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Abstract. Lepton flavor violating (LFV) decays of charged leptons |1 — ey and SM-like Higgs bo-
son h — U7t are discussed in the framework of the economical 3-3-1 model adding three additional
singlets neutrinos (E331Xgr). We will show that the appearance of new neutrinos and charged
Higgs bosons in this model can result in interesting regions of the parameter space, which satisfy
the recent experimental bound of Br(iL — ey) as well as give large Br(h — ut) > ¢(1077). In
these regions, the charged Higgs boson mass lies within the range of 2 — 3 TeV. Our results show
that the LFV decays are important channels to distinguish the E331Xg and the original economi-
cal (E331) models, which predict suppressed LFV decay rates.
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I. INTRODUCTION

The economical 331 models [1,2] are the simpler versions of the model with right-handed
neutrino (331RN) [3], where only two Higgs triplets are introduced to generate masses of parti-
cles. These E331 models predict new neutrinos with very light masses, result in suppressed LFV
processes like 4 — ey and h — ut, which are now being searched experimentally as signal of
new physics beyond the Standard Model (SM) [4,5]. Recently, new versions of the 331RN, where
new singlet neutrinos are included, predicted heavy neutrinos through the inverse seesaw (ISS)
mechanism [6,7]. These models also predict that the Br(it — ey) can reach the recent experimen-
tal bound, and the LFV decay of the SM-like Higgs boson Br(z — u7) may be large [7]. In this
work, we will investigate the two mentioned LFV decays in the E331Xg. Because of the simpler
Higgs sectors than the previous 3-3-1 versions with ISS neutrinos, the LFV signal predicted by the
E331Xy can not be estimated based on the previous investigations. Therefore a detailed discussion
in this work is very important and useful.

Our paper is arranged as follows. In Sec. II, we review ingredients of the E331 model rele-
vant with the LFV processes. After that, we focus on important content of the E331Xg, including
ISS mechanism for generating neutrino masses, LFV couplings, and branching ratio of the two
decays 4 — ey and h — pt. In Sec. III, numerical illustrations are presented. Section IV is our
inclusion, where main results are given.

II. THE ECONOMICAL 3-3-1 MODEL WITH THREE NEUTRINO SINGLETS

II.1. The original E331 model

The economical 3-3-1 model (E331) was constructed based on the gauge group SU(3)¢ x
SU(3) x U(1)x with two scalar triplets [1,2]. We review here important
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with vacuum expectation values (VEVs) are (¢0) = u/+/2, (¢9) =w/v/2, and (p9) =v/v/2 =174
GeV. It is enough to consider here u = 0, where the neutrinos masses will arise from the ISS
mechanism.

Apart from photon, the E331 contains eight massive gauge bosons after spontaneous break-
ing, namely four neutral bosons (X°,X%*), (Z,Z’) and four singly charged ones (W*,V¥). The

. . N .
masses used in this work are my = £ my = £ my = %. The SU(3),. scale predicts new
heavy particles, leading to the condition w >> v.

The Higgs potential with only two scalar triplets is

Ya=uio" o+mp P+ 21070+ 2(0"p)> + 43(070) (P P) + Mu(pT9)(0Tp). (@

The E331 has a simple physical Higgs spectrum: two charged Higgs boson H;, two CP-even
Higgs (h,H) and one CP-odd boson A. Their masses and mixing are given in detailed in Ref [2],
where the Higgs boson £ is identified with that found by LHC. It is named the Standard Model-like
(SM-like) Higgs boson because it has the similar property of the neutral Higgs boson predicted by
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the SM. The masses of Higgs bosons relevant with this work are:

=2 (20— 22 ) 40 v m; :@(m2 +mg) 3)
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In the E331 model, neutral leptons are all included in triplets, W, = (V,, ea,Na)z, a=1,2,3. The
SM-like neutrino is V,, and the new ones predicted by the E331 are N,z. The lepton masses in the
E331 model come from the Yukawa part

DY = —hSyWarpevr + hype” (War)i(WoL) 5P +h.c., €
It was shown that the neutrinos in this model are all very light. Hence they result in very suppressed
signals of LFV processes, which can not be detected by future experiments. In the next section,
we will discuss the model containing heavy neutrinos.

