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ABSTRACT

The 3-3-1 model with inverse seesaw neutrinos (331 ISS) explains the experimental data of neutri-
nos very well. Based on the lepton flavor violation sources (presented in Yukawa interactions) and
kinetic energy terms, we have shown the couplings involving charged bosons (W, Y+, Hli, Hzi).
We also show the analytical results of all the one-loop order contributions to the . — ey decay. We
compare the contributions through numerical results and show that the parameter space region
of the model satisfies the experimental constraints of u — ey decay.

Key words: Lepton flavor violating decay, Extensions of electroweak Higgs sector, Rare decay, Elec-
troweak radiative corrections, Neutrino mass, and mixing, etc...

INTRODUCTION ABOUT 331 ISS

After the Higgs boson was experimentally shown to exist with certainty (56 of CL-Confident Level), lepton
flavor violation processes received more attention 2. In particular, the decay channels violate the flavor
number of particles are evidenced through the mass and oscillations of neutrinos and their constraints are
established at accelerators 34,
Br(p —ey) < 42x10713,
Br(t—ey) < 33x1078,
Br(t— uy) < 44x1078.
Although, there is not yet enough reliable evidence to indicate the oscillation of charged leptons, the

hypothesis of its existence has explained many new physical phenomena such as: nucleon transformation
5-7

Eq.(1)

processes in nuclear matter, transformation processes of K, B-mesons, contribution to g-2 of muons...
Following that approach, many models have been built to study the lepton flavor violation processes. Among
them, the 331 models have achieved many outstanding advantages as follows: i) the number of particles is not
too large and contains natural mass hierarchy®?, ii) many mechanisms can be applied to generate mass and

>10_jij) there is a large source of lepton flavor violation when applying

9,12

explain the oscillation of neutrinos

10,11 iy easily satisfies the experimental limits of some basic decay processes...

seesaw mechanism
Therefore, in this work we use the 331 ISS model with the following characteristics:

The particles in the model are arranged based on the symmetry group SU (3)¢ ® SU(3), ® U (1)x with the
following rules: i) left-handed particles are placed in the triplets of the SU(3),, group ii) right-handed
particles are placed in the singlets of SU(3)L.

There are three exotic leptons located at the base of the SU(3) ., triplets, which have no right-handed
component due to (N) = (N4)g'°.

Va

Ly=| 1, | :(1,3,-1/3), Lg:(1,1,-1) Eq.(2)

To ensure chiral anomaly suppression, the left-handed quarks are placed in two antitriplets and one triplet of

the SU(3), group.

’

d, dp:(3,1,-1/3)

Q= | —ty | 1(3,3%0),8 up:(3,1,2/3)
D, /), D, (3,1,—1/3) Eq.(3)
iy Use : (3,1,2/3)

0P =dy| :(3.3,1/3),8 dip:(3,1,-1/3)
v/, Ug: (3,1,2/3)

Cite this article : T. HUNG H, T. T. HANG N, T .GIANG P. The contributing components of BR (1 — ey) in
the 3-3-1 model with inverse seesaw neutrinos. Sci. Tech. Dev. J. 2025; 28(4):3849-3856.

3849


https://crossmark.crossref.org/dialog/?doi=10.32508/stdj.v28i4.4438&domain=pdf&date_stamp=2025-10-24

Science & Technology Development Journal 2025, 28(4):3849-3856

We use the denotesi = 1, 2, 3, & = 1,2 and the prime to distinguish the initial states of the fermions. The
quantum numbers corresponding to the components of the gauge group are given in parentheses next to the

particles.
To generate mass for the particles, the model needs three scalar triplets.
0 + 0
m Pi X
n=(n [:(3-1/3),p=|pf [:(1,3.2/3), x=| 2, | :(1,3,-1/3) Eq.(4)
0 + 0
M3 b3 23

With VEVs introduced as follows:

n = (i + R + i), 1§ = J5(Ry + i), pY = J5(v2 + Ry + ibo),

2 = Ry +il), 2 = J5(vs + Rs + il3) Eq.(5)
Using the form of VEVs as in Eq.(5), most of the original fermions get masses at tree level#”8, Furthermore,
both ng and )(? are canceled their VEVs, which reduces the free parameters in the model and, more
importantly, it leads to a very natural inverse seesaw mechanism.
To use the inverse seesaw mechanism, three additional singletons of the gauge group, denoted
Xi, i = 1, 2, 3,, are introduced. The Yukawa Lagrangian then takes the following form:
—LY = Ly plig — hYe™P (L )m(L )Py + YiLi2Xig + 3 (F)ij(Xig) X g + H.c. Eq.(6)
Although 717 and y play the same role in the structure of the Lagrangian as Eq.(6), since they have the same

quantum numbers. To eliminate the unwanted mixing between v and the heavy singlets X, in the third term
of Eq.(6) only appears while the structure with 77 is eliminated. Combined with ng = )(? = 0 as mentioned
in Eq.(5), we can use the formulas of the inverted seesaw mechanism to indicate the mass of the neutrinos '3.
The Higgs potential in its simplest form (as discussed 6,10y jg given as:

