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Abstract: In the framework of the 3-3-1 model with neutral leptons, we investigate lepton-flavor-violating sources

based on the Higgs mass spectrum, which has two neutral Higgs identified with the corresponding ones of the two-

Higgs-doublet model. We note that at the 13 TeV scale of the LHC, the parameter space regions satisfy the experi-
mental limits of e; — ey decays. These regions depend heavily on the mixing of exotic leptons but are predicted to
have large h? — ut signals. We also show that Br(h? — ut) can reach a value of 1074,
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I. INTRODUCTION

Experimental data have confirmed the existence of
flavor neutrino oscillations through the precise values of
their mixing angles and their mass squared deviation [1].
This is an important assumption about lepton-flavor-viol-
ating (LFV) decays. There are two types of LFV decays
that have received considerable attention, the lepton-fla-
vor-violating decays of charged leptons (cLFV) and the
lepton-flavor-violating decays of standard model- like
Higgs bosons (LFVHDs). These LFV decays are con-
sidered in both theory and experiment. On the experi-
mental side, the cLFV are constrained by upper bounds,
as given in Ref. [2],

Br(u — ey) <4.2x 1073, Br(r — ey) <3.3x 1078,
Br(t — uy) < 4.4x1078. (1)

These are currently the most stringent experimental
limits for cLFV. It should be recalled that in addition to
the cLFV limits given at Eq. (1), we are interested in two
other decay processes: u — 3e and u — e conversion in
nuclei. Moreover, we place experimental limits on these
decay processes, Br(u — 3e¢) < 10712 from Ref. [3] and
CR(u Ti— e Ti)<6.1x10713 from Ref. [4], respect-

ively. These limits are considered looser than that origin-
ating from Br(u — ey). Therefore, the limit of Br(u — ey)
can be used to find parameter space regions for the relev-
ant process. Charged lepton flavor violation is con-
sidered a specific expression of the new physics we are
searching for. A hypothesis of its contribution to the de-
cays of heavy particles, such as Z bosons, Higgs bosons,
and top quarks, is discussed in detail in Ref. [5].

For the LFVHDs, the experimental limits are given as
in Refs. [6-10],

Br(h — ut) <0(107%), Br(h — te) <O0(107%),
Br(h — pe) < 3.5x 1074, )

Then, there is an adjustment of Br(h— ue)<
6.1 x 10~ according to the update in Ref. [11].

On the theoretical side, although LFV processes can
generally receive tree and/or loop contributions, the LFV
processes we study in this paper originate only from loop
diagrams. We therefore consider both the fermion and bo-
son contributions. The fermions mentioned here include
ordinary charged leptons, exotic leptons, and neutrinos;
however, ordinary charged leptons are assumed to be un-
mixed so that their contribution can be determined relat-
ively simply. The complex part arises from neutrinos and
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exotic leptons with different mixing mechanisms. With
active neutrinos, we can solve their masses and oscilla-
tions using seesaw mechanisms [12— 18] or otherwise
[19-22], and with exotic leptons, we make different as-
sumptions for large LFV effects, as given in Refs. [19,
20, 23]. For the contribution of bosons, we consider both
the charged gauge bosons and charged Higgs. The main
contribution of the gauge bosons originates from new
charged bosons, which are outside the standard model
(SM), because the contribution of the #-boson is strongly
suppressed by the GIM mechanism. The contributions of
charged Higgs are varied and depend heavily on the en-
ergy scales of the accelerators.

It should be emphasized that LFV sources can mainly
be found in models beyond the SM (BSM), and the para-
meter space domains predicted from BSM for the large
signal of the LFVHDs, which we are interest in, are lim-
ited directly from both experimental data and theory of
cLFV [24, 25]. Some published results show that
Br(h) — 1) can reach values of O(10™*) in supersymmet-
ric and non-supersymmetric models [26—28]. In addition
to the correction from the loop, other methods are also
suggested in literature for large h — ur signals. For ex-
ample, by using the type-I seesaw mechanism and an ef-
fective dimension-six operator, it is possible to accom-
modate the CMS h — ur signal with a branching ratio of
the order of 1072 [29]. In fact, the main contributions to
Br(h — ur) originate from new heavy particles BSM. If
these contributions are minor or destructive, Br(h(l) — ut)
in a model is only approximately O(10~) [12].

Recently, 3-3-1 models with multiple sources of LFV
couplings have been used to investigate LFV decays
[30-39]. However, these models can only give small LFV
signals, or the cLFV and LFVHDs can achieve relatively
large signals but in different regions of parameter space
[20, 40—42]. Detailed calculations of the cLFV are given
in Ref. [19] without mentioning the LFVHDs, whereas a
3-3-1 model mentioned in Ref. [40] only examines the
LFVHDs. Several other versions of 3-3-1 models have
used the inverse seesaw mechanism to study LFV decays.
In this manner, it is necessary to introduce new particles
that are singlets of the gauge group, leading to an in-
crease in the number of particles and free parameters in
these models [17]. The 3-3-1 model with neutral leptons
can reduce the number of free parameters because
without heavy particles that are singlets of the gauge
group, the LFV source originates from the usual mixing
of neutrinos and neutral leptons. This is a good model for
studying both the cLFV and LFVHDs. Besides LFV de-
cays, 3-3-1 models can also give large signals of other
SM-like Higgs boson decays, such as AY—yy and
h(l] — Zy [43, 44].

In this study, we consider a 3-3-1 model to find re-
gions of parameter space that satisfy the experimental

limits of the cLFV. In these regions, we predict the exist-
ence of a large signal of the h? — ur decay. Combined
with the signal of h(l) — Zv, as given in Ref. [43], we ex-
pect to have parameter space regions for large signals of
both 4 — ur and K% — Zy decays.

This paper is organized as follows: In the next sec-
tion, we review the model and give the mass spectra of
gauge and Higgs bosons. We then show the mass spectra
of all leptons in Section III. In Section 1V, we calculate
the Feynman rules and analytic formulas for the cLFV
and LFVHDs. The numerical results are discussed in Sec-
tion V, and conclusions are presented in Section VI. Fi-
nally, we provide Appendix A, B, C, and D to calculate
and exclude divergence in the amplitude of the LFVHDs.

II. REVIEW OF 3-3-1 MODEL WITH
NEUTRAL LEPTONS

The 3-3-1 model with neutral leptons is a specific
class of general 3-3-1 models (331/) that obey the gauge
symmetry group SU(3)c®SU3),®U(1)x and the para-

| . . .
meter 8 =———". The parameter f is a basis for defining

the form of the electric charge operator in this model,
Q=T;+pTs+X, where Tsg are diagonal SU(3), generat-
ors. The model under consideration is developed based on
the following highlights: i) Active neutrinos have no
right-handed components; hence, they have only Major-
ana masses, which are generated from effective dimen-
sion-five operators, and there is no mixing among active
neutrinos and exotic leptons [45]. ii) Exotic leptons are
always assumed to have large mixing for the appearance
of the LFV effect [40]. iii) There are two neutral Higgs
that are identified with the corresponding ones of the two-
Higgs-doublet model (THDM), with the expectation of
having both large signals of the 4 — u7 and 1Y — Zy de-
cays. Thus, we call this model 331NL for short.

The leptons in the 331NL model are accommodated
in triplet and singlet representations as follows:

Va
W= e, | ~(1,3,-1/3), ep ~(1,1,-1),
N, .
Nyg ~(1,1,0), 3)

where a = 1,2,3 represents the family index for the usual
three generations of leptons, and the numbers in the par-
entheses are the respective representations of the SU(3)¢,
SU@3)., and U(1)x gauge groups. We use the primes to
denote fermions in the flavor basis. The right-handed
components of the charged leptons and exotic neutral
leptons are e/, and N/, respectively. N/, . are also the
new degrees of freedom in the model. ’
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In the quark sector, the third generation originates in
the triplet representation, and the other two are in an anti-
triplet representation of SU(3), as a requirement for an-
omaly cancelation. They are given by

d

Q= -u; | ~3.,3,0),
D, ),

Uy ~(3,1,2/3), dig ~(3,1,-1/3), Dy ~(3,1,-1/3),
i

QéL: dé ~(3’3’1/3),
Us .

ugR ~(3,1,2/3), ng ~(3,1,-1/3), UgR ~(3,1,2/3)
(4)
where the index i = 1,2 was chosen to represent the first
two generations. Uj x and Dj; p are new heavy quarks

with the usual fractional electric charges.
The scalar part is introduced by three triplets, which
are guaranteed to generate the masses of SM fermions.

