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Abstract We investigate the decays [; — [;y, with [; =
e, 1, T in a general class of 3-3-1 models with heavy exotic
leptons with arbitrary electric charges. We present full and
exact analytical results keeping external lepton masses. As
a by product, we perform numerical comparisons between
exact results and approximate ones where the external lepton
masses are neglected. As expected, we found that branching
fractions can reach the current experimental limits if mix-
ings and mass differences of the exotic leptons are large
enough. We also found unexpectedly that, depending on the
parameter values, there can be huge destructive interference
between the gauge and Higgs contributions when the gauge
bosons connecting the Standard Model leptons to the exotic
leptons are light enough. This mechanism should be taken
into account when using experimental constraints on the
branching fractions to exclude the parameter space of the
model.

1 Introduction

The discovery of flavor neutrino oscillations (see Ref. [1]
and the references therein) proves that neutrinos are massive.
This leads to an important consequence that the lepton-flavor
number violating decay © — ey is non-vanishing, being
proportional to the neutrino masses and the mixing matrix.
Assuming tiny neutrino masses satisfying current experimen-
tal constraints [1], extension of the Standard Model (SM)
with right-handed neutrinos predicts that the branching ratio

4 e-mail: Idninh @ifirse.icise.vn

is Br &~ 10733, which will be called the SM contribution
from now on. Meanwhile, the current experimental limits
read [1]

Br(u= — e y) <42 x 10713,
Br(t™ — e y) < 3.3 x 1078,
Br(t™ — pu"y) < 4.4 x 1078, (D)

From theoretical side, the processes [; — [;y are loop
induced. Given that the SM contribution is strongly sup-
pressed, they can be good places to look for new physics.
In this paper, we consider a simple extension of the SM
using the local gauge group of SUB)c @ SUB)L @ U(1)x
(3-3-1) with new exotic leptons. The word exotic here
means that they can have arbitrary electric charges and
arbitrary masses. In this model, the electron (and similarly
for muon and tauon) together with a neutrino and a new
exotic lepton are in a triplet (or anti-triplet) representation
of SU(3)r. In this work, we calculate both neutrino and
exotic-lepton contributions, with special attention to the latter
because the former is numerically suppressed as mentioned
above.

We remark that 3-3-1 model is an active field of research
and has a long history; see Ref. [2] and the references therein.
In this work, we choose a general class of 3-3-1 models,
which are similar to the models presented in Refs. [2—4]
where new heavy leptons are introduced. However, there is
an important difference: instead of fixing the electric charges
of the new leptons to specific values being 0, + 1 or — 1, we
let them be arbitrary. We will then study the dependence of
the [; — [jy branching fractions on this arbitrary charge.
That class of 3-3-1 models has been studied in many works;
see e.g. [5,6]. If we replace the new leptons with charge-
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conjugated partners of the SM leptons, we will have dif-
ferent 3-3-1 models with lepton-number violation; see e.g.
Refs. [7-11]. The decays [; — [;y in these models have
been discussed in Refs. [12,13]; see also the recent review
[14] and the references therein. We do not discuss these types
of models in this work, but rather focus on the case with exotic
leptons.

In the general class of 3-3-1 models here considered, there
is one important parameter usually called 8, which together
with X, the new charge corresponding to the group U (1),
define the electric-charge operator. The electric charges of
new particles therefore depend on f. It has been known and
widely accepted that g is one of the most important param-
eters to classify 3-3-1 models.

Recently, new efforts were made using 3-3-1 models to
understand tensions between experimental measurements
and the SM results in B physics; see e.g. [15,16]. Motivated
by this work, we want to use 3-3-1 models to understand the
l; — 1y decays. Since the new leptons are assumed to be
heavy, we expect large branching fractions. However, this
is not totally obvious, because there are two contributions
from gauge and Higgs sectors. Does a destructive interfer-
ence effect occur?

The aim of this paper is manifold. First, we calculate the
full and exact result for /; — [;y partial decay widths for
a general class of 3-3-1 models with arbitrary 8. As a by
product, we will perform numerical comparisons between the
exactresults (i.e. external lepton masses are kept) and approx-
imate ones where external lepton masses are neglected. We
note that approximate results have been almost exclusively
used in the literature for the SM and many other models.
We found this uncomfortable because the neutrino masses,
which are much smaller than the lepton masses, are kept. We
therefore want to know to what accuracy the approximate
results valid, using the SM with arbitrary neutrino masses
to answer this. As far as we know, this important point has
never been addressed in the literature. We will also perform
numerical studies for 3-3-1 model to see whether destructive
interference effects occur and to see the dependence on f,
gauge boson and Higss masses. To the best of our knowledge,
this is the first study of [; — [;y in 3-3-1 models with exotic
leptons.

The paper is organized as follows. In the next section, we
review the model and calculate the Feynman rules needed
for I; — I;y decays. We then summarize the main calcula-
tion steps and present analytical results in Sect. 3. Numeri-
cal results are discussed in Sect. 4. In Sect. 4.1 we perform
comparisons between the approximate and exact results for
the neutrino contribution. In Sect. 4.2 we present results for
the exotic-lepton contribution. Conclusions are in Sect. 5.
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Finally, we provide Appendices A and B to complete the
results of Sect. 3.

