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Abstract We investigate several phenomena related to
FCNCs in the 3-3-1-1 model. The sources of FCNCs at the
tree-level from both the gauge and Higgs sectors are clari-
fied. Experiments on the oscillation of mesons most strin-
gently constrain the tree-level FCNCs. The lower bound
on the new physics scale is imposed more tightly than in
the previous, Mpew > 12 TeV. Under this bound, the tree-
level FCNCs make a negligible contribution to the Br(B; —
wtn), Br(B — K*utp™) and Br(Bt — KTutu™).
The branching ratio of radiative decay b — sy is enhanced
by the ratio . via diagrams with the charged Higgs media-
tion. In contrast, the charged currents of new gauge bosons
significantly contribute to the decay process i — ey.

1 Introduction

The analysis of phenomena related to flavor-changing neu-
tral currents (FCNCs) plays an important role in constrain-
ing the parameters of the Standard Model (SM) and testing
physics beyond the standard model (BSM). In recent years,
the most extensively studied processes related to FCNCs in
B-physics, particularly the exclusive b — s transition. The
first place to look for new physics (NP) in b — s transi-
tions is B, — B, mixing with ¢ = d, 5. The mass splitting
A M, has been measured with high precision [1], whereas
the measurement of AM; [2,3] is complicated because of
the rapid oscillation of By meson. The measurement results
of Br(B; — putu™) [4-7], Br(b — sy) [8-11], are almost
in agreement with the SM predictions. However, some small
tensions related to the above processes have been persisted
and confirmed by independent measurements. These tensions
can be understood due to uncertainties of the form factors,
CKM elements, or by the presence of NP. Moreover, the
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ratios of branching fractions Rg, Rg+, and several observ-
ables of the B — K (K*)ITI~ (I = u, e) decays have been
determined [12-24]. All the results of these measurements
have confirmed the deviation from the predictions of the SM.
Unlike the angular observables, the various ratios of branch-
ing fractions can not be explained via underestimating hadron
effects. This result has inspired physicists to investigate these
decay processes and see whether some NP models can better
explain the experimental data.

Recently, Dong and his collaborators have pointed out the
simple extension of the SM in which the gauge symmetry has
been extended to the SU(3)c x SURB) . x U()x x U(l)y
group, referred to as the 3-3-1-1 model. This model contains
both mathematical and phenomenological aspects of the 3-
3-1 model [25-30]. Therefore, the 3-3-1-1 model has all the
good features of the 3-3-1 models [31-34]. The difference
between the 3-3-1-1 model and previous 3-3-1 versions is the
nature of B — L symmetry . In the 3-3-1-1 model, the B — L
symmetry is known as a non-commutative gauge symmetry.
Therefore, there exists a unification between the electroweak
and B — L interactions [35], which is similar to the Glashow-
Weinberg-Salam theory. In addition, the model also provides
a natural, comprehensive scenario to account for neutrino
masses, dark matter, inflation, and leptogenesis [35].

Another feature of the 3-3-1-1 model is that flavor-
violating interactions appear in both the quark and lep-
ton sectors. The quark families transform differently under
SU@3)L. So, they lead to tree-level flavor-changing neu-
tral currents (FCNCs) that couple to the new neutral gauge
bosons, Z3, Zy, and the new neutral Higgs bosons. The role
of FCNCs coupled to Z;, Zy in the oscillation of mesons
has been studied in [32,36]. The authors only focused on the
NP short-distance tree-level contribution caused by new neu-
tral gauge bosons to the mass difference of mesons in those
studies. The authors used only the NP contributions to com-
pare with the experimental values. Thus, they have pointed
out the lower bound on the NP scale in the TeVs. However,
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considering all NP and SM contributions to the meson oscil-
lations, the lower bound may be more constrained than the
previously known ones [32,36].

In this paper, we study all tree-level FCNCs associ-
ated with both Higgs and gauge bosons. The contributions
coming from the FCNCs combined with these of SM are
subject to strong constraints from meson mixing parame-
ters. Phenomenological aspects related to FCNCs at tree-
level, namely B, — u*u~, B — K*uTup~ and BT —
KTutu™ decays are expensive goals. Additionally, the 3-
3-1-1 model predicts the existence of new charged particles,
such as new non-Hermitian gauge bosons YF, the charged
Higgs bosons Hfs. They couple to both SM quarks, leptons
to new heavy quarks, leptons, respectively. These interac-
tions are the source for yielding the charged lepton flavor
violation (LFV) processes [; — [; and b — sy decay.

We organize our paper as follows. In Sect. 2, we briefly
overview the 3-3-1-1 model. In Sect. 3, we describe the tree-
level FCNCs and study their effects on the mass difference of
mesons. We predict the NP contributions to the rare decays of
By — pntu=,B— K*uTpu~ and BY — Ktutu~ pro-
cesses based on the constrained parameter space. Section 4
studies the one-loop calculation of the relevant Feynman dia-
grams, which relate to the b — sy and © — ey. The con-
sequences of the parameters on the branching ratio of these
decays are implied from the experimental data studied. Our
conclusions are given in Sect. 5.

2 A summary of the 3-3-1-1 model
2.1 Symmetry and particle content

The gauge symmetry of the model is SU(3)¢c x SU(3)p x
U()x x U(1)n, where SU (3)c is the color group, SU (3),
is an extension of the SU(2); weak-isospin, and U(1)y,
U (1) define the electric charge Q and B — L operators [36]
as follows

Q=T3+BTs+X, B—L=pTg+N, (1)

where B, B are coefficients, and both are free from anoma-
lies. The parameters B, B’ determine the Q and B — L charges
of new particles. In this work, we consider the model with
B = —%. This is the simple 3-3-1-1 model for dark matter

[31]. The leptons and quarks, free of all gauge anomalies,
transform as

Var = WaL. ear, (Nar))" ~ (1,3, —1/3,-2/3),
ver ~ (1,1,0,—1), esr ~ (1,1,—1,—1),

Qa1 = (dar, —tar. Dar)” ~ (3,3%,0,0),

Q31 = (u3p. d3r, Up)" ~ (3,3,1/3,2/3),

ugr ~ (3,1,2/3,1/3), d,gp ~ (3,1,—1/3,1/3),
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Ur ~ (3,1,2/3,4/3), Dyr ~ 3,1,—1/3,-2/3), (2)

where ¢ = 1,2,3, « = 1,2 are the generation indexes.
The scalar sector, which is necessary for realistic symme-
try breaking and mass generation, consists of the following
Higgs fields [31]

n" =iy DT ~ (1,3, -1/3,1/3),
ol = (i, p3. o) ~(1,3,2/3,1/3),
T =G aHT ~ 1,3, -1/3,-2/3),
¢~ (1,1,0,2). 3)