0

p+ X’O
coe=l A ox=l x|,
pH— XO

with # and y both transforming as (1,3,-1/3), and p
transforming as (1, 3, 2/3).

The 331NL model exhibits two global symmetries,
that is, L and £ are the normal and new lepton numbers,
respectively. [31, 46]. They are related to each other by

4 1
L=—Tgs+ L, where Tg = ——diag(1,1,-2). Therefore,
V3 23

L and £ of the multiplets in the model are given as

Table 1. Lepton number £ of all multiplets in the 331NL model.

Multiplet Yo R Nog i 0 Uog dag Dig Uik n P X

1 2 1 2 2 4

L 3 1 1 3 -3 0 0 2 -2 -3 -3 3

The number L assigned to each field is
Table 2. Lepton number L of the fields in the 331NL model.

Fields v, ¢, Ny e Np  wyp dyr Dipg  Uyr o7 7 9% pt o0 o 0y )0
L 1 1 -1 1 1 0 0 2 -2 0 0 -2 0 0 -2 2 2 0

As a result, the normal lepton number L of 1°, p°, and
x" are zero. In contrast, n”° and y’° are bileptons with
L = ¥2. This is the difference in the lepton numbers of the
components of the # and y triplets. To break SU(3)., we
require the vacuum expectation values (VEVs) (x°) to be
non-zero and in the scale of exotic particle masses. Thus,
we set the convention (i”°) to be zero. From Eq. (4), the
generations have different gauge charges; therefore, we
require the 7, p triplets to break SU(2),. Meanwhile, we
require non-zero (7°) and (o) to ensure this condition,
then (y’°) can be chosen as zero to reduce the free para-
meter in the model.

Thus, all VEVs in this model are introduced as fol-
lows:

/O:S/2+iA/2 X/():S’3+iA’3
V2 V2
o° 1(v+S+iA)n0 1(v+S+iA)
=— 1 1 1) = — 2 2 2)s
V2 V2

X0=%(V3+53+1A3)- ©)

The electroweak symmetry breaking (EWSB) mechan-
ism follows

SUGL® UMy 255UQ2), 0 Uy u(1),,

where the VEVs satisfy the hierarchy vs > vi,v,, as in
Refs. [33, 47].

The most general scalar potential constructed based
on Refs. [31, 48] has the form

V1,000 =i0” + 30" + 3¢ + A + Aap* + Lyt
+ A0 ") + Lz M ) + 3T p) 0 Tx)
+ A P M + iz )0 M) + A0 ) (¢ ')
+ \/zfm (Eijkmpj)(k + H.c) .
(7

where f'is a dimensionless coefficient, which is included
for convenience in later calculations. Compared with the
general form in Ref. [31], small terms in the Higgs poten-
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tial in Eq. (7) that violate the lepton number are ignored.
However, it still gives this model a diverse Higgs mass
spectrum. The masses and physical states of Higgs bo-
sons and gauge bosons are given in Appendix A.

III. COUPLINGS FOR LFV DECAYS

We use the Yukawa terms shown in Ref. [45] to gen-
erate the masses of charged leptons, active neutrinos, and
exotic neutral leptons, namely,

_Lll;plon :thlP;lpe;R + hfzvblP;XN;R
A
ab INC NI
= (o) (n" ;) +hc., 8)

where the notation (¥)5=((v,)", (¢,,)", N/ ) =
(V% €% N/%)T implies that ¢ = Pry© = (), where y

and y¢ = C:// are the Dirac spinor and its charge conjuga-

. . . 1+
tion, respectively. A reminder that Pz, = > are the

right- and left-chiral projection operators, and we have
W =Pry, yr=Pry. A is some high energy scale. The
corresponding mass terms are

mass h(ezbvl o N N
lepton = \/5 eaLebR \/E N NbR +h.c.
Wy 2
ab"2 7C L)
+ |75 +hee]. 9)

Because there are no right-handed components, act-
ive neutrinos have only Majorana masses. Their mass

v

matrix is (M,)g = —2 v

, which is proved to be symmet-

ric based on Ref. [49]; therefore, the mass eigenstates can
be found by a single rotation expressed by a mixing mat-
rix U that satisfies U'M,U = diagonal(m,,, m,,, m,,),
where m,, (i=1, 2, 3) are the mass eigenvalues of the act-
1ve neutrinos.

We now define transformations between the flavor
basis {e’aL’R, 'L N;LR} and the mass basis {e,.r, VaL,
Ny r} as

€L =Caps €ap = Caps Var = UabViL,

N, =VENy, Nog=VE Nig, (10)
where V5 UL and VR are transformations between the
flavor and mass bases of leptons. Here, primed and
unprimed fields denote the flavor basis and mass eigen-
states, respectively, and v/% = (V)" = UyvS,. The four-
spinors  representing the active  neutrinos  are
Ve =V, = (var, )T, resulting in the following equalities:
Var = Prvg=Prv, and VS, = Prvg = Prv,. Experiments
have not yet observed the oscillation of charged leptons.

This is confirmed again in Refs. [50-52]. Consequently,
the upper bounds of recent experiments for LFV pro-
cesses in normal charged leptons are highly suppressed,
implying that the two flavor and mass bases of charged
leptons should be the same.

The relations between the mass matrices of leptons in
two flavor and mass bases are

Vl e e e
meu = \/Eha’ hab = haéab, aab = 172, 3’
2

KZUTH"U =Diagonal(m, , m,,, m,,),

RER yLf gNyR =Diagonal(my,, my,, my,), (11)
> s

where H” and HV are Yukawa matrices defined as
(H")ap = I, and (H"), = B,

The Yukawa interactions between leptons and Higgs
can be written according to the lepton mass eigenstates,

m,
Y e 0- * = +
_‘Llepton _W \/E[p epPrey + U, vy Prepp

+VE N Presp' +hc.]+ e V2N, PrN,
V3

L 5 - my,
+ Vi, @oPrNoy ™ +h.c.|+ =
2

S2VaPrLvp

+ L77 (UbavaPLeb + Upge PLva) +h.c. ]
V2

(12)

where we use the Majorana property of the active neutri-
nos, v =v,, with a = 1,2,3. In addition, using the equal-
ity e_Z'PLva =v,PLep, for this case, the term relating to n*
in the last line of (12) is reduced to V277"V ,PLep.

The covariant derivatives of the leptons contain
lepton-lepton-gauge boson couplings, namely,

‘Elepton _iL_:lyﬂD ﬂL:l
g k) — —
- @ [Ubavay"PLe;,W;r + Ugpepy* Prv W,

+ Ve Ny Prey Vi + VE ey PLNGV; ). (13)

The couplings of Higgs to gauge bosons originates
from the covariant derivative of the scalar fields.