2 3-3-1 model with arbitrary 8

One important condition we require is that the 3-3-1 model
has to match the SM at the energy of the EW scale, about
250 GeV. This means that the SU (3);, symmetry is valid ata
higher energy scale and is spontaneously broken down to the
SU(2)r symmetry using the Brout—Englert-Higgs mecha-
nism. In order to match the fermion representation of the
SM, the simplest choice is to assign fermions into triplets
and anti-triplets of the SU (3) . group. However, this requires
new fermions. In general, the electric charges of these new
fermions are unkown. They, however, cannot be totally arbi-
trary because of the symmetry and of the matching condition
with the SM. In most general terms, the electric-charge oper-
ator can be written as

Q=T+ BT+ X1, 2)

where we have introduced the SU (3) generators 73, 7g. Thus,
the charge operator Q depends on two parameters  and X.
With this information, we can write down the lepton rep-
resentation as follows. Left-handed leptons are assigned to
anti-triplets and right-handed leptons to singlets:

/ €a 1B
L, =1 ~(3*,——+—>, a=1,2,3,
Sl 223
al/ L

ep~ 1, =1, vep~(1,0),

, 1 V3
E.r (1’_§+T>' (3)

The model includes three RH neutrinos v/, and exotic lep-
tons E}' , which are much heavier than the normal leptons.
The prirﬁe denotes flavor states to be distinguished with mass
eigenstates introduced later. The numbers in the parentheses
are to label the representation of SU (3); ® U (1) x group. For
singlets, we have Q = X and hence the electric charges of
the new leptons can be read off from the above information.
The quark sector is not specified here since it is irrelevant to
our present work.

We now discuss gauge and Higgs interactions. There are
totally nine EW gauge bosons, included in the following
covariant derivative:

Dy =8, —igT“ Wi —igxXT°X,, )

where T2 = 1/+/6, g and gx are coupling constants corre-
sponding to the two groups SU (3) 1 and U (1) x, respectively.
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The matrix W¢T*“, where T¢ = X,/2 corresponding to a
triplet representation, can be written as
3. 1L w8 + +A
| Wi+ sWio Vawr o Vay)
— 3, 1L w8 +B
WiTt =2 V2W o Wi+ W V2V
—A ~B 2 w8
V2y; V2v, v

&)

where we have defined the mass eigenstates of the charged
gauge bosons as

1
wt = w! o iw?
- ( " :F L /L) ’

i NG
1
A 4 e
Yo = E (WMZFIWM)’
1 .
Vit = (weFiwy). ©)

From Eq. (2), the electric charges of the gauge bosons are
calculated as

1 V3 13
A=§+57, B:_E‘FﬁT' O

We note that B is also the electric charge of the new leptons
E,.

To generate masses for gauge bosons and fermions, we
need three scalar triplets. They are defined as

X+A

I B
x=1x ~ 3,—>,
SR
X
+
p= /ﬁo ~<3 1——ﬁ>
o B 2 23

— " N<3 _l_i> (8)
n=1n 27 2A)

where A, B denote electric charges as defined in Eq. (7).
These Higgses develop vacuum expectation values (VEVs)
defined as

1 (0 1 (Y
xy=—7=10]. wW=—421_v].
V2 " V2 0
(Y
=—1o]. 9
(m) 7 . 9)

The symmetry breaking happens in two steps: SU(3);, ®
Uy & SUQR)L @ Uy =5 U(1)p. It is therefore
reasonable to assume that u > v, v'. After the first step,
five gauge bosons will be massive and the remaining four
massless gauge bosons can be identified with the before-

symmetry-breaking SM gauge bosons. This leads to the fol-
lowing matching condition for the couplings:

g
8 =8, 81 =8Xx—F7—7——,
V687 + B2gx

where g, and g are the two couplings of the SM correspond-
ingto SU(2) and U (1)y, respectively. From this we get the
following important equation, which helps to constrain g:

(10)

G _ O
8> 1—(+psy
where the Weinberg mixing angle is defined as ty =

tanOy = g1/g> and we denote sy = sinfy. Putting in
the value of sy, we get approximately

1B < /3, (12)

Y

which will be used in the numerical analysis.
The masses of the charged gauge bosons are

2 32 2 2 2 82 2 2
Myss = - +v%), my = o v,

82
Mmiys = Z(v2 +0). (13)

We now discuss the mixings of leptons. In general, the
mixing between a SM lepton and a new lepton is allowed if
they have the same electric charge. However, since we con-
sider a general class of models with arbitrary g, this mixing
effect will be neglected. This is justified because we will
assume that the new leptons are much heavier than the SM
leptons. Therefore, only generation mixings as in the SM are
allowed. The Yukawa Lagrangian related to these mixings
reads

yuk e 77/ * / i * /
Elepton ==Yy Llarn epp = Yop L aL P  Vpg
~YEL 4L x*Epg +hec., (14)
where a, b = e, u, T are family indices. The corresponding
mass terms are:

Yé v — Y'v—
S b b
lepton = __j/i areyg + _j/f VaLVpg
YEu__
- \/”5 E'y Ejr+hec. (15)

From now on we will work in the basis where the SM
charged leptons are in their mass eigenstates. This can always
be done without loss of generality. We can therefore set Y7, to
be diagonal and ¢’ = e in Egs. (14,15). The transformations
from the flavor states to mass eigenstates are defined as

/ R
Vur = U bVbR s

/ L
VL = U, bVbL> a

a

E,, =VLEEy., E,p=VEEuk, (16)

where UL R and VIR are 3 x 3 unitary matrices for the neu-
trinos and new leptons, respectively. The matrix V . included
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in the vertices of the SM charged leptons and the new leptons,
is similar to the matrix UL = Uppns.

For the Higgs sector, we assume A, B # 0, 1, so that
only the following mixings of scalar fields with the same
electric charge are allowed: (xa, n4), (x5, pB), (P, n")
and (x°, p°, n°). The neutral components are expanded as

0 _

X (u+& +ity), (&) =1{5) =0,

0 _

p (v+& +icy), (&) =) =0,

-8

= — ' +&+ig), (&)= () =0. (17)

/2

The ratios between VEVs are used to define three mixing
angles:

2 2 v 2 2 v?
S, = Sin ‘B Iy — S = Sin ,BUM =
v U2 g2t T u? + v’
22
2 ) v
S, = sl By = —5—. (18)

v/2 _I_ M2
We will also use the following notation: t,/, = Syy/Cy'p,

tyu = Sv'u/Cvu-
The scalar potential is

2 2
Vh = u%nTn + M%/)TP + u%x*x +2 (n*n) ) (pr)