In this work, we just focus on the decays relating with SM-like Higgs bosons and leptons,
which are irrelevant with strong interactions like the quarks. The quark sector of the E331 model
was discussed in detail previously [2], hence we will not repeat again. As we will see, the E331Xg
model is different from the E331 model by the lepton sector. Therefore, in the following it will be
constructed thoroughly for determining the LFV couplings.

I1.2. The E331X; model

In this work, the E331X, is constructed by adding three new singlets of right-handed neu-
trinos X,z ~ (1,1,0), a=1,2,3. The new Lagrangian part different from the E331 model is

. 1
— Zxz = Yoo War O Xpr + 5 (1x)ab(Xar ) Xpr +h.c.. %)

Lagrangian (5) plays very important role to create masses and mixing of neutrinos following the
ISS mechanism at tree level.

It can be seen that the E331Xy has total nine neutrinos including three SM-like light v,,
three exotic neutrinos at the bottom of lepton triplets N, and three right-handed neutrinos X,z.

To determine neutrino masses and mixing, we will use the basis v, = (v, Ny, (Xz)°)! and
(vp)¢ = ((ve)", (NL), Xr)" with vg = ((viz)*, (var)®, (va))", Ne = (M), (Nap ), (N3L))T,
and X; = ((X1r)¢, (Xor)¢, (X3r)¢)T. Combining two Yukawa parts (4) and (5), the neutrino mass
term is given as

— Ly = lvaV(vg)C +h.c., (©6)

mass 2

where MV is the 9 x 9 matrix that is written in the block form as follows

0 mp 0
M'=|mh 0 Mp|. (7
0 Mg px

In the expression (7), Mg is a 3 x 3 matrix having (Mg) . = Yab% with a,b =1,2,3, ux is also a
3 x 3 matrix was derived in (5), mp is the Dirac mass matrix of neutrinos, which can be calculated
in the same way shown in Ref. [7],

0 xip xi3
mp=z|—x2 0 1 ]. (&)
—x3 —1 0
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Here, z, x12, x13 are independent parameters. The mass matrix (7) has the form which creates
neutrino mass from the ISS mechanism.
The mixing matrix of neutrino U" satisfies the following condition

UVTMYUY = MY = diag(iy,,My), )
where i1, = diag(my, , my,, my,) and My = diag(my,, my, ..., my,), corresponding to the masses

of active neutrinos and six extra neutrinos. The ISS mechanism guarantees that m,,, are light and
can be fitted with the current neutrino data. On the other hand, six exotic neutrino masses have
order of |[Mg| ~ w, hence they are very heavy.

I1.3. Relevant LFV couplings and decays

The LFV coupling relating with gauge bosons can be traced from previous work,
L™ =V ' Dy
8 S - — = - —
- (U ey PniWig + Ui PLeaWik Ul s e Punityy + Ul iy Preat,! |

The LFV couplings relating with Higgs bosons are changed because of the new Yukawa couplings
(5). The Yukawa part (4) gives

— hoy Warpepr + hyye ™ (War)i(Wor)5pi +h.c.

m
D — ;ma [\;heaea +cq <U(a+3) 7iPreqH, + U(a+3)leaPLn H, )}
W
8¢ c “
_ ﬁh Z USUY i (m, P+ mo, PR) n; ;ZW {Uv (U " +3)Ubl> H, 2,Pgn; +h.c. ]
=1
where two mixing parameters ¢ and & are defined as
my v Asmymy
to=—=—; l=—"5—F75". 10
“Tmxy  w % llm)z( —lzma, (10)

In (5), the couplings from first term,

— Yop War 9Xpr +h.c.

For convenience, we define
3 3
)Lg- = Z (UCIULYI*mnt + UV*Uvmnj Z taté (M;;)Cd |:U(‘::-3)iU(d+6)j + U(L+3) U(\l}lfq‘ﬁ)l} 5
c=1 c,d=1
R L :
Aai = maU(\:z+3)i7 Aii = Z (mp)acUG" + 15, (Mp)ac U(C+6)

c=1
Based on the above calculation, all LFV couplings are listed in Table 1.
The partial decay width of the SM-like Higgs boson decay i — e ey, is [8,9]

_ _ m
T(h— eqep) =T(h— e ef ) +T(h—efey) = 8—7’; (1A @)L + 1A ws)r]?) - (12)
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Table 1. Couplings relating with decays & — e e, in the E331Xg model. All momenta in
the Feynman rules corresponding to these vertices are incoming.