Z Oy D, . (14)

®=n,p,x

‘Escalar

Based on Eq. (14), we obtain the couplings of SM-
like Higgs to charged gauge bosons and charged Higgs.
In particular, regarding the interactions of charged Higgs
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Table 3. Couplings relating to the cLFV and LFVHDs in the 331NL model. All the couplings are considered only in the unitary
gauge.
Vertex Coupling Vertex Coupling
VaebH;r —1 fUé;(*LIZPR'*'izYIZPL) ébVaH; —i IU(%,’( " )
NaebH; —-i \FV;‘;( ) EaNsz_ —-i \FVg‘H( " 613PL+ TSBPR)
. i
2aeah] ey s, Pavah? imy, o
Vi V2
NaesVt % 8 yLeyup, AN 6 vy,
- ig . _ -
VaebW; \/EUbLa yHPL, ebVaWH 7U5b7 Pr
WH+ W= K0 ig VH+ Y= 10 ig
' EmW(CrySIZ_SaCIZ) u = MW Sac12
- i _ i
WO H W Eg(CQCIZ‘*'SaS]Z)(Ph(I) —PHi hH Wi Eg(caazﬂam)(ml— =Pl
_ i _ i
h(l)H;V“ Egé‘ncw([)h(}) —pHg)u /’L(IJI{2 \%2as EgS(,CB(pHE —ph(l))u
WHHY =01, 1, WH; Hy =101, 1,

with the W-boson and Z-boson mentioned in Refs. [53,
54], we find that, in this model, only Hy W*Z is non-zero
and H;W*Z is suppressed. This results in my: being lim-
ited to approximately 600 GeV [53] or 1.0 TeV [54].

From the above expansions, we show the couplings
relating to the cLFV and LFVHDs of this model in
Table 3.

The self-couplings of Higgs bosons are given as

3 3 3 2 2 3
/lhOH,H, = (Clzca_51250>(/112+/112)_C1251250(2/12 +/112)
+ s%chzca (2/11 + ;112)] ,/v% + v%,
Pl =|c? Aoz + Aoz) =263 A
WH,H, =|C125128a | 423 + 423 C135128a12

3 3 2 2
+c13€12C0 12 — S13C12CQ/113:| ,lvl +v;

+c13513 (Sa/123 - 2f0a)v3-

(15)

As shown in Table 3, the flavor-diagonal modes
occur naturally at the tree level. Because the
corresponding vertices are not suppressed, hl2.e, =
_ime,Sa _ 1me, Cpio)

= —= 227 Recall that we have h%,e, =
Vi v Cﬁ12

0 +,—
hi — eje,

18a€q decays in this mod-
v

el are implemented in parameter domains different from

those of the SM. This difference is determined through a

C(B1,+6)

Cﬂlz
in the limit § — 0.

coefficient , which is small and will be suppressed

IV. ANALYTIC FORMULAS FOR CONTRIBU-
TIONS TO THE LFVHDs AND cLFV

This model has a striking resemblance to the SM in
that the W-boson only couples with active neutrinos. In
contrast, exotic neutrinos couple with both the newly
charged gauge boson and heavily charged Higgs. By set-
ting an alignment limit on Eq. (40) and the mixing of
neutral Higgs in Eq. (46), we obtain h9, which fully in-
herits the same characteristics as the SM-like Higgs in the
THDM shown in Ref. [32]. However, this also leads to
the canceling out of certain couplings, such as h?ﬁaNa,
W HEHS, h)HE VT, and h)H; W*.

A. Analytic formulas for ¢; — e;y decays

In this section, we consider the one-loop order contri-
butions of the cLFV. Based on Table 3, all Feynman dia-
grams at the one-loop order for ¢; — e;y decays are given
as shown below.

The general form of the cLFV is given as

ei(pi) = ej(p;) +v(q), (16)

where p; = pj+q. The amplitude is known as

M = i (p)Tu;(p)), (17)

where ¢, is the polarization vector of photons, and I'! are
4 x4 matrices, which depend on external momenta, coup-
ling constants, and gamma matrices. Using the formulas
€.q" =0 and q,u;(p)T"u;(p;) =0, we can obtain the fol-
lowing amplitude form:
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M=u;(p;) [2 (pi-e) (C(ij)LPL + C(ij)RPR)

—(miCipr +m;Cijr) P — mCijr

+m;CijRr) ¢PR]Mi(pi)s (18)
_L=ys _L+ys
where P, = 5 Pr=—5—> and  Cjr, Cipr are
factors.
For convenience of calculations, we denote

C(,‘j)L = ij@(,’j)L and C(ij)R = 2miD(ij)R. Based on the dis-
cussions in Refs. [19, 55], we can obtain the total branch-
ing ratios of the cLFV processes as

. 4872 2 2 _
Bri®l(e; — ejy) = e (|D(ij)R| + |D(ji)L| )Br(ei —ejvvy),

F
(19)

where G =g?/(4V2m?), and for different charged
lepton decays, we use the experimental data
Br(u — evevy) = 100%,Br(t — evev,) = 17.82%, Br(t — uv,v:)
=17.39%, as given in Refs. [1, 2, 56]. This result is con-
sistent with the formulas used in Refs. [17-19, 23, 48, 57]
for 3-3-1 models.

The analytical results of the diagrams in Fig. 1 are
given in Appendix C. The total one-loop contribution to
the cLFV ¢; — ejy is

N, H, H N,H,H
D(ij)L =DVWW+D ”VV_'_DV 1y iVl

ipr T Pajpr ¥ Papr P
—ayVWW N VV vH H, N.H,H,
Dipr =Diijpr + Dijr +Dipr +Pipg - (20)

With ordinary charged leptons, m,, > m, ,i> j leads
to |D( ﬁ)R| > |D( jir|; therefore, we usually ignore Dy in
Eq. (19) when examining Br(e; — ¢;y). The notations cor-
responding to the contributions to ¢; — e;y decays are

2
487% —
Br'te; = ¢) =~ ) (D" + D" )| Brtei = e,7v.
F a
2
Ne: ) Nﬁ N,VV N, H,H, _ —
Br'(e; = ejy) = e Z(D(l.j)R +D(ﬁ)R ) Br(e; — e;jvv),
F a
2
4872 _
Br'¥(e; - e;y) =G—2 Z (D(VU‘;;W) Br(e; — e;vv). (21)
F a

The third contributor (Br"") consists of only the same

particles as those that appear in the SM. We investigate

. A b
HiH L
L S
€4 Vg €5
|Ll;|
<
S
<
<
Hi » -,
L g L
|:3;|

Fig. 1.

Of

the contributions of these components to Br™®(e; — e;y)

in the numerical calculation.

[

AVAVAVAVLY

N, a

L ]

I 4}

Feynman diagrams at the one-loop order for ¢; — ¢y decays in the unitary gauge.
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B. Analytic formulas for contributions to
h) > eje; decays
For convenience, when investigating the LFVHDs of
the SM-like Higgs boson hY — efej, we use the scalar

factors C(j. and Cgjg. Therefore, the effective Lag-
rangian of these decays is

LLFVH = h(l) (C(,-j)Le_,-PLej + C(ij)Re_iPRej) +h.c. (22)

C(h) — eje;) =T — e;’e;) +D(H) — e} ) =

We use the following conditions for external mo-
2 2 2

i,j’ hﬂ > ml ]5
which leads to the branching ratio of h — ejeT decays

being given as

mentum: pij =m (pi+pj)P= mi?, and m

Br(h — ee;) = T(h) eeeﬂﬂmm (24)

Based on the couplings listed in Table 3, the one-loop
Feynman diagrams contributing to these LFVHD amp-
litudes in the unitary gauge are shown in Fig. 2. Inevit-
ably, the scalar factors C;j z arise from the loop contri-
butions, and we only consider all corrections at the one-
loop order.

The partial width of 1 — e¥e is
j

(|C(1])L| +1Cij)rl ) (23)

[
where 1"“’“‘1 ~4.1x 1073 GeV, as shown in Refs. [2, 58].
The factors corresponding to the diagrams of Fig. 2
are given in Appendix D. To calculate the total amp-
litude for the LFVHDs in this model, we separate them

into two parts: C; for the contributions of active neut-
i)LR

rinos, and CV for the contributions of exotic leptons.