+A3 ()(Tx)2

+r20" M o) + 23 W 0 + 23T o) (T x0)
+i2@ )T + X3 "0 G + a0 p)
+V2f <6,~jknipjxk + h.c.) . (19)

With the above notation, the mass eigenstates are
¢%/ _ [ v =S Pi
<Hi  \svw 77i ' 20)
¢¢A _ [ Svu —Cu niA @1
H:tA Co'u Sv'u XiA ’
¢$B Svu —Cou IOZI:B (22)
H*B Cou  Svu XiB ’

where qbw, A and ¢ are the Goldstone bosons of W,
Y*4 and ViB respectively. The masses of the charged Higgs
bosons are

2 2 oy [~ fu l~
Mys = +v)<v’v 2 )’

1-
%‘I:EA = (u” +v") ( 3 >
|
myss =<u2+v2>( A 2“3) 23)

The neutral Higgs bosons are not involved in our calculation;
hence they have been ignored. In total, there are six charged
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Higgs bosons, one neutral pseudoscalar Higgs and three neu-
tral scalar Higgses. Bosonic particles with electric charges of
4 B are not involved in the present calculation. Nevertheless,
their masses and mixing angles are provided above for the
sake of completeness.

From the above information we can obtain all vertices
needed for the calculation of [; — [;y decays. They are
listed in Table 1.

3 Analytical results

Equipped with the above Feynman rules, we can proceed to
calculate the partial decay width of /; — Iy using standard
techniques of one-loop calculation. We have done this in a
careful way, with at least two independent calculations, and
paid special attention to the relative sign between the gauge
and Higgs contributions. This relative sign is very important
because, as we will see in the numerical results, the interfer-
ence term can be positive or negative.

In the literature, the calculation of /; — Iy is usually
done by neglecting the external lepton masses. As stated in
the introduction, we found this uneasy because the neutrino
masses, which are much smaller than the lepton masses, are
kept. We therefore want to check the validity of this approx-
imation. To achieve this we have to keep the external lepton
masses.

We have calculated the partial decay width of [} — Ly
from scratch without approximation. In the following we
summarize the key points and present exact analytical results.
Results for the SM case are obtained as a special case and
are discussed in Sect. 4.1.

We consider the process

Li(py) = L(p2) + v (), (24)

where p; = p2+¢ and the helicity indices have been omitted
for simplicity. The amplitude reads

M = X (@)it1 (p1)Taua(pa), (25)

where €’ is the photon’s polarization vector, I'y are 4 x
4 matrices depending on the gamma matrices, external
momenta and coupling constants. After requiring the gen-
eral conditions that the spinors obey the Dirac equations,
gte, = 0, and g%ty (p1)Tu2(p2) = 0, we can prove that
the amplitude depends on only two form factors as

M =2(py - €)[CrLuz(p2) PLui(p1) + Crita(p2) PRui(p1)]
—(m1Cr +myCp)in(pr)¢ Prui(pr)
—(m1Cp +maCR)itz(p2)¢ PRui(p1), (26)
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Table1 Vertices and couplings for/; — /;y decays in the 3-3-1 model
with arbitrary 8 and new leptons. All momenta are defined as incoming.
The photon field is denoted as A*, a, b = 1, 2, 3 are family indices and

Coawv (P15 P2, p3) = (P1— Pp2)v&ap + (P2 — P3)aguv + (P3 — P1) u&v-
Other notations are defined in the text

Vertex Coupling Vertex Coupling

TuepH't Uk (7 Pr ot PL) v H™ UL (F2 Py + iyt Pr)
EoepH Sy (’:‘f: PR +mE, tya PL) e EyH A SEvh (”‘ PL + mE,tys PR>
Taep WHH jUba VP Zavp W %U{fhyﬂ PL

Taebbyy o UL*<meh Pg — my, PL) vy o Uy (me, PL = my, Pr)
EgepY tAH —gvba YuPL e EpY A1 jﬁ Ly.PL

Eaeppy” Zov= Ve (me, P — m, PL) eaEpepy” fjfj VL (me, PL — mg, Pr)

AT WY —ieTyuw(pa, Pw+, Pw-) ArytAry—Av —ieAT 3w (pa, Py+a, Py-a)

At Wiﬂqﬁ;?v iemw g A)‘YiA“d))fA —ieAmy gy

AFHTH™ ie(py+ — P ArHTAR—A ieA(pyia — Py

Ay by ie(pys = Py n ArgFAg A ieA(pyta = Py-tlu

AL, —ieyy, AMELE, ieBy,

where Cr, g are called form factors, P, = (1 —y5)/2, Pr =
(1 + y5)/2. The partial decay width is then written as

T elm:g(w P+ickl?). @D

1671m1

This result is well known and has been given ine.g. Ref. [17].

Since we assume that the exotic leptons are much heavier
than the SM leptons, the branching fractions of the dominant
decays of Ij — Irvov; in the 3-3-1 model are the same as
those of the SM. Using the well-known tree-level result of
'y — bvv) = Gle/(192n3) (see e.g. [18]), where
G F is the Fermi coupling constant, we write the branching
fraction as

2

Brli — 1y) = —5— (1DLI + |Dx[?) Brhy — b)),

F
(28)

where Gp = gz/(4«/§m%‘,) and we have defined Cr p =
m1 Dy g and the approximation my < m has been used for
the first factor, but not for Dy, g. For later numerical analysis
we will use Br(u — evev,) = 100%, Br(z — evev;) =
17.82% and Br(t — uv,v;) = 17.39% as givenin Ref. [1].
It is noted that Dy o< O(my/my) (since only a left-handed
electron can participate in SU (3), interactions) and Dg
O(1), and hence, in the approximation m, < m, we have
Br(l; — ly) o |Dg|*. This point is important to understand
the approximate results discussed in the next sections.