Vi = ui(pip + ntn) + w3 xtx + Jilpte + nin): + (') + Aalple + nin)(xy) —
V2f(&un'p/x* + H.c.) Eq.(7)

According to Eq.(4,5,7), this model will give three CP-even Higgs bosons with the lightest being identical to
the corresponding one in the standard model. The detailed analysis has been mentioned in Ref.10, we ignore
the neutral Higgs bosons because they do not participate in the processes here. In this work, we are only
interested in the interactions of the charged Higgs bosons, whose masses and states are given as follows:

+ + + +
pry 1 (-1 1 Gy P\ _[—Sa ca Gy
<n2i> V2 ( 1 1) <H1i "\ \ea s ) \HS Eq.(8)

and
ml. = 2fvs, mi. = 2fvs(1 +13), Eq.9)
1 2

where s = sin &, cq = €0S O, tq = tana = %

Gauge bosons get their mass from the kinetic term of the scalar field L& = Yo-npzPud)" (Duo), so, we

have: 1 R

W, FiW, 2
Wi = =t my = S04 +v3)

Eq.(10)

6 w7
£ Wit Wy o g2 2
Y/J = \/E ,myff(V2+v3)
The paper is arranged as follows. In the next section, we apply the inverse seesaw mechanism and show the

couplings that violate the lepton flavor number. We give the analytical form of the components contributing
to decay in Section III. Numerical results are discussed in Section IV. Conclusions are in Section V.

INVERSE SEESAW MECHANISM AND COUPLINGS RELEVANTTO 1 — ey
DECAY

We derive from Eq.(6) to generate the masses for the neutrinos according to the inverse seesaw mechanism
(ISS), the last two terms describing the mixing of the masses of the heavy neutrinos N; and X;. We introduce
the new bases:

! ! / ! C T ! C ! C ! C
Npp = {viu Ny, (Xig) {} s ()" = {(UiL) : (Nir)
herefore, the mass term of neutrinos is:

/

T _
., X,R}  p=T,9Eq.(11)

- 0 nmp 0
LY = SnyM¥(ny)¢ + Heeo, withM¥ = |mh 0 ME| Eq.(12)
0 Mg ur

We put into the denotes:
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0 M 0
MY = D) , where Mp = (mp, 0), My = <

T
i Mi) £q.013)
Mp My Mg Up

Technically, to get the mass eigenvalues of the neutrinos we introduce a 9x) unitary matrix U".
UYTMPUY = MY = diag(mp,, mp,, ..., my,) = diag(imy, My). Eq.(14)
Then, the relationship between the eigenstates and the initial state is:
np =U""ng, (n'L) c=UY(n)",
Prnp = Ny = U g gL PRnP = npR = U JpR> P-4 =1,2,...,9. Eq.(15)

The U matrix is parameterized in the followmg form 1214

_ Lppt
Uu'=Q v.oo , where Q = exp o R 1=3RR f . Eq.(16)
o Vv -RY 0 —R' 1-1R"R

with U chosen to be identical to UPMNS according to Refs.14, 15, 16 12,15,16 4nd of the form:

c12€13 512€13 size® .
PMNS _ ) . i X i X : (L iR
U = | —si2c13 —crasos13¢”® cpens —siassize’®  sazers | diag (1761 2,e ) Eq.(17)
i i
512823 — €12¢23513¢€" —C12523 —512¢23513€° €23€13

We also use additional formulas related to ISS mechanism [14,15,16].
R* = ( —mpM~'  mp(Mg )*1> , mDM*ImE =my = UpynsMvUdyns
V*MyVT =My + JRTR*My + JMyRTR, M = MLz 'Mg Eq.(18)
To satisfy the above conditions, can be chosen to be antisymmetric and the trace elements to be zero,

combined with the experimental data of neutrinos and the choice of Dirac phase !”!8, we can parametrize as
follows 1

0 1 0.7248
mp = kx -1 0 1.8338 | Eq.(19)

—0.7248 —1.8338 0

with k = ﬁvzh}’j depending on the lepton masses and having an upper bound of 617 GeV.
Based on the Yukawa Lagrangian in Eq.(6), we derive the interactions of the charged Higgs bosons, applied to
the first term as:

~h§;Ly plig + h.c. = =50 { viligpy + lleuepz + Nlesz3 + he ]

