ﬁ [mi(BY" - By - B)
Y

- m%B(lz) + (Zm%/ + mz) m% (Co— Cl)]

2 2
- (Q.my+ i m2> C1

(B3)

1
M (mp,my) = my {W [-m}, (3(12) +B + BE)Z))
¥

+ mBY" + (2my, + mi))mi(Co + )]

2_ 2
+ (2my—m‘ mz)@
my

2_ 0 2,2
my—my  mim
2~ My "My -

nmy my

(B4)

(2)
ML (ai,ar,vi,vo,mp,my, my=)

2 2
o - (0 ) o - (14 )
Vo m \%1 m>

Y Y

ay mF
+— —= [y — my +my)Co + (my; — mip. + m3)C ]}
V2 mY
(B5)
M
'R (al’027vlav2’mF’mY’mHi)
2 p(h) 2 p)
a, | miB,’ —my.B,
=mp { — II—ZFO + (m%CO —mel +2I’I’l%C2
Vi my
2 2 My =My 2
+2(my —m3)Cy — ———" (m}.Cy —m,Cl))}
my
a, m?
F 2 2 2 2
— —= [-2myCo — (mf, — mjy. +m3)Cs| } ,
Vo my
(B6)
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2p(2) 2 p(2)
a; m;B” +m7B,
{—2 - Fo +<m%C0—2me1+m§C2

(3) _
ML (ar,a2,v1,v2,mp,my=,my) = m, {

Vi m%,
m2, —m2. m> +m%. —m?
+2(m%—m§,)C2+H72H(m§C0+m§C2))} +— mF( 2C, + %Cl)},
my V) my
(B7)
a2 %7 (2) (2) ay 2 m%l+ m%]
MR (Cl],dz,V],Vz,mF,mﬂi My) my — (Bl +BO ) + —m, —2C2+ —_— C]
vy my Vi m3
a m>
+ = —E [} +m2y — mi)C0+(m%1i—mz—m%,)C2]}. (B8)
Vo mY
2
—-mm
MEDmp,my) = —— 25 [(2m} +m?%) (B + BY) + m?B\" +m3B® - 2m?. (B’ - BY)], (B9)
ny(my —m;)
m
M (mp,my) = mflM{”S)(mF,my), (B10)
2
() mymj, ai %
M (ay,az,v1, vy, mp,mys) = X m2(2C2+C0)+ sz(Co 2Cy)
2 V2
4 Ld2 (Bglz)+(m§+mzi +m2)Co+ 2m3C, — (i +m§)C1)} ,
viva (BI1)
(6) mzsz ai 2 %
MR (a]7a29V15V29mF’mH1): v (C0_2C1)+ sz(C0+2C2)
2 V2
aiay 12
+— (B +(mp+my. +m)Co —2miCy + (mi +m3)C,) |,
Viva (B12)
2 g
ady as ay
(al,llz,Vl,Vz,mF,mm) mpv |:7mFCO + szCI —m Cz} (B13)
Vivy V3 Vi
Q) aay 5 a% a%
M (ay,az,v1,v2,mp,mys) = myvy | ——mpCo +—m;Cy — 5mpCa |, (B14)
ViVa V1 V3
(8) mlm%‘ (12) | p(D) 2,2 2 2
M (my,mp) = ?X[(Bo +B) —(m1+m2—2mF)C1) —(C0—4C1)my] ) (B15)
Y
M® mszF (12) _ p2)
® (my,mp) = - [(B —BY +(mi+m5— 2mF)C2) —(C0+4C2)my] (B16)
ny
2
m a 1 2 aa 1 2
MOy ar, vy v mp,mys) = ———— {mz <m2—1+m —2> B() B®) +m2——= (2m?B\" = (m* + m2)BY },
L (ar,az,vi, v, mp, M=) ey |2\ 2 ( 1) Fvlvz( 3By — (m; 2)0)
(B17)

2
(9+10 my 2f 2 X5 1 2 2 dy 2 1
MR+ )(alsaz’vlsvz,mF,mHi) = ( 2)V| |:m1 (mzy +my V2> (B( ) B(l )) +mFE (—2 ( )+(m1 +m2)B( ))
1 2

(B18)
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not contain divergent functions.

In the seventh diagram of Fig. 1, we find that M} x(a,a2,vi,v2,mp,mp) is always finite because C; (k=0,1,2) does
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