The next step is to calculate Dy, p for the 3-3-1 model
with arbitrary beta presented in the previous section. Rep-
resentative Feynman diagrams are shown in Fig. 1. Using
the Feynman rules in Table 1 and summing over all possible

Feynman diagrams, we obtain the following results:

EHA
DLR—D +D +D +DL,R’ (29)
where
ieg? 3
D‘;QW=7 L*UL
2.2 1na-na
32mimy, =
v WW v WW v WW
(2m g —i—muﬂg2 +m2g ),
ieg’my 3
Dsz_ UL*UL
L 32772’"%1/”11 Z} ita~ira
va WW va WW 2 v WW
(2m I -i-mudg5 +migg ),
+ leg ULk yL
Dy = Z U
2.2 iva~ira
C 3n mW
2 2 v HTH?T m% v HYH* 2 v HYHT
X mvalv/vh1 +2—h2 —i—ml)ah3 s
v'v
+ zeg my Ler L
Dy = ukru!
327r2mwm1 Z ifa~iha
m + + +
(e s s,
v
.2 3
Dgy_i Leg Ly, L
- 2.2 iva "ixa
32m°my pr
E,YY E,YY E,YY
X[ (2’”2 “4m Eg2” +m3gs )
+ B(zm%,g;/EuEu +m2E,, YEUEH_,'_ 2g;/EuEu):|,
EY _ 138 mz Lay/L
DL - ZVtu:Vlza

N yml
% [A (2mygf“w+sza E,,YY+mlgE,,YY)

+ B(zmngE,,Ea +mE“glylEaEn +mngE{,Ea)]
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Fig. 1 Representative Feynman
diagrams contributing to

Iy = by decays.. There are two W+ yA E,
groups: the neutrino
contribution (a,d) and the
exotic-lepton contribution > > > > > > >
(b,c.e.f) p Va p “ vA
(a) (b) (©)
H* HA
/’/’ ‘\‘\ /’/’ ‘\‘\
Va E,
(d) (e
EHA ieg’ vEiryL 4 Numerical results
D R = Z ia Vlza

2
327r my
2 2 EHAHA | M3 g HARA 2 EqHAHA
x| A mEatv,uh1 +Th2 +mEah3

v'u

v'u

2
HAE,E, | "3 ) HAELE, HAE,E,
+ B(mE vuh + 2 hS +mEuh ’

EHA zeg my e L
DL - § :Vnu Vlza
3271 myml

m AgA A ApgA
| ) EcHAH «HYH 2 pEHMH
X |:A< > h +m Eu 2 +my, hy )

v'u

HAE E, 2 HAE.E,
hs +mg hg

)

(30)

v'u

2
My | HAE.E,
-~-B<2h4 +m Et

where the loop functions %; and g; are simple linear com-
binations of Passarino—Veltman one-loop 3-point functions
as given in Appendix A. The above writing is inspired by
Lavoura [17]. Our results have been checked by three dif-
ferent calculations using (i) the unitary gauge, (ii)the 't
Hooft-Feynman gauge, and (iii) the general formulas of
Ref. [17]. We have classified the results into neutrino and
exotic-lepton groups. Each of these groups includes Higgs
and gauge contributions. In the ’t Hooft-Feynman gauge, the
gauge contribution includes gauge—gauge, Goldstone—gauge
and Goldstone—Goldstone diagrams. We have used FORM
[19,20] to calculate the amplitudes.

The results can be further simplified if mg, < my and
mpg, < mga witha =1, 2, 3 as presented in Appendix B.

Finally, we make an important remark on the dependence
on coupling constants. From Eq. (30) we have D g o eg?.
Using Eq. (28) and noticing that G = g2/(4\/§m%‘,), we get
Br(l; — lyy) o €2, being independent of g or sy . Clearly,
the coupling constant e = /4w« should be calculated in
the low-energy limit for the processes at hand. Therefore, we
will use «(0) as input parameter in our numerical analyses.

@ Springer

Input parameters are specified as follows. We use, according
to Ref. [1],

a(0) = 1/137.035999679, my = 80.385GeV,
me = 0.5109989461 MeV, m, = 105.6583745MeV,
m¢ = 1776.86 MeV,

Am3; =753 x 107°eV2, Am3, =245 x 1073 eV?,
sin?(612) = 0.307, sin?(013) = 0.021, sin%(63) = 0.51.
(1)

The neutrino mixing matrix is assumed to be real and is cal-
culated from the above mixing angles as

c12e13 51213 513
—S§12€23 — C12823513  €12€23 — $12523513  $23€13 |
512523 — €12€23513 —C12523 — $12€23513 €23€13
(32)

vl =

where ¢;; = cos;j, s;; =sinf;; withi, j = 1,2, 3.
h ij 0ij, Sij 0;; withi, j =1,2,3

4.1 Neutrino contribution: approximate vs. exact

The approximate results calculated by neglecting the external
lepton masses have been exclusively used in the literature.
However, the justification is not totally obvious to us because
the neutrino masses, which are much smaller than the lepton
masses, are kept. We therefore here present compact formulas
for the exact results (i.e. m| and m, kept) and perform a
numerical comparison with the approximate ones.

The SM result includes only the W contribution and is
given by D - Using the formulas in Appendix A we write
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the result in terms of scalar one-loop integrals Ap, By and
Co, which are also calculated in Appendix A. We obtain

ieg2 >
UL UL (1 — 1)
647‘[2m%‘/l‘1 (fl _ t2)2 ‘; ita“~ira
(ta — 11 + 2)[Ao(mFy) — Ao(m? )]
+mly [2Q0 — 1) — 1,27 =201 + 1) + 1]
(44 1) = Stit — 41y +210] B

— (11 + 12 — ])

vW __
Dp" =—

— th1 [
+11y — 41 + 31 — 2] BY?
—2myti (1) — 02)(tg + 12 — 211 +2)Co

—myti(t — ) (ta — 1o + 2)},
ieg2m2

UM UL (1 — 1y
64n2mivm112(t1 - [2)2 ag fa = ha

(ta — 2 + D)[Ao(m3y) — Ao(m3)]
+m3y [1220 — 1) — 1,23 — 200 + 1)

vW __
Dy =

34+ 1) = 5tity — 41y + 211 BY
—miyt (17 —ta(t1 + 12 — D)+ 1110 — 4ty + 315 — 2] B(g')
—2miyna(ty — 11)(ta + 11 — 262 +2)Co