The electrically-neutral scalars can develop vacuum expec-
tation values (VEVs)

0 u 0 v
<771>=E, <,02>=ﬁ,
0 w A
< X3 >=—ﬁ, <¢>= —ﬁ, “)

and break the symmetry of model via the following scheme

SUB)c®SUB)LQUDx®@U)yN
LA

SUB)c®SUB)L®UMDx P

Jw

SUB)c®SUR)L QUL QP
b u,v

SUB)c®U)p® P,

where P is understood as the matter parity (W-parity) and
takes the form: P = (—1)3(B=L)+2s A1l SM particles have
W-parity of +1 (called even W-particle) while new fermions
have W-parity of —1 (called odd W-particle). With W-parity
preserved, the lightest odd W-particle can not decay. If the
lightest particle has a neutral charge, it may account for dark
matter (see [31]). The VEVs, u, v, break the electroweak
symmetry and generate the mass for SM particles with the
consistent condition: u? + v? = 2462 GeV2. The VEVs,
w, A, break SU3)r, U(1)y groups and generate the mass
for new particles. For consistency, we assume w, A > u, v.

2.2 Scalar sector

Let us rewrite the scalar potential [32,33] that consists of
three terms, V = V(¢) + V (1, p, x) + Vmix, Where

V(g) = uge'¢ + 1o 9)*
V(, x,0) = uip o+ mdx x + 1dn'n
+21 (0 )2 + 2 (x ) + s,
Vimix = 240" 0) (X ") + As(pTp) (0" )
+a6(x @) + 170" 0 (x o)
+a3(0 M@ ) + Ao (x (0" x)
+210" ) (0" 0) + A1 @ ) (X x0)
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+(f6mnp77mpn)(p + H.c.). (5)

Due to the W-parity conservation, only neutral scalar fields
carrying W-parity of +1 can develop VEV. After symmetry
breaking, there is no mixing between the even and odd W-
fields (see in [33]). For the even W-particle spectrum, the
model has predicted

e Four neutral physical particles with CP-even, one identi-
fied as the SM-like Higgs boson H and the three remain-
ing particles, H;, i = 1, 2, 3, are new heavy fields, having
the following form

uR () + vR(pY)

Vu? 40?2
. —vRMY) + uNR(pY)
N T
Hy = cos N (x3) + sin pN(¢h),
H3 = —sin @ (x3) + cos (), (6)
where tan(2¢) = —%.

e One neutral CP-odd particle

_ u3(1) +uI(p2)

A~ (N
/MZ + U2
e Two charged fields that are given as follows
HE — 11)(2jE ~|—a),03i + vrléc~|—u/o]jE ®)
4 v I /u? + 02

For the odd W-particle spectrum, there exists a complex
scalar particle

/ 1
HO — N (ux?* 4 wng) . ©)

For convenience, we list a few mass expressions for the
physical fields that we will use for the calculations below

=)

e (T )

= (5 - L) (24 0?),

m§,5=<%_ fg:v>(u2+v2>. (10)

2.3 Fermion masses

The Yukawa interactions in the quark sector are written in
[31] as follows
k - - -
Lonva =hY Q30 xUg + hf,g Qurx*Dgr + his Q3rnuqr
+h8 Q31.pdar + iy Qurn*dar
+h" Qurp*uar + H.c.. (11)
After symmetry breaking, the up-quarks and down-quarks

receive mass. Their mixing mass matrices have the following
form

1
My = Eh;av’ ms, = —Ehiﬁ“»
1 1
d d d d
My, = —ﬁhaau, ms, = —ﬁhav. (12)

In the general case, these matrices are not flavor-diagonal.
They can be diagonalized by the unitary matrices Vy,; ., Va, &
as
Vi m“ Vi, = My, = Diag(mu, , muy, mus),
V) m*Va, = My = Diag(ma, . ma, may). (13)
It means that the mass eigenstates relate to the flavor states
by
! ) / / T
up g = Uip g Uop g>U3L R)
T
= VJL’R(MIL,R,MZL,R,MSL,R) ;
/ / / / T
dL,R = (dlL,R’ dZL,R’ d3L,R)
= VdTL LR, dar R dip R) (14)

The CKM matrix is defined as Vecgm = VJ V-
The Yukawa interactions for leptons are written by

lepton ;¢ 7
Lyikawa = MapVaLprepr

+hYy Warnvpr + B0 gupre + Hoe..  (15)

The charged leptons have a Dirac mass [M],, = — hf‘}; . The

flavor states e, are related to the physical states ¢/, by using
two unitary matrices U i R s

ear = (UD vy, ear = (Uk)ave) - (16)

The neutrinos have both Dirac and Majorana mass terms. In
the flavor states, ny = (vg, v;e)T, the neutrino mass terms
can be written as follows

1_ 0 MmP
L = _EnL <(MUD)T M‘;"Q > ny + H.c.

1
:_EﬁLMUnL+H'C'1 (17)

hU
where [MP1,, = —ﬁu, [MRp = —v/2h7, A. The mass
eigenstates n; are related to the neutrino flavor states as n/, =

@ Springer
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U"%ny, where UV is a 6 x 6 matrix and written in terms of

U’ = ((é])T l‘;”) (18)

The new neutral fermions N, are a Majorana field, and they
obtain their mass via effective interactions [32,33]. We sup-
pose that the flavor states N, relate to the mass eigenstates
N/ by using the unitary matrices U iv R s

Naz = UMapNpyp, Nar = (URDavNpg- (19)

2.4 Gauge bosons

Let us review the characteristics of the gauge sector. In addi-
tion to the SM gauge bosons, the 3-3-1-1 model also predicts
six new gauge bosons: X%0* ¥+ Z, Zy.The gauge bosons
are even W-parity except for the X, ¥ gauge bosons that carry
odd W-parity. The masses of new gauge bosons have been
given in [32,33] as

2~

2
g
my, =g {3+ )w? + 415 (w? +9A?)