> =g | (UbimpPeliHy + U TRnpHT )|

— 8% g (U TipPRIH + U(‘;iS)pliPanHz’ﬂ Eq.(20)
The result obtained when applied to the second term is:

NS -

me (L), (L) pp + he. = 2m [ (vie) o5
P

D 7“’“—; [(mD)ijUi‘;yH{liPRnP + h.C.] _

AT SEAAYS

. Tﬁfnw [( )UUUH) | LiP np+h.c.] Eq.(21)
The result obtained when applied to the third term is:

~YapLog XX+ hc. = =2 (M) g, [V{;L%? + Ly Xy + N Lla] bR T R

> — e (M), [ﬁsau(j oy pliPenpH; + h.c.] Eq.(22)

The couphngs of charged gauge bosons is given by the kinetic energy term of the leptons.
VvV _ S
Le zLyuDlJLlL 25 ( lLY“VLW + lzLyu ) +he= %

[Uiy,*ziyﬂpmpwu n ,.,,npy#PLz,W+ U3 PR U pﬁyﬂPinY;] Eq.(23)

We use assignment as follows 10

L1 3 R
)“i.p = *22:1 (mp) U(‘;(+3)p )Li, = miUi‘;}a

L2 _ 3 * % 2 % R2
A7 ==X, (), Ul + M), Ul g, | A = mill s, Ba.(24)

The lepton-flavor-violating couplings involved in ¢t — ey decay are given in Table 1:

Based on the couplings in Table 1, we derive the contribution diagrams for u — e7 as shown in Figure 1.
Among the decays of charged leptons as mentioned in Eq.(1), BR(1 — eY) has the strictest experimental
bounds. It means that the parameter space regions satisfying the experimental bounds of this decay channel
also satisfy the decay channels of the same type(7 — ey and T — uy)®'°. Furthermore, the contributions to
the T — ey and T — py decay channels are also expressed analytically in a similar way to ¢ — ey. Therefore,
in this work we only study the contributions to 1t — ey and show the parameter space regions satisfying its
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Table 1: The couplings are related to /; — /;y decays in the unitary gauge. All momentumat the vertices is
considered to be incoming.

Vertex Coupling Vertex Coupling

ipeiH;’ fm (A Pe+ ' pL) ain, Hy — A (A P+ A0 L)
it} e (P27 eimHy i (P rer 2
npeiY, %Uﬁimﬂ’“& enyYy, iTgULi+3)p7uPL

moeiWy lgz Ui 7P enpWy lgz Upr B

Hljfg < \\i\ Hffg Wt vy WF VT

ft e 1t e

(1) (2)

Figure 1: All Feynman diagrams of i — ey process in gauge unitary.

experimental bounds. These parameter space regions will automatically satisfy the decay channels
BR(t — ey) and BR(t — uy)!°

COMPONENTS CONTRIBUTING TO 1 — ey DECAY.

In general, the branching ratio of ; — [;y is given '*2°.

Br(li = 1;y) = 2 (ICLP + [Cal?) Br(l — [jV3¥), Eq.(25)
with i — ey we have BR(1 — eV,vy) = 100% and my = 1.0 TeV then we can ignore C, (Cr, = Cg) 6,21,22
so the branching ratio of this decay channel is rewritten as:

BR(u— ey) = 2|, Eq.(26)

The contributions corresponding to diagram (1) in Figure 1 are:

CH‘i _ ede AL g*/12LI,S o 161+ 3124263 — 612 In(1r,) m,,l,/lff*/lﬁs o — 112,21 In(15) Eq.(27)
 16m2m}, zv 12(t,u—])4 ’"i,vi z(tm—l)3 -

2

1 n
where s = 1,2, c; :c,zx, ¢y = zand tps = ﬁ
The contributions corresponding to diagram (2) in Figure 1 are:
wE e v9 gV
Cr = ~ 3o, Lp=1 U2y UnpF (tpw) -
Eq.(28)
Y+ _ Vi
Cr = 3277;2 32n2mk ): 1Us U4p (tPY) )
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2

2
. mlll) . Inﬂ[)
where ¢,y = e and tpy =

2
myi
The function F(t) is derived as®!°
10 — 43¢ + 78> — 4963 + 4* + 184 In(¢
F(1) = YT ") Eq.(29)

NUMERICAL RESULTS
1,2,23,24.