—miyn(t — 1)t — 1 +2)}, (33)

2

Va

wheret; = mz/mW, .« =m; /mW,B(’) Bo(ml,mW,m

withi = 1,2 and Cy = Co(ml, 0, mz,m,%ﬂ, m%v, mW).
In the limit of m{ = my = 0 we have D; = 0 and

Lxy/L
Z UzlaUzza

[10 — 431, + 7812
X

appr _ leg
Dp* =
12872m

— 4913 + 1813 log(ty) + 41
3(ty — D4

(34)

This result was first obtained in Ref. [21] and has been
widely used for any values of neutrino masses. We may won-
der whether this is justified for the case of m,, < mj or
my, ~ mj. This is the reason we perform a numerical com-
parison here between the exact result and the approximate
one with m| = my = 0 for many values of m,, from zero to
10'® GeV. The motivation is of purely mathematical nature
and we ignore the physical constraints on the neutrino masses
here. The results are shown in Table 2 and Fig. 2. We have
used Eq. (28) to calculate the branching fractions for both
cases. We see that the difference is less than permil level for
u — ey and T — ey and is at the permil level for 7 — py.
This result is independent of neutrino masses.

We now take into account the charged Higgs contribution.
There are two additional parameters f,, and m =+ (see the
DZ’? terms in Eq. (30)). We have calculated the difference
between the exact and approximate results for four cases of
tyy = 1/50 or 50 (we choose these exotic values so that the

effect of ¢,/ is large) and m g= = 70 or 700 GeV. The result
is very similar to the SM case: the difference is below permil
level for 4 — ey and T — ey and is at the permil level for
T — uy. For the absolute value of Br(it — ey) the result
is 5 x 107* for t,/, = 50 and my+ = 70GeV and getting
smaller for lower values of #,/,, and/or higher values of m y=.

We make a technical remark here. Due to the huge hier-
archy among the neutrino, charged leptons and W boson
masses, the numerical calculation of the exact result is
non-trivial because of numerical cancellation. To obtain the
u — ey results in Table 2 we have used Mathematica 9 with
at least 62 precision digits for m,, = 10~13 GeV and about
180 precision digits for m,, = 1010 GeV.

4.2 Exotic-lepton contribution

In this numerical study we investigate the exotic-lepton con-
tribution, to see how large the branching fractions can reach,
what can be the dominant effects and dependence on the
parameter B, my and mya. We will also show the gauge—
Higgs interference effects.

In the previous section we have shown that the neutrino
contribution is well below the current experimental limit.
We will therefore neglect the neutrino contribution includ-
ing interference effects with exotic leptons in the following.
The external lepton masses will be neglected as justified in
Sect. 4.1.

In the following we choose a benchmark point, which
is a typical scenario where the SU (3); symmetry-breaking
energy scale is much larger than the SM energy scale, i.e.
mya > my. If not otherwise stated, the value is chosen as

mya = 2TeV. (35)
From Eq. (18) we have
2
m
2 YA 2
Ted, =25 (14e,). (36)

w
where cty,, = 1/ty, = u/v', cty, = 1/ty, = v/v’. For the
case of mya > mwy, we get
2
o~ L (1 e,) > 1. (37)
myy

This means that the terms proportional to f,,, in D5 *in
Eq. (30) can be safely neglected and the branching fractions
are almost independent of #,/,. We note that terms propor-
tional to ct,s, are suppressed because they are also propor-
tional to the external lepton masses. We will therefore set
tyy, = 1 in the following. As a side note, for the choice of
v" = v there is another good justification: it makes the param-
eter p = m%v / (mzz cos? Oy ) with Oy being the weak-mixing
angle close to unity, as pointed out in Ref. [22] where the
same scalar potential is used.

@ Springer
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Table 2 Exact (i.e. m| and m» are keptin D g) and approximate (i.e.
m1 = my = 0) branching fractions of /; — [y at various hypothet-
ical values of m,,. Other two neutrino masses are fixed at tiny val-
ues calculated using m,, = 0 and the current known values of Am% 1
and Am%2 specified in the text, namely m,, ~ 8.678 x 1073 eV and

m,, A 5.025 x 1072 eV. The neutrino mixing matrix is assumed being
real and is calculated from three known mixing angles 015, 613 and 653 as
given in the text. For the sake of comparison we set Br(l; — lLiyvy) = 1
for all three channels. The difference between exact and approximate
results is defined as: diff = (appr — exact)/exact

my, [GeV] Method n— ey T —> ey T — Uy
0 exact Br. 4.0969 x 1075 2.6800 x 1073 76.705 x 10~
appr. Br. 4.0968 x 107> 2.6780 x 1073 76.377 x 1073
diff —2.6x 1073 —7.6x%x 1074 —43x 1073
10~13 exact Br. 4.0968 x 1075 2.6801 x 1073 76.705 x 10~
appr. Br. 4.0967 x 10753 2.6780 x 10753 76.377 x 1073
diff —2.6x 1073 —7.6x%x 1074 —43x%x 1073
1071 exact Br. 7.9502 x 10~17 3.4303 x 10°V7 1.1400 x 10~17
appr. Br. 7.9500 x 10717 3.4277 x 10717 1.1351 x 1017
diff —2.6x 1073 —7.6x%x 1074 —43x%x 1073
10% exact Br. 1.3590 x 1073 0.58619 x 1073 0.19481 x 107
appr. Br. 1.3590 x 107> 0.58593 x 107> 0.19404 x 107>
diff —25x%x 1073 —4.4 %1074 —4.0x1073
106 exact Br. 1.3278 x 10~* 0.57261 x 10~* 0.19030 x 10~*
appr. Br. 1.3278 x 10~ 0.57249 x 1074 0.18959 x 107#
diff —2.4x 1073 —22x 1074 —37x1073
- p>ey S T>ey - T>uy ---u>evy S T>ey - T>HY
Brx10™ diffx10~3
10! [,«:-.-:—: oA e 101
/
1042
' 1 i 22 i i 6 i i my] [Gev]
v 1073 10° 10°*  10” 100
1 . i . "/ i . mVl [Gev]
107% 107 107 10*’5\ 1024 F100 10" ettty | | S
l/ 105F e I e
_5 o
4
7/ 106
:..‘..':;:.'.:..':;:':..‘:'_:.'\': _10 L