(LR
They are

L 1
Cz/ij)L,R = Z Uiana@[ _83(Ca512 —54C12) XMZYQV(mv‘,amW) + (_gz(cozC]Z +54512))
a

FVH 2 FHV
XM g (s12,C12,v1,v2,my iy, mp:) + (=87 (CaCr2 + Sa512)) X My 27 (512, €12, V1, V2, My, My, M)

_4g3 Ca

Vv
,R(mv‘, ) mW) + (
mycCi2

3
S
+(—g @ )fo
mwysi2

FHH
+ (=4 Ap0m, 1) X M7 (S12,€12,V1, V2, My, Mg ) + (

) M H(s12,c12,v1,v2,my,,mp2)

—&Ca
mwci2

st oo

485a
FH
+ X M r(s12,€12,V1,V2,my,,my:) |, (25)
mys12 ’
and
N L y/Lx g3saclzmw FVV 2 FVH
CipLr = va T | T XMk (mN,mv)"'( 2g Sacls)XML,R (c13, 513, V1, V3, my,, My, My:)
647T my 2
2 FHV 83
+(—2g Sa013)><ML,R (013,513,V17v3,mN‘1,mv,mH;)+( )XM r(my,,my)
mysi2
FHH 4g5sa FH
+(—4/1h$H2H2)><ML,R (c13, 813, V1, V3, My, Mp:) + p— X M r(c13, 513, v1,v3,mn,, mp;) |- (26)
w12

The total factor for the LFVHD process is
Ciprr=Clijrr+ C(z LR - 27

In Cgjurr, there are divergence terms, which are im-
plicit in Passarino-Veltman (PV) functions (B(") B(l"),

n=1,2), as shown in Appendix D. However, we can use
the techniques mentioned in Refs. [40, 57] to separate the
divergences and finite parts in each factor. It is clear that
the divergence parts are eliminated because their sum is
zero, and the contributions of the remaining finite part are
shown in the following numerical investigation.
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|L£|J| IrT: 'ﬁ\,' fg: |‘l[]:

Fig. 2. Feynman diagrams at the one-loop order of 70 — ur decays in the unitary gauge.

V. NUMERICAL RESULTS VEVs is chosen as 61_0 <tp <35, in.accc?rdance with
Refs. [43, 59]. However, the LFVHDs in this model de-
pend very little on the change in 7,; hence, we choose
t1p =0.5 for the following investigations. Furthermore,

We use the following well-known experimental para-  the s;5 parameter is an important parameter of the THDM.
meters [1, 2]: the charged lepton masses m, =5x 107 In section III, we show that the couplings of A9 are simil-
GeV, m, = 0.105 GeV, and m. = 1.776 GeV, the SM-like ar to those in the SM when ss — 0, and combined with
Higgs mass my» = 125.1 MeV, the mass of the # boson the condition used to satisfy all THDMs, c¢s > 0.99, ac-
my = 80.385 GeV, and the gauge coupling of SU(2). cording to the results shown in Ref. [60], we choose

A. Setup parameters

symmetry g ~ 0.651. lss] < 0.14. With the arange of [ss|, the model under con-
In this model, we can give the relationship of the sideration also predicts the existence of a large signal of
2,22 h) — Zy. This has been detailed in a recent study [43].

n_ 8V
Z3-4g2
However, m), > 4.0TeV is the limit given by Refs. [8, 9],

neutral gauge boson outside the SM as m The absolute values of all Yukawa and Higgs self
couplings should be less than V4z and 4z, respectively.
In addition to the parameters that can impose conditions
resulting in v > 10.1TeV. At the LHC@13TeV, we can on determining value domains, we choose the set of free
choose my =4.5[TeV] to satisfy the above conditions. parameters for this model as Ay, A1z, s5, My, my,, my,, and
This value of my is suitable and shown in the numerical M3

investigation below. The mixing angle between light Therefore, the dependent parameters are given below.

|21 =) 12525 | €2mi, + | s3(1 = B)) + 52112 | g2m,

A :/lllélz + 5 ,
8¢, My,
) (525 + 2tlzc§)g2m20 + (2s§t12 - Sz(;)gzmin
A2 =—2/11t12+ : 3 =
8s1ac12my,
2 2
575 8my,
A3 == mi? + mig - (/lls%z + /126'%2) , (28)
V3 g
and A;3 is given using the invariance trace of the squared Regarding the parameters of active neutrinos, we use
mass matrices in Eq. (A9) in Appendix A, the recent results of experiments shown in Refs. [1, 2,
, o 56].  Am? =7.55x107eV?,  Ami =2.424x1073eV?,
c m 22 _ 02 — in2 -
A3 = LZQ mi? +mig - _2W (/1] 52, +/12c%2)]. (29) sin“ 6], = 9.32, sin 0‘2’.3 = 0.547, and sm. 0, = 0.0216.
V3 8 The mixing matrix of active neutrinos is derived from
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UMNPS when we ignore a Very small deviation [61]. That

where 6. are the mixing angles of active neutrinos. The

way, U=Ul= U(9y,.96}5.65,), and Ut =U" (6Y,.615.6%,), parameterized form of the U matrix is
|

1 0 0
bU (6012,013,6023) =] 0 cosbs sinbr; [X
0 -—sinfy3 cosbhs

Exotic leptons are also mixed in a common way based
on Eq. (30) by choosing V' = U"(6},,6}},6);), where 6
are the mixing angles of exotic leptons. The parameterlz—
ation of V% is chosen so that LFV decays can be obtained
with large signals. According to that criterion, we can

provide cases corresponding to the large mixing angle of
T n)

444

exotic leptons, for example, VEi= UL(
rr_r ,O). The other cases

VL—UL(4 7 4) andVL—UL(

only change minus signs in thetotal amplitudes without
changing the final result of the branching ratios of the
LFVHD process.

B. Numerical results for the cLFV

The analytical results for the components of ¢; — ey
are given with Eq. (21). Using these, we give the para-
meter space domains of this model satisfying the experi-
mental limits of e; — ey decays.

Among the cLFV, u— ey hasthe strictest experi-
mental limit; therefore, in the regions of parameter space
where u — ey satisfies the experimental limits, the
T— ey and T — uy decays also satisfy them. This result
has also been shown in similar studies mentioned in Refs.
[19, 57]. To avoid unnecessary investigations, we only in-
troduce parameter regions satisfying the experimental
conditions of u — ey in different mixing cases of exotic
leptons. These domains are ensured to match for the re-
maining two cLFV.

Without loss of generality, we can investigate the
VE = UL (n/4,m/4,7/4) case. Then, the components of the

cosfi3 0 sinbg3 cosfp sinf;p; O
0 1 0 x| —sinf;, cosfyp, O (30)
—sinfi3 0 cosf3 0 0 1

u — ey decay are given, as shown in Fig. 3.

As a result, Br” and Br*" give a very small contribu-
tion compared with Br™@®, whereas Br" of the exotic
leptons is close to the main contribution. Therefore, we
can ignore small contributions in later calculations. In
particular, with the choice of the largest mixing paramet-
ers of the exotic leptons, significant signals for the
u— ey decay are at approximately mpy: <8.0TeV (left
panel) and my, < 2.0 TeV (right panel).

The anomalous magnetic moments of electrons and
muons d., = (g, —2)/2 mentioned earlier are of interest
now. However, they are closely related to the decays of
charged leptons. From Egs. (19) and (20), we can write

4m? 4m
o, = —%Re [Dinr] = _% (Re [D(Vii)R] +Re [D%R])’

€3]

% v,WW v,H H, N N, VV N, H,H,
where Df,p = Dy +Diijr > D = e + Deipr

and using the results in Appendix C, we have

B

(32)

2 ¥
E/ij)R ~ va“ UiaUaj’ (zj)R Zmzv VtaV
a

According to the results shown in Fig. 3, the contribu-
tion of active neutrinos is very small compared with that
of neutral leptons. Therefore, the contributions to the an-
omalous magnetic moments of muons and the cLFV are

L _,L oo T
Vaio=Uap (7 )y =0.71TeV] Vi =UL (==, =),m p=07TeV]
4744
14 . q T T
2
12F 4 ™ ] -
N 15} -
= . S e V1055 N 1013+
2 1of / 1 @ o
g / ~ N BrW, 1085  =memmnen g,fota\ 1013
% 8r @ 10 p g
@ <] -
- E
= k. £ 5
é / BrVx1055 BrNx1013 é
S BW, 1055 ememnnn grTotal 1013 ]
N,
O L L L L L \7 O N
0 10000 20000 30000 40000 50000 2000 4000 6000 8000 10000
mg(GeV] My, [GeV]
. . I : L L i
Fig. 3. (color online) Contributions to the u — ey decay in the case of V% = UL (n/4,7/4,7/4) with respect to My (left panel) and my,
(right panel).
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~ 2 *
Dong =Dy ~ Zmzvﬂ V2V
a

4m?