- \/[(3+t§)w2—4r§(w2+9A2)]2+16(3 + t)z()t,%,w“} :
(20)

(S
l

2
B+ + 4 w? +9a?)

+ \/[(3+ w2 =41k, (w2 +9A2) 2 +16(3 + t§)t§,w4} :

m%,: Z(vz—l—wz). (21

3 Rare processes mediated by new gauge bosons and
new scalars at the tree-level

3.1 Meson mixing at tree level

In previous works [32,36], the authors have considered the
FCNC:s that couple to the new neutral gauge bosons Z; and
Zy at tree-level. Due to the different arrangements between
generations of quarks, the SM quarks couple to two Higgs
triplets. Therefore, there exist FCNCs coupled to the new
neutral Higgs bosons at tree-level. These interactions derive
from the Yukawa Lagrangian (11). After rotating to the phys-
ical basis via using Eqs. (12), (13), (14), we obtain the fol-
lowing

Higgs
L& = —2— (dp Mady + ity Myu'y) H
g 3/ ! 1 =/ /
+m tﬂdLMddR_guLMM“R H,

@ Springer

1
(tﬂdL/\/lddR ﬁ/LMuu/R> A
2mwy 18
g ( d ~ u /)
dy + i, Uy ) H
Dy g+ Ty ) Hy
‘s (dLFddR ”u’R).A—i—H.c., 22)
2mW

where tg = tan 8 = 5, and ', T'¥ are defined as:

F:‘Aj _(V )l%(VuL)%kmuk(VuR)ka(VMR)a]7

re ——(vdL)iz(vdmkmdk(VJR)ka(VdR>aj. (23)
Szﬂ

The first three terms of Eq. (22) are proportional to the quark

mass matrices, and thus they are flavor-conserving interac-

tions. The remaining terms are the FCNCs coupled to the new

neutral Higgs bosons, including CP-even H; and CP-odd A.
The Lagrangian of tree-level FCNCs mediated by Z», Zy,

which has been studied in [32], has the following form

Liene = — Z e [q_fLV’LQ}L(gzzz,L +gNZN;4)]7 (24)
q'=u'.d
where
q 1 *
®ij = _(VqL)3i(VqL)3ja

/3

e Ele
SIn & ——
V3

t
~|—cosE—N

. 1
gy =g | —siné —= .
( V1—12/3 V3 )
& is a mixing angle that is determined by tan2§{ =
4‘/3+tXth

1
= COS§ —F/——

(25)

SN X \/T;SW
— and tX — —
;+l 2 —4t A 8 /3 2
( X)w N(w2+9 2) 8 —4s

with sy = sin Gy .

We now investigate the impact of FCNCs associated with
both new gauge and scalar bosons on the oscillation of
mesons. From FCNCs given in Egs. (22)—(24), we obtain
the effective Lagrangian that affects the meson mixing as

2
8 ) 1 1 (—/ / )2
riv | —=— — — (g, d
4m?, {( i) (m%,l mi) hiL9jR
1 1 _ 2
+(Fq*)2( ) ) (q;Rq;L) }
m
My, A
2
g G¥ g 1 1
Famd, {Fﬁ K (m— oy
w H A
(‘ii’LQ}R)(é,{R‘I}L) + Fjll*rlq]

1 1 =/ /! =/ /
——+— ) Girq) ;19 R)
M my

Leffective =
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8 | &
—O7 | =3+ =2 | @vtai)t. Q6
mz,  mz,
with ¢ denoting either u or d quark. This Lagrangian gives
contributions to the mass difference of the meson systems as
given

2 2
202 & 8N
(Amg)np =N [3@12 (mz + =5
5¢% d 2 dxy2 1 1
+—— (L) + T )| —— — —
3 12 21 ) 2
48mW ( ) M,
2
mpg 2
X m
<ms +md) ’ KfK
[ePrsird, (1 1 ! m 2
N\ o et e ) [ TR
4my, my o my (mg +mg)

2 2
2.0 & 8N
(Ade)NP:ml3®l3 (mz+2

Z, Mz

5g2
2
48mW

1 1 < mp, )2 -2
(- m |
(ﬂﬁ;l mix) mp +ma o

+ 5 (2 + rgh?)

—_

2
)i (1 1 "By 2
N ot | 6 o | (B B
dmy, my, my 6 (mp+mg)

2 2
20 [ & 8N
(Amp,)xp = 9N |3®23 (mz + =

Zy mZN
5g2

2
48mW

2
1 1 mp; > )
X\ ——— mp, f
(m%i1 m%) <ms +mp s 7 By

g2r§i§kF33 1 1 1 m%r -2
M5\t 5 et o2 ) ("B B
4my, my, My 6 (ms+mp) y

+ (rg?+1gp?)

27)

We would like to remind the reader that the theoretical pre-
dictions of the meson mass differences account for both SM
and all tree-level contributions. It hints that meson mass dif-
ferences can be separated as

Amg g, B, = (Amg g, B)sm + (Amg B, B, )NP, (28)

where the SM contributions to the meson mass differences
are given by [37,38]

(Amg)sm = 0.467 x 1072/ ps,
(Amp)sm = (0.57570:993) / ps,
(Amp)sm = (18.6733)/ps. (29)

The theoretical predictions, given in Eq. (28), are compared
with the experimental values as given in [39,40]

(Amg)exp = 0.5293(9) x 1072/ ps,

(Amp,)exp = 0.5065(19)/ ps.
(Amp,)exp = 17.749(20)/ ps. (30)

However, due to the long-distance effect in Am g, the uncer-
tainties in this system are considerable. Therefore, we require
the theory to produce the data for the kaon mass difference
within 30%, namely

A
03 < BmENe o G1)

(Amg)exp
The SM predictions for B-meson mass difference are more
accurate than those of kaon, and we have the following con-
straints by combining quadrature of the relative errors in the
SM predictions and measurements [41]

A A
0.6 < BMBdew g g o (BMBJew o
(Amp,)sm (Amp)sm
(32)
or equivalently
A A
04 < BMBINP_ 10 o9 o (BMBIND_
(Amp,)sm (Amp)sm
(33)

Let us do a numerical study from a set of all the input param-
eters that are taken by [40,42-45]

mg = 4.88(20), my = 93.44(68),
mp = 4198(12), m, = 172.4(7) x 10°,
fx = 155.7(3), my =497.611(13),
fa, = 190(1.3), mp, = 5279.65(12),
fa, = 230(1.3), mp, = 5366.88(14),

|(Vekm)3z (Vekm)31 | = 0.0087(2),
|(Vexkm) 33 (Vekm) 32/ (Vekm) 23| = 0.982(1),
|(Vekm)23| = 0.04200(64). (34)