Fig. 2 Exact branching fraction (left) and difference between exact and approximate results (right) as functions of m,,, which we deliberately
chose from very small to very large values. All input parameters and definitions are as in the caption of Table 2

Other parameters related to the exotic leptons are unknown.
We choose, as an example, the following default values for
the remaining input parameters:

B=1/V3, mys=3TeV,
mg, = 700 GeV, meg, = 800 GeV, mg; = lTeV,
0L = /6, 05 =n/3, 65 =n/4 (38)

The mixing matrix V £ is calculated from three mixing angles
91’52, 91’1;, and 02E3 as in the case of neutrinos. The values of the
exotic-lepton masses are chosen within the unitary bound of

@ Springer

mg, < 16mya as derived from the partial wave unitarity of
the E;E; — E;E; scattering [23].

A few remarks on the above default input-parameter
choice are appropriate here. Concerning gauge bosons, the
best ATLAS/CMS limits for 3-3-1 models with exotic leptons
are summarized in Table 3. We note that, in almost all cases,
the contributions from exotic leptons to the Z’ total width are
neglected, except for the case of Ref. [24] where mp = 1 TeV
is assumed for all exotic fermions. When those contribu-
tions are properly taken into account, the bound on mz will
get weaker, because the branching fractions of Z" — [T]~
with [ = e, u will decrease. Therefore, the default choice
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Table3 Summary of lower bounds on m 2 for 3-3-1 models with exotic
leptons obtained using ATLAS or CMS data at 7 and 8 TeV. Exotic
fermion contributions to the Z’ total width are neglected, except for
Ref. [24] where mp = 1TeV is assumed for all exotic fermions. In

the last column we have derived the bound on mya using the rela-

tionmya A~ my/3[1 —(1+ ,82)s%,]/(20W) obtained using v, v < u

. . 2
approximation [6] and s3;, = 0.231

B Data Channel Bound on m z Ref. Bound on mya
—2//3 CMS8 with 20.6 fb ! di-muon 2 3.2TeV [25] Z 2.1 TeV
—1/4/3 CMS7&8 di-lepton Z2.5TeV [24] Z2.1TeV
—1//3 ATLASS di-lepton 2 2.89TeV [26] Z 2.4TeV
able ranching fractions of /1 — [py at various values of 5, mya. Other parameters are fixed as given 1n the text

Table 4 Branching fracti £l — 1 i lues of B, nmya. Other p fixed as given in th

B w— ey T — ey T — Uy mya[TeV] n— ey T — ey T pny

0 251 x 10713 1.94 x 10~14 1.57 x 10716 0.5 1.79 x 10~° 1.44 x 10710 1.69 x 10~12
1//3 1.49 x 10712 1.33 x 10713 3.10 x 10713 1 6.62 x 10~ 5.66 x 10712 1.03 x 10713
—1/V3 4.95 x 10712 4.14 x 1013 6.52 x 1013 1.5 7.38 x 10712 6.49 x 1013 1.41 x 1074

. X B . X B . X B R X - . X - . X B
V3 2.18 x 1071 1.88 x 10712 3.69 x 10714 2 1.49 x 10712 1.33 x 1013 3.10 x 1013
V£ 3.21 x 1071 2.73 x 10712 472 x 10714 1.64 x 10°13 1.47 x 10714 3.61 x 10716
u-ey u-ey
3.0r : 40f ‘

15x10°8

1.0x10°8

my[TeV]

50x10° 9

6.x10" 11

4.x10 M

2.x10° 1

N
-0.5 0.0

L N
-1.5 -1.0 0.5 1.0 1.5

Fig. 3 Density plot of &t — ey branching fraction as a function of g and my (left) and of B and m 4 (right). Other parameters are fixed as given

in the text

in Eq. (35) may be acceptable. However, one should keep
in mind that, strictly speaking, the ATLAS/CMS bound on
my is unknown for our present numerical analysis, because
it depends on the masses and electric charges of the exotic
fermions (i.e. leptons and quarks) which have not been prop-
erly taken into account. We will therefore relax the constraint
on mya, varying it from 0.5 to 3 TeV for some plots. In this
context, it is noted that, using LEP II data, the authors of
Ref. [15] obtained mz 2, 1TeV for B = +1/+/3, 2/4/3,
leading to mya Z 0.7 TeV. Phenomenological constraints
on the masses of exotic Higgs bosons H4 and of the exotic

leptons and their mixing angles are much more difficult to
obtain and do not exist to the best of our knowledge.

With those difficulties in mind, we decided to choose the
above default input parameters in a fairly random way follow-
ing a few general principles: (i) u > v, v’ (i.e. the SU3)L
breaking scale is much larger than that of SU (2)1), (ii) the
exotic leptons are heavy and satisfy the unitary bound, (iii)
and their mixing angles are large. We note that the choice of
heavy masses are in agreement with the negative results of
collider searches for physics beyond the SM. Large mixing
angles are motivated by the PMNS matrix of the neutrino sec-

@ Springer
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Fig. 4 [; — [y branching fractions as functions of my (left column) and of m ya (right column) for various values of B: 0 (top row), 1/ V3
(middle row) and +/3 (bottom row). Other parameters are fixed as given in the text

tor and the fact that we want to have large branching fractions
close to the experimental limits.

In the following tables and plots, if not otherwise stated,
the above default values are used. Differently from Sect. 4.1,
we will use the true values of Br(l{ — l»b1ovy) as given in

@ Springer

the text below Eq. (28) so that one can compare the results
in this section with current experimental limits.