R [D8ar] ~ D w3 VeV (33)
a

L L T
Vab=uab(;v?:)me1 =13.0[TeV],mN2=2.O[TeV]

With the form of the matrix VZ, chosen as Eq. (30),
Donr and Do)r are always of the same order. Further-
more, in the limit Br(u — ey) <4.2x107!3 the condition
|Danrl < O(10713) is required. Hence, |Daor| < O(10713)
[48], resulting in |Aay| <O(10713). This is a very small

L L T ITTT
Vab=Usb () miy =13.0TeVlm s =5.0[TeV]

o« (2]
v_C) '_O 4
x *
> =
? [
3 g L = my=4.0[TeV] |
@ @
05F
P my=6.0[TeV] my=120[ew"""""
ot0f e . T
0050 Tt ‘ ‘ g 0.1 [rmmmeesamnemaaneeeen st ‘ ‘ |
500 1000 5000 1x10* 5x10% 500 1000 5000 104
mH% [GeV] mp,[GeV]

Fig. 4. (color online) Dependence of Br(u — ey) on my and migs (left) or my, (right) in the case of VL = UL (n/4,7/4,7/4).

L L JT T OIT
Vi =Uh (5 h g =2 OLTeV]my=4.5(TeV]

mp; =14.0[TeV]
mp; =15.0[TeV]

4.2x10713

500

1000 5000 1x10%

m,_% [GeV]

13 Lyt ST
Br(u—ey)x10 ,Vab=Uab(:,:,I),mv=4-5[T9V]

15000

14000

13000
=~ L
[+
S,
=3
g L
12000
11000
4
10000\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
1000 2000 3000 4000 5000 6000 7000
mH%[GeV]

Fig. 5. (color online) Dependence of Br(u — ey) on My (first row)
and my, (left panel) or My and my, (right panel) in the case of V%, =

e
Vabzuab(z,z, ),rnN1=13.O[TeV],mv=4.5[TeV]

MmNy =4.0[TeV]
mpp =5.0[TeV]

42x10713

500 5000 1x10% 5x10%

m,+[GeV.
H%[ ]

1ByL_yL Innm
Br(u—~ey)x10 ,vab=uab(z,:,:),mv=4,5[TeV1

4

5000 —

4000

3000

mp,[GeV]

2000

1000

1000

4%

3000

4000

5000

M PE———
2000 6000 7000

mH% [GeV]

and contour plots of Br(u — ey) (second row) as functions of mig
UL (n/4,7/4,7/4).
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signal compared with the current experimental limit
(0(107)); therefore, the signal of |Aa,| is negligible in
the parameter space regions in which we investigate the
cLFV.

Based on Refs. [8, 9], in this model (8= —1/V3), we
have the limit on the heavy VEV of v; > 10.1 TeV, result-
ing in my > 3.8 TeV. Correspondingly, at the expected en-
ergy scale of the LHC, v3~13TeV, and hence
my ~ 4.5 TeV. To select the appropriate region of my, we
fix my, = 13 TeV. Then, the dependence of Br(u — ey) on
my and my: or my, is given as shown in Fig. 4.

As indicated by the result in Fig. 4, the larger the
value of my, the better the experimental limits on
Br(u — ey) are satisfied. However, a small value of
Br(u — ey) may be considered undesirable because this
makes it difficult to detect experimentally. We find the
best fit when choosing my =4.5 TeV to perform the nu-
merical investigation of lepton-flavor-violating decays.

The results of the numerical survey show that

Br(u — ey) depends very little on the change in 5.
L L Tr T
Vab=Uab(—,—,——),m/\/1 =2.0[TeV],my=4.5[TeV]
4’4" 4
10} e
2 1t
o
x
>
® o100t
3
2 =14.0[TeV]
= MmNy 14.0[TeV]
0.010F mpp =15.0[TeV]
4.2x10713
0.001
500 1000 5000 1x10% 5x10%
mHé:[GeV]
13 L _yL 0T
Br(u—ey)x10'3, VA =UL (=, =,-=),my=4.5[TeV]
4’4" 4
15000 ‘ ‘ u|
14000/ 1
13000/
=
fo)
S,
3
£

12000

11000 -

10000, 47

1000 2000

7000

4000

1 1 1
3000 5000 6000

;5 (GeV]

Fig. 6.

Br(/,/—)ey)><1013

mp,[GeV]

|
Therefore, to ensure the limit — <1, <3.5, we always

choose the fixed value ¢, = 0.5. Combined with the fixed
selection of my =4.5 TeV, the dependence of Br(u — ey)
on mpy: and the masses of exotic leptons is given in
Fig. 5.

In Fig. 5, we consider the dependence of Br(u — ey)
on my: and my, or my,. In the first row, we show the
parameter space region of Br(u — ey) <4.2x 10713 in the
domain 1.0TeV <mp: <7.0TeV with two cases: 1)
my, =2.0TeV, and my, is approximately 13.0 TeV (left),
and ii) my, =2.0 TeV and my, is approximately 13.0 TeV
(right). In each of these parameter regions, the value
curves of Br(u — ey) decrease as my, increases (left) or
increase as my, increases (right). Therefore, the contribu-
tions of my, and my, to Br(u — ey) in this case can
presented in short form as follows: my, has an increasing
effect, whereas my, has a decreasing effect. This prop-
erty is also true for the other two decays, T — ey and
7 — py. The combination of these properties leads to the
existence of regions of parameter space that satisfy the

It
VA =Ukp(—.0,0), My, =2.0[TeV], My=4.5[TeV]
4

MNp =3.0[TeV]

500 1000 5000 1x10%

rnH% [GeV]

13 yL Lt T -
Br(u-ey)x10 ,Vab—Uab(a,040)ymv—4-5[TeV]

5000

4000

3000

2000

1000
1000

2000

3000 4000 6000 7000

mH% [GeV]

(color online) Dependence of Br(u — ey) on My (first row) and contour plots of Br(u — ey) as functions of myy and my,

(second row) in the case of VL = UL (n/4,7/4,—n/4) (left panel) or in the case of VE, = UL (2/4,0,0) (right panel).
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experimental limits of ¢; — e;y decays when one exotic
lepton has a mass of approximately 2.0 TeV and another
is approximately 13.0 TeV. These significant space re-
gions are shown to correspond to the colorless part shown
in the second row of Fig. 5.

In the same manner, we can obtain the results of the
remaining typical cases of exotic lepton mixing, as shown
in Fig. 6.

In both the V% = UL (n/4,7/4,-7/4) and VL = UL (n/
4,0,0) cases, we choose my, =2.0 TeV. The allowed do-
mains of the ¢; — e;y decays are shown in the second row
of Fig. 6. We find that the V. = UL (n/4,7n/4,-7/4)
and VL = UL (n/4,7/4,7/4) cases give nearly the same
results when the role of my, and my, are swapped (see the
left panels in the second row of Fig. 5 and Fig. 6). This is
also a typical feature of this model; therefore, the numer-
ical investigation below is mainly performed according to
the dependence on my: and my,.