All mass parameters are in MeV. Besides, we assume ty =
1,8 = 4mwa/sw, where « = 1/128 and 5‘24/ = 0.231.
The mixing matrix for right-handed quarks, V, g, is a unitary
matrix, whereas Vg is parameterized by three mixing angles,
91R2’ 01R3 and 92R3, as

R .R R.R.R _.R.R __.R.R R <R .R
C12€03 — 812513523 —S12€13 —C12523 — S12513€23
R .R R.R.R .R_.R R R R .R .R
V= | $12623 T Cns13823 €cis —Sias T ensines |
R R R R .R
C13523 -3 C13¢23

(35)

where slg = sin 91.1; s cil} = oS 95 . For instance, we can

choose «91R2 =/6, 91R3 = /4 and 92’% = /3. The NP scales
require the following constraints w ~ A ~ —f > u, v,
due to the condition of diagonalization for the mixing mass
matrices in [32].

@ Springer
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Fig. 1 Constraints for w and u from the meson mass differences Amg,Amp and Amp,. The available region for Amg is the whole frame,

whereas the orange and green regions are for Amp_and Amp,

We first study the role of FCNCs coupled to the scalar
fields, Hi, A, in meson mixing parameters. To see its effect,
we change the f-parameter, which only affects the masses of
the Hp, A (see in Eq. (10)). Specifically, in Fig. 1, we draw
contours of the mass differences Amg, Amp ,and Amp,, as
functions of the NP scale w and u for three different choices
of f-parameter as f = —1000 GeV, f = —5000 GeV and
f = —10,000 GeV. There are almost no differences between
the three figures. That is, the mixing parameters are affected
slightly by FCNCs coupled to the scalar fields.

@ Springer

Next, we consider the contributions of FCNCs coupled to
new gauge bosons to the meson mixing parameters. To esti-
mate how important they are, we compare their contributions
with those of the new scalar bosons. The ratio of these two
contributions is presented in Fig. 2. The results show that
the significant contribution comes from the FCNCs of new
gauge bosons. It once again clarifies the small effect of the
new scalar fields on the meson mixing systems.

Finally, we investigate the constraints on the VEVs from
Amg p; B, InFig. 1, the allowed region of parameters that
satisfies the constraints given in Egs. (31), (33) is the green
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one. The electroweak symmetry breaking energy scale, u, is
not constrained by conditions imposed on the meson mass
mixing parameters. However, these conditions affect the NP
scale w. From Fig. 1, we obtain a lower bound on the
NP scale, w > 12 TeV. This lower bound is more strin-
gent and is remarkably larger than that obtained previously
[32]. This difference is because, in the previous study, the
authors compared the NP contributions with experimental
values and ignored the SM contributions to the theoretical
predictions. Moreover, Eq. (131) in [32], the authors used
(Amp)Np < (100]TV)2m3x f5, =~ 41.2871/ps, the upper
limit for (Amp, )np is even greater than that of the experi-
mental value given in Eq. (30). This is not reasonable because
the theoretical prediction must consist of both SM and NP
contributions. We must also consider the uncertainties of both
SM and experimental predictions. Thus, the NP contribu-
tions have to be constrained by the conditions given in Egs.
(31, 33).

32 By - utu ,B— K*uTpu and Bt — Ktutpu~

Rare decays of B meson, in particular of the decay induced by
the quark level transition, By — u™u~™, B — K*u*u™ and
BT — KT, are sensitive to physics beyond the SM.
The NP effects can be quantified via the language of the effec-
tive theory. The effective Hamiltonian related to the above
decays is determined by the quark FCNCs given in (22), (24)
and the lepton flavor-conserving neutral currents (LFCNCs).
The LFCNCs coupled to the neutral scalars, Hy, A, obtained
from Eq. (15) as follows

- ——z’ L MPU L (Hy +iA)+ Hec., (36)

where M'P = Diag(m,, m,,, m). It is worth noting that
there is no neutral Higgs mediated FCNC in the lepton sector.
The interactions of Z; and Z y with two charged leptons have
been written in [31] read

g -
5o P (8 = 88 (s 12
oo I (80 =) 2w G
where the form of coefficients ggz’ZN , giz’ZN are found in

[31].
Combining the quark FCNCs and the LFCNCs, we obtain
the effective Hamiltonian for B, — utu=, B — K*utu

and B* — KTuTu™ processes as follows
4G
Hert = =~ Vin Vi Y (GO
2 i=9,10,S,P
+ GO (1)), (38)

where the operators are defined by

2 _
O = JT)gfyuPLb)(ly“l),
2
O = o )2<sy,LPLb>(ly“y51) (39)
62
Og = an )z(sPRb)(ll)
2 —_
Op = @ (SPrD) (Lysl) . (40)

The operators (96710,5’13 are obtained from Og 19 s p by replac-
ing P; <> Pg. Their Wilson coefficients consist of the SM
leading and tree-level NP contributions. For Cg 10 we split
into the SM and NP contributions as: Cg 19 = C9 10+ C9 100

where the central points of Cgl\l/lo are given in [46], C} SM

—4.198, C§M = 4.344, and the CJ%, § p are written by

Z V4
NP m3,  @m)? (g8 () gn gy (f)
Cy = —0p3 ) ——— >
cwViVis e g myz, 8§ mz,

ClO -

ewVaVis e \ g m3, g my

my  (4m)? (g_z RO gi”(f))

(41)

Noting that Cs P = Césg’l = 0. Therefore, the Csp, C/s’P are
obtained by NP contributions as follows

2 d !
C_I;IP _ 8 1 F23F
e? Vib Vi m%_ll
d \* l
C/NP — SLZ 1 (F32) FO!O(
€2 thV;; m%h
2 d Al
NP — _ 87 I 38
ez Vi Vi m/%x ’
*
C/NP 87T2 1 (Fg2) Afm
ERTRT: PR (42)
e Vip Vi m4
where Iy, = AL, = “my,.