In Table 4 we present the [ — [>y branching fractions for
various values of 8, mya. We observe the following features:
the branching fractions are smallest at 8 = 0 and increase
with |B|. The results exhibit a clear asymmetry under the
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Fig. 5 Branching fraction of © — ey as a function of my (left) and of S (right). Gauge (blue), Higgs (brown) and interference (red) contributions
are also separately shown. Total branching fractions are the black lines. Other parameters are fixed as given in the text

transformation of 8 — —f, or in other words, they depend
on the sign of B. The right table shows a strong dependence
onmya. As expected, the branching fractions are large when
mya is small. With the choice of exotic-lepton masses and
mixing angles as given in Eq. (38), the branching fraction
is largest for © — ey and smallest for t — py. With this
setup, we see that the branching fractions of t — ey and
T — py all satisfy the current experimental constraints for
all values of B and my 4 in Table 4. For the decay of © — ey,
only the cases of B = 0 or mya = 3TeV are below the
experimental limit of 4.2 x 10713,

We now focus on the decay @ — ey and discuss two
density plots to see the dependence on 8, my and mya. In
Fig. 3 we show the density plot of Br(ix — ey) as a function
of B and my (left) and of B and mya (right). We observe
from the left plot, consistently with Table 4, the branching
fraction are smallest when g is around zero or when my
is large. From the right plot, we see a similar dependence
on 3, but the dependence on m ;4 is much weaker than on
my. From those two plots, we conclude that large branching
fraction occurs at large |B|, small my and small m2 4.

In a series of six plots in Fig. 4 we would like to show
again the dependence on 8, my and mpa, but with two-
dimensional plots this time and for all three decays. We see
clearly that the case of 8 = 0 is special and different from
the other cases of B = 1/ \/§, \/5 For 8 = 0, the branching
fractions of all three decays have a deep minimum when
my or mya reach special values. The minimum positions
are at low energies and are different for different decays,
suggesting that they depend on the mixing angles. Together
with Fig. 3 we conclude that a deep minimum occurs when | 8|
is small enough. This has a very important phenomenological
consequence: for small values of ||, branching fraction can
be very small even at small values of my and mya. This

means that, contrary to naive expectation, there can be small
values of my and m ;4 escaping the exclusion limit obtained
using the experimental constraints on Br(l; — [y ), if || is
small enough.

To understand the minimum occurring when g is around
zero we have to study the dependence of the branching frac-
tion on B. This is shown in Fig. 5 (right). On the left plot we
display again the dependence on my for the special case of
B = 0. This time, differently from Fig. 4 (top-left), we focus
on the low-energy region of my € [0.5, 1] TeV and gauge,
Higgs and interference contributions are also plotted. The left
plot shows that the interference is strongly destructive and
there is a spectacular cancellation between the sum of gauge
and Higgs contributions and the interference term, leaving a
very small branching ratio. The § dependence plot also shows
anegative interference effect when 8 € [0.035 : 0.26] for our
default choice of input parameters. The insert in Fig. 5 (right)
shows that the interference line crosses the zero branching
fraction line when the gauge contribution (blue line) van-
ishes and when the Higgs term (brown line) vanishes. One
should note that the gauge or Higgs contributions are non-
negative. Overall, Fig. 5 shows that destructive interference
effect tends to occur when || and my are small.

5 Conclusions

In this paper, we have provided full and exact analytical
results for the /; — [;y partial decay widths for a general
class of 3-3-1 models with exotic leptons and with arbitrary
B. As a by product, we performed numerical comparisons
between exact results (i.e. external lepton masses are kept)
and approximate ones where m; = m; = 0. We conclude
that, for either extremely light neutrinos or very heavy lep-
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tons, the difference between exact and approximate results is
less than permil level for © — ey and T — ey and is at the
permil level for t — py. Therefore, unsurprisingly, approx-
imation results widely used in the literature are excellently
justified.

Concerning the exotic-lepton contribution, we found huge
destructive interference between the gauge and Higgs contri-
butions. This can happen when |B| and my are small enough.
This has an interesting consequence: the branching fractions
can be small even for small my. Therefore, this destructive
interference mechanism must be taken into account when
using experimental constraints on Br(/; — [;y) to exclude
parameter space. This in particular means that if one takes
into account only the gauge contribution then the results can
be completely off. It is likely that this destructive interfer-
ence mechanism also occurs in » — sy and other similar
processes.

Besides, we found that the gauge and Higgs contributions
can be of similar size. Dependences on 8, my and m ;4 have
been shown. We observe that the branching fractions are very
sensitive to B and my. They also depend on m g4, but to a
lesser extent. The dependence on S is interesting: the branch-
ing fractions are largest for || = +/3 and smallest around
Zero.
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Appendix A: One-loop integrals

In this appendix we provide all loop functions introduced in
Eq. (30). We have

REHH — ¢ ([pHl, m3, m%, m%) + Cri(---) + Ca(---),
REHE — Cy([p?], m3, m%, m%) + Caa(---) + Cra(---),
hEHH = —Co([pf1.m7 . m3;,m3y) — Ci(--+) — Ca- ),
it = Cup71, miy, mi,mp) + Cui( ) + Cia(- o),
h¥LE = Cy((pfl, my; mi. m7) + Coa(- ) + Cra(-++),
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RELE — ¢\ ([p?1, m%y, m3 ,m3) + Ca(---),