C. Numerical results for the LFVHDs

The three LFVHDs have an experimental upper limit
as given in Eq. (2). We can investigate these decays in re-

VaLb:Ueﬁb(nM,rr/4,rr/4),mvz4 5[TeV],mp, =5.0[GeV]

9.x107%F
8.x1070}
_ 7.x1075}
=
=3
T
<
< 6.x105f
o
: 1075 155 1=0.1
X I
|55 1=0.05 = ==== |56 1=0.13
500 1000 5000 1x10% 5x10%
mHg[GeV]

Fig. 7. (color online) Dependence of Br(#) — u7) on Mg

Vi =UL (174,794, 7/4),my =4 5[TeV], | s5|=0.13

9.x107 5 fmmmmm e P
8x1070 ) amememememtTImiesTIommo oo
7.x1070}
g
S 6.x1075 f.=-=""
o mpp=10Tev] ===== M, =4.0[TeV]
5.x1073 |
'''''' MmNy =2.0[TeV] MmNy =5.0[TeV]
MmNy =3.0[Tev] ——=—=—= MmNy =6.0[TeV]
4.x1075 F ‘ ‘ ) ) )
500 1000 5000 1x10% 5x10%
5 (GeV]

Br(h{>p1)

gions of the parameter space that satisfy e¢; — e;y decays.
From Eq. (27) and Appendix D, we realize that
Cijpr ~mj, Cijr ~m; combined with m; > m, > m,;
hence, Br(h{ — ut) can receive the largest signal among
the LFVHDs in this model. Therefore, we focus on find-
ing the large signal of the h9 — ur decay in the following
surveys.

We use Eq. (24) to investigate the dependence of
Br(h9 — ut) on s; in the case of VL = UL (n/4,n/4,7/4),
(ss-specific parameter for the THDM), and the results are
given as shown in Fig. 7. Clearly, Br(h(l’ — ut) increases
proportionally to the absolute value of ss. Therefore, in
the limited range 0 < |ss| < 0.14, Br(h) — ut) can give the
largest signal when |s5| — 0.14.

In the case of Vi = UL (n/4,7/4,7/4), to find the pos-
sible parameter space for the large signal of Br(h) — u1),
we choose the fixed value |ss| = 0.13. Then, the change in
Br(h — ut) according to my: and my, is shown in Fig. 8.

As a result, Br(h(l) — u7) increases with my,, as shown
in the left part of Fig. 8. However, the part of the para-
meter space is significant; the part in which the experi-

Vho= Uk (74,104, 10/4), my =4.5[TeV],m + =5.0[TeV]
2

P
155 1=0.01 ===== = |s51=0.07 /
21074 e = Is51=0.08 Is51=0.1
1551005 == ===
1.x1074
__/ _ ilii— -—___v’
____________________________
5.x108 |ioimimrmem oo ot

500 1000 5000 10*

MmN, [GeV]

(left) or my, (right) in the case of V& = UL (x/4,n/4,7/4).

My [GeV]

Buh?_.m;no?v;bfu;b(g. 1,0), 155 1=0.13

on
4’4

5000

4000
0.080

0.075

3000 0.070

0.065

2000 0.060

1000 |- - i

1000 2000 3000 4000 5000 6000 7000

m,_+[GeV]
Hs

Fig. 8. (color online) Br(h? — u7) as a function of mpz in the case of VL = UL (n/4,n/4,n/4) (left) and density plots of Br(h) — u7) as a

function of mys and my, (right). The black curves in the right panel show the constant values of Br(u — ey) x 10'3.
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Fig. 9.  (color online) Density plots of Br(h) — eu) (left) and Br(h® —er) (right) as a function of myz and my, in the case of
VL = UL (n/4,7/4,7/4). The black curves show the constant values of Br(u — ey)x 10'3.
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Fig. 10. (color online) Dependence of Br(h? — ut) on Mg (first row), and density plots of Br(h? — u7) as a function of myg and my,
(second row) in the case of VL = UL (n/4,n/4,-n/4) (left panel) or in the case of VL = UL (x/4,0,0) (right panel). The black curves in the

second row show the constant values of Br(u — ey) x 10'3.

mental limits of Br(u — ey) are satisfied is shown in the
interval between the 4.2 curves in the right part of Fig. 8.
We show that the largest value Br(h‘l’ — ut) can achieve
in this case is approximately O(1073).

In a similar manner, we investigate Br(h(l) — ep) and
Br(h) — e7) in the region of parameter space given in
Fig. 8. The results are shown in Fig. 9.

The results obtained for Br(h? — eu) and Br(h} — er)
are below the upper bound of the experimental limits
mentioned in Eq. (2). In addition, these values are smal-
ler than the corresponding values of Br(h(l’ — ut). There-
fore, we are only interested in the large signal that
Br(h) — ut) can achieve in the other investigated cases.

For the other cases of mixed matrix exotic leptons,
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VE = UL (n/4,7/4,-n/4) and VL = UL (7/4,0,0), we also
show parameter space domains that can give large sig-
nals of Br(h? — ur) and satisfy the experimental condi-
tions of (e; — e;y) decays, as shown in Fig. 10.

With VL = UL (2/4,0,0), Br(h) — ut) canreach ap-
proximately 107#; however, in space domains satisfying
the experimental limits of the (u—ey) decay,
Br(h(l’ — ur) can only reach a value of less than 1073. This
result is entirely consistent with the corresponding object,
which was previously published in Ref. [40]. When the
mixing matrix of exotic leptons has the form
VL = UL (n/4,m/4,—n/4), we can obtain allowed paramet-
er space domains that can give signals of Br(h) — ut) of
up to 107*. This is the largest signal of Br(h) — ut) that
we can predict in this model and is also close to the up-
per limit of this decay (107%), as shown in Refs. [1, 2,
56]. It should be recalled that we previously showed the
existence the large signal of Br(h) — Zy) (1.0 <Rgzyy, <
2.0) in Ref. [43]. Although, the two decays h9 — ur and
K — Zy have different private parts, the common parts
are given in the same corresponding form. For example,
the common couplings h/V-V*(V* = W+, V), hf f(f = e,),
hV=S*(S*=H{,),hS~S*(S* = H},) are given the same
form for eaé% decay, the ﬁependent parameters
A2, 12,413, 23 are given in the same corresponding form,
and free parameters, such as Ay, ss,t12, My, ..., are selected
corresponding to the same value domains when examin-
ing the two decays h — e;e; and h — Zy... All common
value domains are chosen to be the same. Therefore, we
believe that there are parameter space domains of this
model in which both the h — eje; and h— Zy decays
achieve large signals. These are the decays of interest of
the SM-like Higgs boson, and their signals are expected
to be detectable from large accelerators to confirm the in-
fluence of this model.

VI. CONCLUSIONS

The 3-3-1 model with neutral leptons gives a diverse
Higgs mass spectrum when using the Higgs potential in a
general form (Eq. (7)). Applying the same technique as
Refs. [32, 43], we can identify two neutral Higgs corres-
ponding to those of the THDM. This causes the 331NL
model to inherit several features of the THDM, as men-
tioned in Refs. [32, 62].

We find the contribution of exotic leptons to be the
main components of (¢; — e¢y) decays at the 13 TeV scale
of the LHC, leading to constraints on the masses of some
particles, such as my ~ 4.5 TeV, my: ~ 0.7 TeV, and
my ~ 1.5 TeV. Via numerical investigation, we show that
the parameter space regions satisfying the experimental
limits of (e; — e;y) are highly dependent on the mixing of
exotic leptons. However, two cases, V. = UL (n/4,7/4,
n/4) and VL = UL (n/4,m/4,—-n/4), can give roughly the

same result when the roles of my, and my, are swapped.
The allowed space regions in this part are all given when
fixed at my = 4.5 TeV, exotic leptons have masses of ap-
proximately 2.0 TeV, or another exotic lepton is at
13.0 TeV.

Although, the forms of the mixing matrix of exotic
leptons do not affect the absolute value of the total amp-
litude of the h — ur decay, they affect the regions of
parameter space where Br(e; — ejy) are satisfied. This
motivates us to find the large signal of Br(h} — u7) in the
allowed space of ¢; — ¢;y decays.