From the effective Hamiltonian given in (38), we obtain
the branching ratio of the By — I, decay

_ TB;
Br(B; — l;la )theory = 64?0[ %Tfli

4’"12

- —=
mBJ
2 2
mB.v _ /

e — (Cs = Cs)

2 2
_ / _ /
+ |2my, (C1o — Cjo) + b+m3 (Cp—Ch)| t.(43)
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Fig. 2 The figures present the dependence of ratios Am B, B/ DMy 5. p, on the NP scale w

where 7, is the total lifetime of thg B meson. If including
the effect of oscillations in the By — By system, the theoretical
and experimental results are related by [47]

_ 1 _
Br(By — l;la )exp x~ 1 Br(B; — l;_la )theorya (44)

Vs

where y, = 512 = 0.0645(3) [39]. For B, — ete™, the

SM prediction [48] is

Br(B; — eTe )sm = (8.54 £0.55) x 1074, (45)
and the experimental bound has been given in [49] as
Br(By; — e¢Te )exp < 2.8 x 1077, (46)

The SM contribution to the branching ratio of By — ete™ is
strongly suppressed to the current experimental upper bound.
It may be an excellent place to look for NP. Completely con-
trary to By — ete™, the very recent measurement of the
branching ratio (B; — uT ™) is given by [7]

Br(B; — ut i Jexp = (3.0970:35 T013) x 107°. (47)

—0.43 —0.11

This experimental upper bound closes to the central value of
the SM prediction (including the effect of By — B; oscilla-
tions) that has been studied in [50]

Br(By — 't ) gy = (3.66 £0.14) x 107, (48)

@ Springer

It shows that experimental results are in slight tension with
the SM prediction of Br(B; — u* ™). NP effects in By —
w1~ lead to new stringent constraints on NP scale. Let us
concentrate on the numerical study of By — ut ™.

In Fig. 3, the red curve in the left panel demonstrates the
Br(B; — wT7) in the 3-3-1-1 model as a function of the
new symmetry breaking scale. The predicted results are only
consistent with the current experimental bounds if the VEV,
w, is larger than 5 TeV. This bound is not as strict as the
constraints obtained from studying the meson oscillations in
Sect. 3.1. So, the best fit region pulls for both (Bs — By) mix-
ing and Br(B; — u' ™) experimental bounds is w > 12
TeV. In the right panel of Fig. 3, we draw the NP contributions
to each Wilson coefficient. Compared to the Cg{llao, the Cs p
are further suppressed by a factor of 107* = 1073, So, the
main contribution of the NP to the Br(B; — ut ™) comes
from the C}}. In the limit w > 12 TeV, the C}{¥ is positive.
It causes the Br(By, — u ™) reduced about 5% , which
brings the theoretical prediction and experimental values get
closer together.

If the C %P affects the decay process By — utu~, the
Cg]P plays a crucial role in B — K*u™u~ decay. The cur-
rent experimental measurements of the b — su™ ™ have
attracted and led to many model-independent global analyses
[51-58] assuming the presence of NP. The anomalies of the
B — K*utu~ decay were explained if there exists a large
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Fig. 3 The left panel draws the Br(B; — pu™): red curve presents
the prediction values of the 3-3-1-1 model, gray line represents the cen-
tral values of the SM prediction. The blue and green lines represent the
experimental upper and lower bounds. The right panel predicts the NP

negative contribution to the Wilson coefficient C. gIP. The best-
fit point for the C. gIP varies around —1.1. The green line in the
right panel of Fig. 3 predicts the CJ in the 3-3-1-1 model.
In the limit, w > 12 TeV, we obtain its maximal prediction
value Cg”) ~ —0.01. So, the NP coming from the 3-3-1-1
model can not explain the anomalies of B — K*u™ ™ pro-
cess.

The measurements of the branching fraction of the decay
BT — K*utu~ [23,24] have turned out to be slightly on
the low side compared to SM expectations. Both the Co, C1g
contribute to the Br (Bt — K u"n™). As predicted by the
3-3-1-1 model, the NP contribution to these parameters is
minimal (see Fig. 3) because the NP scale satisfies the con-
straint w > 12 TeV. Both the C9NP and C %P are too low and
far from the values of global analysis, see in [51-54]. Thus,
we believe that the NP effects in Bt — KTyt~ remain
small in the 3-3-1-1 model.

4 Radiative processes
4.1 b — sy decay

The branching fraction and the photon energy spectrum of
the radiative penguin b — sy process have been firstly
reported by CLEO experiment, Br(b — sy) = (3.21 £
0.43 £+ 0.271‘8:}(8)) x 107* [8]. Recently, HFLAV group has
obtained the average result by combining the measurements
from CLEO, BaBar and Belle, Br(b — sy) = (3.32 +
0.15) x 10~* [39] for a photon-energy cut-off E, > 1.6
GeV. This result is in good agreement with the SM predic-
tion up to Next-to-Next-to-Leading Order (NNLO) Br(b —
sy) = (3.36 £ 0.23) x 10~% [59,60], with the same energy
cut-off E,,. It suggests that the NP contributions to this pro-

NP
Cio

op— 00

NP
,cg

001 -

Cs=Cp

10-6 F
12000

16000 18000 20000

w—GeV

14000

contributions to the Wilson coefficients. Here both panels are plotted
by fixing: A = 1000w, f = —w, u = 200 GeV. Other parameters are
selected as done in the Sect. 3

cess, if any, have to be small. Thus, studying the b — sy
decay can give a strong constraint on the NP scale. The radia-
tive process b — sy is most conveniently described in the
framework of an effective theory that arises after decoupling
of new particles. Excluding the charged currents associated
with the W;f gauge boson, the 3-3-1-1 model contains new
charged currents, which couple to the new charged gauge
bosons Ylf, two charged Higgs bosons H, i, Hsi, and the
FCNCs coupled to the Z; y as given in Eq. (24). All of the
above currents generate the b — sy process.

Let us write down the charged scalar currents related to
b — sy.The H, 4i only couples to the exotic quarks, so it does
not create the flavor-changing charged currents (FCCCs) for
SM quarks. While HSjE couples to the SM quarks and creates
the scalar FCCCs. The relevant Lagrangian is
=

Yukawa

5@ XMy + dgMaYu, ) H + Hee.,
V2my

(49)
where ) = tﬂVgKM - %T and X = éVSKM — éT. The
7T 1is defined as 77/ = (VJL)i3(VML)3./’ s28 = sin2B, hp =
tan 2. The charged currents associated with the w*, yE,
are described by the V-A currents as follows

£ = ity (1 =y Wi Vekwd + Hee.

WY =2

g
+_
22

Doy (1 — ys)Yl;(vML)aju;} +He.