gl = —Ca(IpH. m7. mg. mg) + Cri(-++) + Cia(- ),

8799 = CoIpi1, mp, mg;, mg) +2C1(-++) + Ca(- )
+Ci(-) + Cialeeo),

¢k66 = Co(1pA), mE, m%, mE) + Coa(---) + Cral---),

8499 = —C1(Ipf1. mi.mG, mg) + Coo(-++) + Cpal- ),

859% = Co([pf1.m7 . mG. mg) + C1(-++) +2Ca(-++)
+Cn( )+ Cra(-++)),

g% = CiUp;1, mp, mg, mg) + Ci(--+) + Cial- ),

g7t = Colpil, mg, m7, m) +2C1(-+) + Ca(-++)
+Cii(-) + Cra(--),

gl = —Co((pH mE. m3 m3) + Cri () + Cra(- ),

g™t = Callp;l, mg, m, mi) + Co(- ) + Cia(- ),

giy" = Colpil,mg,mi, my) + Ci(---) +2Ca(---)
+Cn(-) +Cra(--),

grtt = =Cipi1. mg, mi, m) + Co(-+) + Cial-+),

gt = Ci([pfl.mg. mi.m7) + Cii(-++) + Cia(- -+,

(AD)

where [ pi2] = m%, 0, m% related to external momenta and
occurring in all functions, the notation (- - - ) means that the
same list of arguments as in the first term should be used.
The masses of particles in the loop are written explicitly in
the argument list and there is an one-to-one correspondence
between those masses and the upper index of the /; (h stands
for Higgs) and g; (g for gauge) functions.

Using Passarino—Veltman techniques [27], the results for

Ci..([p?1, m%, m%, m%) read
) ©) 0)
- (mi+m)By’  2m3BY By k>Co
(i —m3)?  (nf—mD> mi—m3 mi—m3
2) ) 0)
- m?+mdB  2m?By LB kG
(m1 — m2)2 (m2 — m%)2 m% — m% m% — m%
[k1(3m1 — m2 + 4m2m2) - 4m + 4m2m1] B(l)
Cu= 3
2m1(m1 — m2)
2 0
~ 3mdkaBY ko +20m3 — m1BYY
(m3 —m3)3 2(m? — m3)2
(k2 +2m3m3) co
(m1 - m2)2
(m} +mD[Agmp) — Ag(m)] m3
2m1(m1 — mz)2 (m% — m%)2 '
[kz(—3m2 +m¥ — dm2m2) + 4m§ — dmtm ] B
Co =

Zm%(m% — m%)3
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3m2kBY  [ky + ko +2(m? — m3)1BY”

(m? —m3)3 2(m? — m3)?
(8 +2m3m?) o
t
(ml - m2)
(m? +m3)[Ag(m%) — Ag(m%)] m%
N 2m2(m? — m2)? o —me
AN | 2 2
1
. [k2(5m? 4+ md) +mt —m] BV
12 = —
2(m% — m%)3
2
[k15m + m3) +md - m] B
+ 2 2 273
(ml - mz)
(2mB - ZmF + m + mz)B«))
Z(m1 — mz)2
[k1ka + m30n3 +m3)| €
(m% — m%)2
[Ao(m}) = Agemb)]  m? +m} A2
(mZ _ m2)2 o 2(m2 _ m2)2 (A2)
1 2 1 2
where B = B 0, m%, m%) BY = B (m%, m%, m2)
0 O k] B’ B/» 0 O i? B’ F/

and k; = m% —m% +m? withi = 1, 2.

The Passarino—Veltman functions in Eq. (A1) and Eq. (A2)
are defined from the standard one-loop functions as

4-D D
Aom?) = (2711';;)2 / 12 —dm2k+ ic’
2 4—D
Bo iy = 2
dPk
(k2 —m% +ie) [(k + p)? —m} +ie]’
Qrp)*-P

Conm =3
8 / dPk(1, Ky, ko)
(K2 —m% +ie) [(k+ p1)? — m} +ie] [(k+ p2)?

Cy = p1uC1 + p2uCa,

7m%+ie]’

Cuv = guwCoo + P1up1vCi1 + p2up2vC2 + (P1up2v + P2uP1v)C12,
(

where p is an arbitrary mass parameter introduced via dimen-
sional regularization [28].

The scalar functions Ao, Bg, Co can be calculated using
the techniques of [29]. We have

Ao(m?) = m? (CUV — log(m?) + 1) ,
Bo(0, m*, m?) = Cyy — log(m?),

Cyv — log(m%) +2

— Y- Dylog (1 - xo),
o=% Xo

Bo(p?, m%, m%) =

2

(A4)

2 2 2 2 2
C()(P]yoy Py, mp,mp, mB) =
2 j=1o0==%

where Cyy = 2/(4 — D) — yg + log(4m %) with yg being
Euler’s constant and x, and y;, are the roots of the following
equations:

m%gx2 (m%e —m% ~|—p2)x +p2 +ie =0,
myy; — (mp —my + p})yi + p; +ie =0. (A5)
For the case of p% > 0 and p% = 0 we have
2 2\ 2
By(0,mg, mz) = Cyy — log(mp) + 1
2 2
+ —2m log (mF> ,
my —mi m
CO(P%,Ov O’mF,sz,sz)
1 .
=2 [le (1 - —) Z le(yw] (A6)
1

Results for the case of p% = p% = 0 have been provided in
Ref. [17]. We finally note that the C functions in Eq. (A2)
are independent of the auxiliary parameter Cyy, meaning
that the final results are UV finite. The function B(()O) is above
given for the sake of completeness. The final results are inde-
pendent of it.

Appendix B: Approximate results

Here we provide results for the case of small exotic-lepton
masses, i.e. mg, < my and mg, < mpga. Furthermore,
the numerical facts of m,, <« mw and the approximation
m1 = my = 01is used as justified in Sect. 4.1. We therefore
neglect all Dy, here. For the neutrino case, we have

2
L* L W
llaUlza 2 ’
myy

. 2
vHY _ reg Z LeysL Va
DR = W([/ +6) UlluU12a<12 B )

D;)?W _ leg Z

32n2mW

(BI)
For the exotic-lepton case
EY ieg® /3 Loyt ("MEl
P = 3272m} G 3'871)2_:‘/”“‘/’2“ 8m3 )’
2
pEHY _ ieg? visyl [ _MEa BV3+1 6
R - 3271,2 2 llﬂ lzll 12m§~1A 2 (vu+ )
2
+ ’3“[2 (2% 18 — 121og E)] (B2)
mHA
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