Vertex Factor
hegea —Sect
i, ot (AP AYPe)
Hy eani, Hy ey | — 5 (A Pr+ Mg PL). — e (AgPL+ AjtPr)
Wjehnﬁ-, W, ean; 18 U,;’ly“PL, 18 UV*}/“PL
anﬁeb, Vi nieq \’/%Ub% VP, ’g U(‘:z*+3) TP
hW THW VY igce mw guv
hV Ry =V igmy guy sin(o —§)
H WV, Vi Hy b | 5 (Pyy — Py)ucos(a—&), §(P,— Py )ucos(a—§)
hH, Hy iy = icheg [220v — (As + Aq) 1z w]

The corresponding branching ratio is Br(h — ese5) = ['(h — eqep) /TP, where 0! ~
4.1 x 1073 GeV is the total decay width [8, 10]. The A; g are scalar factors written as

. 10
A=Y AR Y AR, (13)
i=1,5,7,8 i=1

All private factors A(L’.)Igv and A(LI?RY denote one-loop contributions from Feynman diagram in Fig. 1.
Analytic expressions are computed using techniques presented in [11-13]. The results are listed
in the appendix.

At one-loop level, the Feynman diagrams contributing to the decay  — ey are shown in
Fig. 2.

The formula of Br(u — ey) is [14]

Br(p —ey) = —5 ]DR\2 (14)
Gr
+
where Gr = gz/(4\ﬁm‘2}v) and Dg = DY + D} +Dg2
w 9 y P
br = 327:2 32m2m3, 2‘1 Uiy U5 tw). - D= 32n2 Z' 7 Usif i),
DHZi _ eg C9 i L* LJ 1-— 6[J‘H +3th2 +2th — 61.1-1_111’1(1]‘[-])
R 1en?md, & My 12(tj — 1)
n mn/l A‘ZR —1 —|—th —2le ln(th) 15)
1%-1 Z(IjH — 1)3 ’
2
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Fig. 1. One-loop Feynman diagrams contributing to the decay 7 — e,ep, in the unitary
gauge. Here Y+ = (W*, V¥).
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Fig. 2. Feynman diagrams for 4 — ey at one-loop level in the unitary gauge.

where tiw = 7%;, tiy = Té, th = ﬁ, and
2
10 — 43x + 78x% — 49x> + 4x* + 18x° In(x)
12(x—1)4 '

F(x)

In the next section, we will focus on the allowed regions satisfying the upper bound of Br(u — e7)
and giving large Br(h — ut).

III. NUMERICAL RESULT

For numerical investigation, we choose a set of independent parameters as follows. The
SU (3), scale w is equivalent to the heavy charged boson mass my = gv/v? +w?/2; the singly
charged Higgs mass My the Higgs self-coupling factor A;; the mixing parameter £ between
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2

Hases the parameters z of mp matrix, and the matrix

neutral Higgs bosons; heavy neutrino masses m
Mg.

Some parameters are the well-known experimental values [8]: the mass of W boson my =
80.385 GeV; charged lepton masses: m, = 5.107% GeV, my = 0.105 GeV, m; = 1.776 GeV; m), =
125.1 GeV; the SU (2),, gauge coupling g = 0.651, and v ~ 246 GeV.

Other parameters are functions of the independent ones. Specifically, the mixing angle
o and Higgs self couplings A4 are fixed by the relations (10) and (3), respectively. The Higgs
couplings A, 3 are written as functions of & and my,. The parameters x12 and active neutrino
masses in mp are exactly the same as those mentioned in Ref. [7].

For simplicity and without losing generality, we choose Mg = Mg I3 with Mg = kz, where
k will be used. In numerical calculation, default values of free parameters are chosen as A; = 1,
my =1.5TeV, cg =0.99, ux = 10~7 GeV. We note that the recent experimental data 1 — yy gives
[cg| > 0.99. The perturbative limit of Yukawa coupling of lepton gives z < 600 GeV. According
to Ref. [7], in order to produce active neutrino masses and mixing which can be fitted to recent
experimental data, we need a requirement that kK > 5.5.

We checked numerically in the regions with large k£ > 500 and z = 1,5,10,500 GeV, the
results completely agree with [6,7]. Furthermore, all allowed regions satisfying Br(u — ey) <
4.2 x 10713 also give a small Br(h — ut) < 10~°. These regions are not interesting, we will not
pay attention to them any more.