{&}(VJL),-W“(I - )Y, U
(50)
The effective Hamiltonian for the decay b — sy is

4G

V2
+Cs(up)Og + Ch(up) 05 + Cy(iup) Ogl,

Ho™ = =2 VipVE[Cr (1) O7

(S

@ Springer
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with up = O(myp). The electromagnetic and chromomag-
netic dipole operators O7, Og are defined as

e
07 = an )zmb(sao,wPRb o) F*Y,
&s
Oy = an )zmb(saguv wp PROR)G ", (52)

and the primed operators (’)9’8 are obtained by replacing
P; < Pg. The Wilson coefficients C7 g(up) split as the
sum of the SM and 3-3-1-1 contributions

C3N () + CNE (up). (53)

Note that the Wilson coefficients C/, ¢ will be ignored in our
calculation since they are suppresséd by the ratio mg/myp.
The SM Wilson coefficients C7S g at the scale u ~ my are
first given by [61]

C7.8(p) =

SM(0) 2 m2
C7 (mw) = 2 f]/ t s
W
2 2
m
e mw) = - fg( ! ) (54)
W

where the index 0 indicates that the Wilson coefficients are
calculated without QCD correction.

The NP contributes to Cg{g at the quantum level via the
higher order charged current interactions in Eqgs. (49), (50)
and the FCNCs given in Eq. (24). They can be split into each
contribution as follows

NP0 0 0 Z 0
RO = O mpy) + €7 my) + €75 (mz, 4155
where
2 2 2
Hs(0 m
I mug) = 7 [-W( ,)m (—; )}
My mH5 Mg

2 2 2
0 m 1 m
g mpg) = — [_t’sfg ( ) s ( : >} ’
miy, mH5 miy,

2 2 2
Y(0) ny my "y
C; " (my) = 2 m2 Ty (—2 )

y My nmy
) 2
Y (O m m m
CyVmy) = XU, (—;’) (56)
my ny ny

with all functions f, , and f}ﬁ, ¢ are defined as shown below

(7—5x—8x%) x(Bx—2)

fy(x) 4(x_1)3 +4(x_1)4 Inx,
_ (3 —5x) Bx —2)

fy( ) (_)C— ) +6(_x—1)3 lnx,

2 4 5x — x2 3x
fg(x) = 8(x — 1)3 — 4(x — 1)4 lnx,
= o Ly 57
TP 1 R T (>7)

@ Springer

The C; 2Oy, 7, y) are obtained by the FCNCs coupled to

the Z2, ~ and have a form as given in [63]

22O zz_N)=—%n;i 3 g{S*g{b
g Mz, Fedsb ViEVip
L2 my o g{”‘g;?”
3g2 mzzm P ViV
Vg, ) = =367 (mz,,) (58)
with gff = [gVZN(f) + gZzN(f)]/2 are the flavor-

conversing couplings given in [31] while g/*/? are the
flavor-violating couplings defined in Eq. (24).

Noting that QCD corrections to b — sy are important and
have to be included to complete the analysis. The Ref. [62]
predicted C3 up to NNLO, C$M(p;) = —0.3523 for pj, =
2.5 GeV. The recent calculations of the NP contributions to
the C%\{g have been considered at the Leading Order (LO)
[63,64]. In the following work, we study the effect of QCD
corrections on the C?“; at the LO. In the 3-3-1-1 model, there
are four heavy scales: my, mz, , and mpy; . The difference
between these scales can be ignored because the effects of
QCD running are less important at high energies. Hence, we
assume all calculations are at the same scale. For instance, we
choose ; ~ my. The QCD corrections for C7Z >N are given
by

V4 V4 Z
C7* (p) = k7€ (my) + ks Cg > (my) + Az, ().
(59)

where «7 g are NP magic numbers k7 = 0.39, kg = 0.130 at
u ~ 10 TeV [64]. Az, , (up) are the contributions coming
from the mixing of new neutral current-current operators,
generated by the exchange of Z, y with the dipole operators
078

Azgy )= )

A=L,R,
f=u,c,t,d,s,b

+ Z &d ApaCd(w),
A=L.R

2 gzb*ggf

82 Vttth
2 gsd* bd
e V;f;vtb
For w = 10 TeV, we have my ~ 3.2 TeV, and obtain

Zz N (up) ~ O(1073), which is strongly suppressed by the
SM prediction, CSM(W,) —0.3523. Therefore, in the next

calculation, C7Z >N can be ignored. If including the LO of
QCD corrections, the C%/ and C7H > have the form as [63,64]

il ALaCl(w)

AraCl (my) =

ApaCl(my) = — (60)

CY (up) = 1k7CF (my) + xk3Cq (my),
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C5(p) = 1e7C (my) + kCyg > (my). 1)
The branching ratio Br(b — sy) is given as

6a |V, th| 2
C
e v ()

+N(Ey))Br(b — cev.), (62)

where N(E,) = 3.6(6) x 1073 is a non- perturbative con-
tribution, C = |Vub/Vcb| ' — cev,)/T(b — uev,) =
0.580(16) [62] and branching ratio for semi-leptonic decay
Br(b — cev,) = 0.1086(35) [40]. Other parameters are
input as in Sect. 3.1.

The Br(b — sy ) behaves as a function of the new particle
masses, such as my, my;, my. These masses are understood

2.2
_ futto”
[ ~w A,

Br(b — sy) =

as free parameters. In the limit, u, v <
they can be rewritten as

g>w? w? hYw

~ ~

2
mY— 4 ) mHS— ﬁ’

(63)

where, ¢ = \/4ma/s3, =~ 0.63, hY is unknown parameter.
So, my is arbitrary at the TeV energy scale, which can be

higher or smaller than two other masses, m y,, my. Without
loss of generality, we investigate the mass hierarchy of new
particles according to three scenarios: my, > my > my,
mpuys > my > my, and my > mpgs > my.

In Fig. 4, we show the dependence of Br(b — sy) on
the NP scale w in the limit u, v < —f% ~w ~ A.
Each panel corresponds to the scenarios of mass hierarchy
and three different choices of 5. We see that the branching
ratio strongly depends on the values of g where the term
containing rg comes from C7H 3. So we conclude that C;l >
plays an important role in the radiative decay process b —
sy. This is true for all three scenarios of the mass hierarchy.
Besides, Fig. 4 indicates that the mass hierarchy does not
affect Br(b — sy) much. This result is understood as the
main contribution coming from C;I 5, and it is stronger than
other contributions by the coefficient té. In the large g limit,

2
the Br(b — sy) =~ |C;L15|2 ~ %.ThelowerboundontheNP
scale depends on the value of the 7, specifically, w > 1 TeV
fortg = 1; w > 4.1 TeV for tg = 10; w > 7.7 TeV for
tg = 20. These limits are weaker than the ones mentioned
above.