Performing a numerical investigation, we show that
Br(h) — ut) is always less than 107 in the case of
VL = UL (2/4,0,0), which is in full agreement with the
previously published results in Ref. [40]. We also show
that Br(h) — ut) always increases proportionally to |ss| in
all cases of VL. Therefore, in the range of values
0<|ss| <0.14, Br(h(l) — ut) can be obtain large values
when [ss] — 0.14. Combined with the results shown in
Ref. [43], Br(h% — Zy) can also give large signals in this
range of values. Hence, we can expect to obtain regions
of parameter space for the existence of large signals from
both Br(h? — ut) and Br(h? — Zy) in this model. Further-
more, we also predict that the large signal of Br(h — ur)
can reach 107 in the case of V4 = UL (n/4,7/4,-7/4).
This signal is close to the upper limit of this channel and
is expected to be detectable using large accelerators.

APPENDIX A: HIGGS AND GAUGE BOSONS IN
THE 331NL MODEL

Higgs bosons
From Eq. (7), the minimum conditions of the Higgs
potential are

2 2 2
2 _fV1V3 B /1121/1 +/113V3 5

Hy Vo ) — A1V,
2 fV2V§ /112\1% + /1231)% 5
My = Vi - ) — AV,

(/123\1% + /113\)%)

. (A1)

2 2
M3 =fvav) —A3v3 =

There are two Goldstone bosons, Gy, and Gy, of the
respective singly charged gauge bosons W* and V*. Two
other massive singly charged Higgs have the masses

i fvz
2 2 2 12 3 1.
my - —(v1+v2)(—2 +—],

ViVva
pl fv
2 2 2 23 2
mHzt :(V1+V3)(7+T). (A2)
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The relationship between the two flavor and mass
bases of the singly charged Higgs is

* ):( —C12 S12 ) Gy )
* s e )\ HY )

. V2
where Sij = SlIl,B,'j, Cij = COSﬂ,‘j, tip =tanfByp = V—, H3 =
1

ES e

>~
L
S—
Il
—_
|
2
o =
(98]
w0
_
W W
S—
P
T Q
<
S—

(A3)

tanf3 = :—1 13 = tanfys = 1—2,

With the components of the selected scalar fields (Eq.
(6)), we initially obtain 5 real scalars, namely,
51,52,83,55.5%. In the final state, similar to Refs. [40,
63], we obtain four massive Higgs and a Goldstone bo-
son (Gy) corresponding to the gauge boson U. A heavy
neutral Higgs mixed with Gy on the original basis

(55.8%) is
s’ —S13 C13 Gy
2 |= A4
(s %) e

and the mass of A is given as

pl fv
2 2 2\ i3 2
My = (vl +v3)(—2 + . ) (AS)

The remainders are three neutral Higgs whose mass
mixing matrix on the flavor basis (§,5,,53) is

2
fwov
2/12\1%+ ” 3 V]Vz/l]z—fvg

1

MZ = fV1V2
" vivadin— 13 24vi+——=  vi(mdiz—fvr)

V2
v3(idoz = fva)  va(madiz—fvi) 2433+ friva
(A6)

v3(vidaz — fv2)

Among the three neutral Higgs mentioned in Eq.
(A6), the lightest, 4%, is identified with the Higgs boson
in the SM (known as the SM-like Higgs boson). To avoid
the tree level contributions of the SM-like Higgs boson to
the flavor changing neutral currents in the quark sector,
we used the aligned limit introduced in Refs. [32, 43],
namely

A
f=Aitp =22 (A7)
t12

For simplicity, we choose f'and 1,3 as functions of the
remainder. Thus, the mass matrix of the Higgs in Eq.
(A6) becomes

2/12V2+/113V§ %2 (/1121)1 /113\/3)[12 0
(/1121/1 /113\/3)[12 2/11112 +/113V3 0
0 0 2/131)% +/113V%

(A8)

As a result, S3=h) is a physical CP-even neutral
Higgs boson with mass m = Ay3v3 +243v3. The sub-mat-

rix 2x2 in Eq. (A8) is denoted as M;*, which is diagonal-
ized as follows:

R(@)M;?R" (@) = diag(m}y, m},), (A9)

where

—Sa

0’5,312—%+6 and R(a)=(§” ) (A10)

a

Using the techniques described in Refs. [32, 43], we
find that the masses of neutral Higgs depend on the mix-
ing angle 6, which is a characteristic parameter of the
THDM. As mentioned in Ref. [60], this parameter con-
strains ¢s > 0.99 for all THDMs, resulting in |ss| < 0.14.

2 _ a2 2 2 2 2
My = M5, cos 6+ Mj, sin” 6 — M7, sin 26,
2 _ a2 2 2 L0Q2 2
My = My sin 6+ M7, cos” 6+ Mi,sin26,
2
2M3,

tan20 = ————-.
2 2
M5, — My,

(A1)

The components M;; of a 2x2 matrix are formed
from the sub-matrix of M? after rotating the angle Bi,.

M2, =2 A+d—1 MV*
1= S12C12[ 1+42 12]V + s

12
2 2 2 2 2 2
M12 = [/115‘12 — /lzcu —/112(512 —612)] S12C12V° = ()(v ),

M%z :2(s?211 + 6?2/12 + s%zc%z/llg)vz =00, V' = v% + v%.
(A12)

We also have

(A13)

(5]l )

The lightest 49 is the SM-like Higgs boson found at
the LHC. From Eqs. (44) and (45), we can see that

2M3, V2
tan26 = —2 —O( ) 0 when +? <« v3 In this lim-

M v3

2
it, m?=M3,+vx O(_z) M3,, while m = M3, +v*x
V3
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M2, . In the next section, we see more explicitly

that the couplings of 49 are the same as those given in the
SM in the limit § — 0.

Using the invariance trace of the squared mass
matrices in Eq. (A9), we have

2 2,2 2 2 2 2
2/12\)1 +/113V3l12 +2/11V2 +/113V3 = mh? +mh(z, (A14)
where A3 can be written as
2 2
12| 2 2 W 2 2
Ay =~ iy + iy —2(/11S12+/126‘12)]. (A15)
3

The other Higgs self couplings are given in Table 3.
They should satisfy all constraints discussed in literature
to guarantee the pertubative limits, the vacuum stability
of the Higgs potential [64], and the positive squared
masses of all Higgs bosons.

Gauge bosons
SU3).® U(1)yx includes eight generators, 7% (a=1,8),

of SU(3), and a generator T° of U(1)x, corresponding to
eight gauge bosons, Wy, and X,, of U(1)x. The respective
covariant derivative is
D, =0,

—igsWiT* - 1 T°XX,. (A16)

The Gell-Mann matrices are denoted as A,, and we

1
have T¢ = z/la,
triplet, or singlet representation of the SU(3),, that T* acts

AT, or 0 depending on the triplet, anti-

. 1 .
on. T° is defined as 7° = %, and X is the U(1)x charge

1
— (W=
\/5( g

of the field it acts on. We also define le =

1 1
W2 - _ 6 _ w7 0 _ 4 _ sy -
iw2), v, = %(Wﬂ —iW]), and UJ = %(Wﬂ -iwy):
0o wr U
1 _ -
WaT® = 5 w, 0 Vv, (A17)
uy vi o0

The masses of these gauge bosons are

2g2222g22228222
mw:I(VI’L%)”"U:Z(VZ”S)””":Z(V1+v3)’
(A18)

where we use the relation v] +v3 =v? =246"GeV? so that
the mass of the W-boson in the 331NL model matches
the corresponding value in the SM.

The three remaining neutral gauge bosons, A,, Z,,

and Z;, couple to the fermions in a diagonal basis, as
shown in Ref. [43]. These couplings do not correlate with
LFV decays; hence, we do not mention them in this pa-
per.