For illustration with small k, we will survey with two cases of k = 6 and k =9 and different
allowed values of z = (50, 100,300, 500,600) GeV. As shown in figure 3, the results are very pos-
itive, where there exist narrow regions satisfying Br(u — ey) < 4.2 x 10713, It can be explained

Mg=9z [GeV]

o= —w I e
109 r ‘V,»—T‘ .""- ] 10l o=
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Fig. 3. Br(u — ey) as function of mﬁz .

by the destructive correlations of the gauge and Higgs contributions. These properties does not
appear in the ISS version of the SM, where charged Higgs bosons do not appear. The effects of k
on the allowed regions can be seen in Fig. 4, where larger k will result in wider allowed regions.
To continue, we will investigate the Br(h — w1 7) in regions with small k and different values
of z similarly to the case of Br(it — ey). The results are shown in Fig. 5. The Br(h — u7t) is
enhanced strongly with increasing z, and changes slowly with My Br(h — u7) can reach values
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Fig. 4. Contours plots of Br(i — ey) as functions of z and mﬁli. The green regions are

2
excluded by the recent experimental data Br(u — ey) < 4.2 x 10713,

Mg=6z[GeV]

-50[GeV] 500[GeV]
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Fig. 5. Branching ratio of 4 — ut as function of My with two case k = 6 (left panel)

and k = 9 (right panel).

50

of ©(1077), in case k = 6 and My is between 0.1 — 5 TeV. With all values of z in the perturbative
limit z < 600 GeV, there always exist allowed regions predicting small ranges of My

The results of two specific cases k = 6,k =9 and z = 300;500; 600 GeV are given in Table 2.

This is a very interesting prediction of the E331Xg, where both of the Br(h — ut) and (U — ey)
can reach the detection of the future experiments. These results are also consistent with previous
publications such as [7, 14]. They are more interesting than those mentioned in [6], where only
large Br(p — ey) was shown in the case of large k.
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Table 2. Values of Br(h — pt) with some fixed & and z.

k | z[GeV] Value of My [TeV] Br(h — ut)
satisfying Br(u — ey) <4.2x 10713

6| 300 [0.759;0.762] [1.41;1.44] x 1078

9| 300 [1.146;1.156] [3.01;3.30] x 10~°

6| 500 [1.280;1.282] [1.024;1.025] x 1077

9| 500 [1.926;1.933] [2.398;2.400] x 10738

6| 600 [1.540;1.542] [2.1002;2.1007] x 10~/

9| 600 [2.314;2.323] [4.960;4.963] x 1078

IV. CONCLUSIONS

In this paper we have shown that the E331Xy predicts large Br of lepton flavor violation,
especially in the regions having large mp but light exotic neutrinos. Similarly to previous in-
vestigation of other 3-3-1 models with inverse seesaw neutrino, the region with very heavy exotic
neutrino (k > 1), the model predicts that Br(i — e7y) can reach recent upper bound of experiment.
In contrast, the Br(h — ut) < €(10~°), which is still too small for searching this signal. For small
k > 6, there exist very narrow regions satisfying experimental bound of Br(it — e7) and predict
large Br(h — wt), which can be larger than ¢’(10~7). Furthermore, my is in order of & (1) TeV.

In the region with small k, the appearance of HZjE is very important. Because the allowed regions,
which have very small Br(it — eYy), arise from the destructive correlations of charged Higgs and
gauge boson contributions to the Br(u — ey).

The LFV decay rates of the two processes Ut — ey and h — Ut are suppressed in the E331
models. Hence, these two channel decays will give important information to distinguish the E331
models and the E331Xy if any LFV signals are detected in the future.
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APPENDIX

Here we only give analytic expressions for contribution from Feynman diagrams (4), (5), (6),(7)
in Fig.1 with charged Higgs bosons (Hzi). The remaining diagrams are calculated in the same way.

A(4+5)V1L12i _ g3cacé
L 3272ms3, (m2 — mi)
X Z [m mpiig AL AR ( —B( ) +my AR QL (sz(l) —sz(Z))
abntalbl ni’ai bi \ "0 a0
AL A Emy + 28 ARy (B + B
+mgmy, ( ai Mpiltty + Ay bzma) 1 + 1 )
A(4+5)V1L12i _ g3cacé
R 32m%mj, (m2 —m3)
9
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