To close this section, we consider the influence of NP
on the Br(b — sy) in the limit u,v <K —f ~ w ~ A.
In Fig. 5, we see that the dependence of branching ratio
on tg is not as strong as predicted in Fig. 4. This differ-
ence can be explained by the dependence of mpy, on tg,

mps = 0.85w (t,g—}— l/tﬂ). Therefore, Br(b — sy) =~

|CHS|2 ~ tﬁ 2 ~ g 12, whereas Br(b — sy) =~ t/%u}Z
for the prev1ous case. This leads to the lower limit of the

NP also changing for each choice of #g. In the limit given

in Sect. 3.1, w > 12 TeV, the affect of 75 to Br(b — sy)
becomes trivial and the predicted branching ratio approaches
the central value of the experimental bounds.

4.2 Charged lepton flavor violation

The charged lepton flavor violation (CLFV) processes are
strongly suppressed in the SM with right-handed neutrinos,
Br(l; — l;y) ~ 107°°. Meanwhile, the current experimen-
tal bounds limits are given as [40]

Br(u~™ — ¢ y) <42 x 1071
Br(tT - e y) <33 x 1078,
Br(t™ — pu"y) < 4.4 x 1078, (64)

It implies that the CLFV processes open a large window for
studying the NP signals beyond the SM. Note that in the SM
with right-handed neutrinos, the decay processes, [; — [y,
come from the one-loop level with W mediated in the loop.
The Br(l; — [;y) is suppressed due to the mixing matrix
elements of the neutrinos. The 3-3-1-1 model anticipates the
existence of additional charged currents associated with the
new charged particles, Y*, H fs. Consequently, the new one-
loop diagrams in the model may contribute significantly to
the Br (I; — [y ). This branching ratio may reach the upper
experimental bound given in Eq. (64). In order to study the
CLFV processes, we first write down the relevant Lagrangian
based on the physical states as follows

hé u _—
lepton ab =/ vk 7 Ne v*)
‘CScalar N (VkL(UL Yka + (Vp) Vg
e
Iy + ab®? 7 ~Ne(7TN
X(UR)b]e]RH5 + —\/m(NkR) (UR ka

X(Ué)bje;-RH:_
hl,v
/
s U ja (V0
+(Up)bkvir) Hs

+L<N/ )(UR™);
Vit R

X (V") + WUpnevig) Hy + Hee,

The charged currents associated with the new gauge bosons
are written in the physical states as follows

1 8 (- — _
E;B;?n = -5 {Vary"ear W +eary” (Nar)°Y; } + H.c.
8 -
=~ 5 {(VIQL(UZ*)ka‘F(V/iR)CVk‘Z*) Y (Uajel Wyt

+eL Uy Ry (N} )Y | + Hee (69)
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Fig. 4 The dependence of the Br(b — sy) on the NP scale w in the limit, u, v < — f # ~ w ~ A. The solid black lines indicate the current
experimental constraint Br(b — sy) = (3.32 £ 0.15) x 104 [39]

Next, we write the effective Lagrangian relevant for the u© — v eg me N m%,j
ey processes in the traditional form AL = 32n2my L Z(U i UR)Dej | m2 )’
eGF _ 2
Ep,—wy ) A P eg mem m,
o 72" (Areoun PR A = S
B ) T meHStﬂ ]_1 H5
~|—ALeoWPLu) F* 4+ H.c., (66)
Eg mev

Z (B"*)j (h")ej (UR) ji

J.k=1

where the factors Ay, Ag are obtained by calculating all
the one-loop diagrams. We use the 't Hooft-Feynman gauge
and keep the external lepton masses for calculations. The - 5 ;
obtained results are inspired by [66]. The factors Ay r are x(Ug)jk8 m2
divided into individual contributions, as shown below s

647r meH;m

eg?vim,
_° - hv* h
Ar=ALg+ALr+ AR+ ALk (67) "6 Zni ]kzl( i (e
2
where M
x (V'Y (V') jrg <m;I> ,
Hs
2 3 2 5
¢8 vj eolm? m
AW = — > WU ‘f< ) AHs _ 87 v
7 2 L Inj\YL)ej 2 | = (UL) (UL) 8
2 my, = my, R 3072 meH té ; i ej 12L1
Ay egzme i(U )i (UD) i, eg’v? .
L 2922 wiUpej f ) [ h hY U
327‘[ mW [T %}V 64712meH5 J;l( )Mj( )ej( R)jk
2 3 M2
y _ __ ¢8 Nx*y (77N v
Ap = T ) Z:(UR Yuj (UR ej | ( ) x(Ur") jk8g (mzj)
Y j=I Hs
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Fig. 5 The dependence of the branching ratio Br(» — sy ) on the NP scale w in the limit #, v < —f ~ w ~ A. The solid black lines indicate

the current experimental constraint Br(b — sy)

ef# > B (e (V) i
64 meH5 et
M2
X(VUT*)jkg ( ;J ) ,
my,
eg’mem m?v
At = 5 Ui (UR)ejg ( ") :
32n2m%m%{4 é, ; m%ﬁ
eg’m? m?\,
AH4 — U . UN i J ,
R = Samtmimd, ;( OniUr)es <m§,>
(68)
The functions f(x) and g(x) are defined by
£ 10 — 43x 4 78x% — 48x3 + 4x* + 18x3logx
X) =
12(x — 14
1 — 6x 4 3x% +2x> — 6x2 logx
= 69
g(x) e (69)

The notations muj,Mvj,me,mu are understood as the
masses of light, heavy neutrinos, electron, and muon, respec-
tively.

= (3.3240.15) x 1074 [39]

From the effective Lagrangian (66), we finally got the
branching ratio Br(u — ey) as follows

2
Br(n — ey) = (IALI> + |AR)Br(n — evpvy,),

F
(70)

2
where Gr = 4\;? is the Fermi coupling constant, Br(u —
w

ev.v,) = 100% as given in [40].