APPENDIX B: MASTER INTEGRALS

To calculate the contributions at the one-loop order of
the Feynman diagrams in Figs. 1 and 2, we use the PV
functions mentioned in Ref. [65]. By introducing the
notations Do = k?— M3 +i6, Dy = (k—p;)*~M}+is, and
D; = (k+ p2)* — M3 +i6, where § is infinitesimally a posit-
ive real quantity, we have

Ag(M,) = Qrpy*P dek 50 = Qrw* P  dPk
O =R D,”"0 T in DoD;’
ONC D f A%k _ Qrwt? f d"k
07 ix? DyD,” 0 T im? DD’
1 d*k
Mo, My, M. —_—
=Co(Mo, My, M) = fDODlDZ
(B1)

where n=1,2, D=4-2¢ <4 is the dimension of the in-
tegral, while My, M|, M, stand for the masses of virtual
particles in the loops. We also assume p? =m?, p3 = m3

for external fermions. The tensor integrals are

Qru)*P [ dPkx kH
A (pai M) =722 = Ao(M,)p,
in D,
Qru)*P dekxk” ®
B*(pn; Moy, M,) = =B
(Pn, 0> ) 17T2 DODn 1 P/;:,
Qau)*P dekxk/‘
B ‘M, M
(p1,p2s M1, M>) = 2 D.D,
=B pli+ BV,
1 d*kx kit
C*(Moy, M, M = P+ O,
(Mo, My, M>) = DD\, 1Py +Caply
1 d*kx Ktk
C* (Mo, My, M- AL
(Mo, My, M) = DoD1 D
ECoog "+ Cnpipl+Cupp,
+Co1 P\ + Coaphph,
(B2)

where Ao, Bg?, B(lz) and Cy,,C, are PV functions. It is

well-known that Cy,,C,,, are finite while the remains are
divergent. We denote

1
Ae = — +Indm —yg, (B3)
€

where g is the Euler constant.
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Using the technique mentioned in Ref. [19], we can
show the divergent parts of the above PV functions as

Div[Ao(Ma)] =M; A,
Div[B\"] =Div[B|”] = A,
1
Div[B\"1 =Div[B{"”] = S0

1
Div[B”] =Div[B{”] = ~5Ae (B4)

Apart from the divergent parts, the rest of these functions
are finite.
Thus, the above PV functions can be written in form

Ao(M) =M*A¢ +ag(M),

B{'?, =Div[B} 7)1+ 5}

0,1,2 0,121t 00.1 25 (B5)

where ay(M), bgf}, bf)]’i)z are finite parts and have a specif-
ic form defined in Ref. [19] for ¢; — e;y decays and Ref.

[20] for the hY — T decay.

APPENDIX C: ANALYTIC FORMULAS OF THE
ONE-LOOP ORDER FOR ¢; — ¢jy DECAYS

We use the techniques shown in [19, 57] to give the
factors at the one-loop order of ¢; — ¢y decays. The PV
functions obey the rules shown in [65] and have a com-
mon set of variables (p?,m?,m},m3), with p? = mﬁOmz
related to external momenta, and m?,m3,m3 related to
masses in the loop of Fig. 1. For brevity, we use the nota-
tions Cyp, = Cg‘,,(pz,m%,m%,m%) and C,, = Cm,l(p,%,m%,

. 2, m2);m,n=1,2 in th lytic formulas below
B™ =Div[B™]+b™. BS m5,m3);m,n = 1,2 1n the analy .
0.1 =PVIB 1+, (B3) The factors of diagram (1) in Fig. 1.
VW, 2 2 eg’me, | m;, m?, |
Dijr (my,my) = === |1 2C1+Ca+ Cn)+ —(Cri+ Cra = C1) +—=(Co+ Cra+ Cn = € - 2G2) |, (CDH
n | s, my, ]
VW, 2 2 eg’m,, | mg m;, 7
Dy my, ,miy) = = 5 |2C2+Cri+Ci2)+ —5 (Cia+Con =) +—5(Co+C11 +C12—-2C - Cr) |, (C2)
327 | my, my, ]
The factors of diagram (2) in Fig. 1.
2 1 2 2 1
eg iy, e, ny,
Dl (migemiy) = == |AC1+Cia+ Co) + —5(Cri + Cia =€)+ (Co+ Cra+ Cin = €1 = 2C). (C3)
JT | mv mv ]
, s 5 .
NVV, 2 2\ _ Egzme, me, my,
Diing Mygmy) = o 20C+C1+C)+—=5(Cr2+Cn =) +—F(Co+C1 +C12-2C - C2) |, (C4)
™1 my ny, |
The factors of diagram (3) in Fig. 1.
20 [ 2 2 2 1
eg mgj m s m 3 m 3
D my o) = =——5 | 5 (Ci+ Cia=C1) + —+(Cia + Coa = C2) +—-(C1+C2 = Co)|. (C5)
‘ 64n> | my, my, my, |
VHH, 2 2 egzme, | m?, mlz, m% |
Dipg (my,m) == i —5 (Ci2+Cn=C)+ —(C11+Cin=C1) +—-(C1 +C2 = Co)|, (Co)
TT _mW mW mW |
The factors of diagram (4) in Fig. 1.
2 2 2 2
a. 2 eg m J ml m a m a
DY, m3y ) = ————" | =H(C11 +Cra— 1) + —+(Cra + Cpp = Ca) +—3+(C1 +C2 = Co). (C7)
J . 321 | my, my, mj,
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NaH,H,, 2 2 egzme, mf, m?\/ mlz\’
D™y, i) = ——5— m_z(C12+C22_C2)+ T Cu+Cn=C +—5(Ci+ G- Co), (C8)
W v v

APPENDIX D: ANALYTIC FORMULAS OF THE ONE-LOOP ORDER FOR h‘l) — e;e; DECAYS

The one-loop factors of the diagrams in Fig. 2 are given in this appendix. We used the same calculation techniques
as shown in [20, 66]. We denote m,, = m; and m,, = m;.

1
MEVY (mp,my) =mym, {W [m%(B(ll) - Bél) - Bﬁf)) - m%B(lz) + (2’"%/ + mﬁo)m% (Co—C )]

1%
2_ .2 2_ .2 )
ms—m my—my,  mM5n,
_(2+ 1 5 2)C1+[—1 5 L— 4" )CZ}, (D1
my, my, 2my,

1
MEVY (mp,my) =mym; { 2, |-m3 (B + By + BY) + miB\" + @y, + my)mi(Co + C)|

my,
2, .2 2_ .2 2.2
-ms+m ms—my,  myms,
+(2+ L Z)Cz—( iy Lk )cl}, (D2)
my ny, my,
2 2_ 2
azm ay m; —mg,
M{VH((ll,llg,vl,Vz,mF,mv,mH) =m; ———g(B(]l)—B(Ol))+—m§ 2C1— 1+h—2h C2
1% mV V1 mv
2_ .2
[25) ny, —nmy,
+—mj. C0+C1+h—2h(Co—C1)}}, (D3)
V2 my,
2 p(l) 2 p(l)
ay msB -m4+B
MFVHa1,az,v],vz,mp,mv,my) =My — e bl S e\ Y mzCo—m2C1+2m2C2
R 1 ) F 1 2
%

2 2
m;—m
2 2 h (2 2
+2(my, —m3)Cp — — (mFCO —mlcl))
m

2 2
ar m; —m
+ —m%; —2C0—C2+%C2 ,
V2

v my
(D4)
2 p(2) 2 p(2)
a1 | -m5B" —m%B,
MEHV(Gl,az,VhVz,mF,mH,mv) =m {—1 M + ( mf,Co - 2me1 +m§C2
Vi my,
2_ 2 2.2
m-—m a ms—m
=2(mj, = m})Cy =~ (m}-Co +m§cg))} +—2m§(—2co +C) - %a] :
mv V2 mV
(D3)
FHV a M o) oy, A mj, = my,
Mg (ay,az,v1,va,mp, my,my) =my ——2(31 +B; )+—m] “2C+|1+ ——|C
V2 my, Vi my,
22
a m, —my,
+—2mi~[Co—C2+—h 5 " (Co+Co)f;- (D6)
V2 mV
2 2 2 p(l) 2 p(2) 2
—mym m msBy +msB 2m
M ey = oy ML )| on)
my(my —ms3) v my, my,
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