We use the well-known experimental parameters : the charged lepton masses
me = 1.776GeV,my = 0.105GeV, m, = 5. 10~*GeVthe SM-like Higgs boson mass My = 125,09GeV, the
mass of the W boson my = 80.385GeV and the gauge coupling of the SU(2); symmetry g = 0.651.
We also include fixed values based on known experimental limits 19 as:
my =4.5 TeV,mH]i > 500 GeV,Mg = k x diag(1,1,1).
To perform the numerical calculation, we use the experimental data on neutrino oscillations ">2 for Eq.(17),

53, =0.32, 533 = 0.551, s3; = 0.0216,

Eq.(30)

Amd; = 7.55x107%eV2, Am3, = 2.50 x 1073eV?,
and apply Eq.(19) to parameterize mp. The result is that CIVQVi , C};i , Cg v , ngi depend only on two
parameters k and m H The dependence of the components contributing to BR (1t — e7) on the parameters k
and my;- are given in Figure 2 and Figure 3, respectively.

k=400 GeV,Mg=9kxdiag(1,1,1)
20 T T T T T T T T T T T T T T T T T T T T

S
-10r B x109 k" x10% i
I X ]
c}f x09 = G x10%
—20k ]
3 - 5
mH§ [TeV]

Figure 2: Contributors to 4 — ey decay depend on My in the case k =400 GeV and Mg = k x diag(1,1,1).

+
The results obtained in Figure 2 and Figure 3 have the following common characteristics: ) C}g/i, Cg " have
+
the same size 10~ %i) C}gi, ng have the same size 10730 iii) Clvevi7 C}gi are always positive, very small and

+ +
does not change with the variable k(or m Hzl) iv) Cg‘ , C;IZ changes very quickly and with the opposite sign
with the variable k (or m H ).

The biggest difference between Figure 2 and Figure 3 is that while the magnitudes of Cg‘i and ngi decrease
with My (Figure 2), they increase with k (Figure 3). Furthermore, the numerical investigations in Figure 2
and Figure 3 provide a comprehensive comparison of the contributions of BR(it — eYy), both in sign and
magnitude. This is a new result compared to what was presented in Refs.7, 9, 10, leading to the identification
of a more suitable parameter space for studying other LFV processes. The features of Cl‘évi, Cg ) N C};i ,ngi as
mention above, create interference between the components contributing to BR(¢ — e). This also explains
the regions of parameter space that satisfy the experimental limit of BR( — e¥) (<4.2 x 10~ 13) that are

formed by the resonance of the above interference. We show this result in Figure 4.
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s =2000 GeV, M=9kxdiag( 1,1)

20—+ 77T

Cr

— == offx10® ——— ofx10®

_10-_
I —_— cﬁ‘txmg E— cﬁxw*

400

L 1 L
300
k [GeV]

200

Y) AN
0 100 500 600

Figure 3: Contributors to t — ey decay depend on k in the case My = 2000 GeV and Mg = 9k x diag(1,1,1).

Mg=9kxdiag(1,1,1)

1076 1
B

10-101 ]
£
1
@ ]

10—14 - 4

— k=400 GeV —— 4.2x10-13
10_18 I 1 1 1 1 1 PR | 1 1 1 1 1 1l
0.1 0.5 1 5 10

mH% [TeV]

Figure 4: Plot of BR(1 — e7) depend on My in the case k = 400 GeV and Mg = 9k x diag(1,1,1).

The allowed parameter space is depicted as the blue part below the red line in Figure 4. To be more specific,
we will represent it on (m H k) plane. The result is shown in Figure 5 the space that satisfies the
experimental limit of BR(i — eY) is the colorless part, the green part corresponds to

4.2x 10713 < BR(u — ey) < 300 x 1013, the yellow part corresponds to

300 x 10713 < BR( — ey) < 600 x 1013 and the cyan part corresponds to BR(i — ey) > 600 x 10713,
The allowed space region in Figure 5 can be used to study other physical processes such as: Lepton flavor
violating decay of SM-likes Higgs bosons, neutron transition in nuclear matter (CR (1~ Ti — e~ Ti)),
complement to anomalous magnetic moment (g-2) of muon, lepton flavor violating decay of K (B)-meson...
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Br(u—ey)x10'3,Ma=0kxdiag(1,1,1)

404

402

400

k[GeV]

398

396

0 6 .
1.76 1.78 1.80 1.82 1.84

mHé: IT SV]

Figure 5: Contour plot of 4 — ey decay on the plane (mHit , k). The areas parameter satisfies experimental limits
is colorless.

CONCLUSIONS

We use the inverse seesaw mechanism to generate mass for the active neutrinos in 331 ISS. The consequence
is that it gives this model a large source of lepton flavor violation which allows us to study u — ey decay. We
have established an analytical form for the contributions to BR(it — eYy) of charged bosons

(W*, Y*, H, HY) at one-loop order.

The interpretation of the experimental data of active neutrinos and other experimental constraints allows us
to fix the parameters of the model, resulting in BR(1 — ¢¥) depending only on k and myz-. By numerical

investigation, we compare the strengths of the components contributing to BR(4t — e¥) and show that
theparameter space region of the model satisfies the experimental constraints of BR(u — e7).
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