Before considering numerical calculations of the branch-
ing ratio Br(u — ey), let us make some assumptions. We
assume that a diagonal matrix presents the Yukawa couplings
h¢,, in the flavor basis. Thus, the matrix U is identified as
the PMNS matrix Upmns, Which has been measured experi-
mentally. Both the mixing matrices Uy, V'V as well as U 2’ R
are new and not constrained by experiments. To simplify,
we suppose that the Yukawa couplings of the right-handed
neutrinos 4" are presented by a diagonal matrix. This indi-
cates that the Majorana neutrino mass matrix has the form
as My = Diag(M,,, M,,, M,,) and thus the right-handed
neutrino mixing mass matrix Uy, is a unit matrix. The mix-
ing matrix V"V is also assumed to be diagonal. Finally, for
the mixing matrix of the new leptons U Ilev , we can use three
arbitrary angles 9;'1]\'] , (i, j = 1,2,3) and a Dirac CP phase
8N to parameterize.
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With the above option, the Yukawa couplings 4¢, h’" can
be translated into the charged lepton and sterile neutrino
masses as follows

he = —TDlag (Mg, mu, mr) ’

L.
B o= _EDmg (MUI,MUz,MV3). (71)
The Yukawa couplings 4", which determine the neutrino
Dirac mass, are rewritten by using Casas-Ibarra parametriza-

tion as given in [65]
/iy, 0 0
R| 0 my, O
0

(VM 0 0 )

=" 0o M, O u,",
0 s

(72)

u 0 0

JM,

where R is an orthogonal matrix which is presented via arbi-
trary angles as the following
CrC3 —C1853 — 815263 §183 — C182C3
R = | 283 C1C3 — 815283 —81C3 — C15283
52 5162

(73)
5162

with §; = siné;, & = cos6;,i = 1,2,3 and §;; € [0, 7/2].

For the magnitudes of relevant masses and the VEVs,
we also work on the limits u, v < w ~ A, u? 4+ 2 =
2462 GeV2. To be consistent with the unitary bound [67], we
need the constraint: my < 16my.The masses of new charged
Higgs H, fs and new gauge boson Y * are approximately taken
as similar in the Sect. 4.1. In keeping with constraints from
dark matter studies in [32], the new fermion mass is at the
TeV scale. The mixing angle #g can be expressed via the
energy scales u, w such as rg = +/246% — u?/w. Other
known parameters are taken from [40] as given

my = 80.385 GeV, m, = 0.5109989461 MeV,
m,, = 105.6583745 MeV,
sin?(012) = 0.307, sin®(623) = 0.51,

1
sin?(013) = 0.021, « = o
Am?y, =753 x 107 eV2, Am3; =245 x 1073 eV?,

(74)

where 0;; are the mixing angles of the neutrino mixing matrix.

In addition, the branching ratio Br(u — ey) also depends
on the unknown parameters, such as six mixing angles (0; s
91.1]\./ ), one CP phase & N the masses of new particles my, My, .
In the following, we are going to present the results of numer-
ical calculations for the case where unknown parameters are
chosen as

oY, = w/6,
0 = /4,

o, = /3,
sV =0,

@ Springer
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Fig. 6 The figure presents the dependence of the branching ratio
Br(u — ey) on the NP scale w for each contribution. The solid black
line indicates the upper from the experiment [40]. Here u = 10 GeV

6 =m/3, 6,=m/4,
63 = 7/6,
my,, =0.01eV, M, =10°GeV,
M,, = M,, = 10°M,,,
my, = 2000 GeV, my, = 2200 GeV,
my, = 2400 GeV. (75)

The Fig. 6 estimates the value of each contribution into
the Br(it — ey ). The dominant contribution comes from the
new gauge bosons ¥ *. The NP scale is strongly constrained
by the experiments [40], Br(u — ey )exp < 4.2 X 10-13. To
be consistent with this bound, the NP scale satisfies w > 7.3
TeV, which is similar to the bound derived from studying the
b — sy decay.

The Fig. 7 demonstrates Br(it — ey)iotal as a function
of NP scale w with three different values of the electroweak
scale, u, u =5 GeV,u = 10 GeV and u = 20 GeV. There is
no separation between the graphs corresponding to different
choices of u. As a result, the Br(iu — ey )l depends very
weakly on the u. Itis important to keep in mind that the factors
Azlj‘l’eHs are greatly influenced by the electroweak scales u
and v. Therefore, this result shows that the charged currents
associated with the charged Higgs particles have negligible
influence on the u — ey decay and may be ignored. Strong
constraints are imposed on the charged current associated
with new gauge bosons.

5 Conclusions

In the 3-3-1-1 model, the tree-level FCNCs appear due to the
non-universal assignment of quark families. Experiments on
meson oscillations strongly constrain these interactions. We
computed the mass difference for K°—K°, BY—BY, BY— B
based on the tree-level FCNCs and noticed that the main
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Fig. 7 The figure presents the comparison of the dependence of the
total branching ratio Br(it — ey )tal On the NP scale w with u = 5
GeV, u = 10 GeV and u = 20 GeV, respectively. The solid black line
indicates the upper bound from the experiment [40]

contributions to the meson oscillations come from the new
neutral gauge bosons mediation. The NP scale is strongly
constrained by the experimental bounds on mixing mass
parameters. We have obtained the lower bound on the new
gauge boson mass Myey > 12 TeV, which is more stringent
than the constraint previously given in [32]. This change is
because previous studies omitted the contributions of new
Higgs, especially those of the SM. Our result is consistent
with that of [68]. We also studied the tree-level FCNCs affect-
ing the branching ratio of By — u™u~, B — K*utu~
and BT — KTu*u™. In the parameter region consistent
with the experimental constraints on the meson mass differ-
ence, the tree-level FCNCs give small contributions to these
branching ratios, which is consistent with the measurement
By — puTu~ [4=7] but can not explain the B — K*utu~
and BT — KT ut ™ anomalies [16-24].

For the radiative decay processes, we concentrated on the
flavor-changing b — sy decay. The large contribution arises
from the Wilson coefficient Cf 3 yielded from one-loop dia-
grams with the new charged Higgs boson mediation. In spite
of the enhanced contributions due to the factor tg = v/u, the
predicted branching ratio Br(b — sy) is consistent with the
measurement [39], if My is chosen as above mentioned.
In contrast to the b — sy decay, the branching ratio of the
lepton flavor-violating 4 — ey decay obtains a large con-
tribution from one-loop diagrams with new gauge bosons
exchange. Due to the large mixing of new neutral leptons,
the branching ratio Br(;t — ey) can reach the experimental
upper bound.
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