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Abstract

In this work, we study the charged lepton flavor violating (cLFV) decays T — puy,t — 3puand Z — urt
in the framework of the supersymmetric economical 3-3-1 model. Analytic formulas for branching ratios
(BR) of these decays are presented. We assume that there exist lepton flavor violation (LFV) sources in both
right- and left-handed slepton sectors. This leads to the strong enhancement of cLFV decay rates. We also
show that the effects of the LFV source to the cLFV decay rates in the left-handed slepton sector are greater
than those in the right-handed slepton sector. By numerical investigation, we show that the model under
consideration contains the relative light mass spectrum of sleptons which satisfies the current experimental
bounds on LFV processes in the limit of small tan y. The interplay between monopole and dipole operators
also was studied.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

It is known that lepton flavor (LF) numbers are strictly conversed in Standard Model (SM).
However, the observation from of neutrino experiments [5] strongly suggests that there is lepton
flavor mixing in lepton sector. It means that (cLFV) processes may also occur at some level.
Many current experiments especially pay attention to search for LFV processes in the charged
lepton sector such as tau decays [1,2], Z — ut decays [3,4], etc., because LFV observed in

* Corresponding author.
E-mail addresses: 1thue @iop.vast.ac.vn (L.T. Hue), dthuong @iop.vast.ac.vn (D.T. Huong), hnlong @iop.vast.ac.vn
(H.N. Long).

0550-3213/$ — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nuclphysb.2013.04.014


http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.nuclphysb.2013.04.014
http://www.elsevier.com/locate/nuclphysb
mailto:lthue@iop.vast.ac.vn
mailto:dthuong@iop.vast.ac.vn
mailto:hnlong@iop.vast.ac.vn
http://dx.doi.org/10.1016/j.nuclphysb.2013.04.014
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.nuclphysb.2013.04.014&domain=pdf

208 L.T. Hue et al. / Nuclear Physics B 873 (2013) 207-247

experiment is evidence of new physics beyond the SM. Along with experiments, many models
beyond SM that contain LFV processes have been constructed. One class of the simple extended
SM models with LFV is the class of models with non-zero neutrino masses. This kind of models
contains a new type of Yukawa couplings of right-handed neutrinos which are sources of cLFV.
But cLFV processes in these models have been proved to be very suppressed [22,23]. However,
in supersymmetric models (SUSY), the situation can be changed. Besides LFV origin affected by
the new Yukawa couplings involving right-handed neutrinos, SUSY models also contain other
sources of cLFV. Particularly, the large mixings of slepton mass parameters in the soft term
greatly enhance the rates for cLFV processes. Because of the appearance of new cLFV sources
in SUSY models, the cLFV decay rates can reach to experimental bounds even if the mixing
angles in the slepton sector are small. The cLFV processes caused by this kinds of LFV were
studied very early [7]. Other interesting properties supporting the study cLFV phenomenology
in SUSY models were discussed in many recent works, for example [28]. Many investigations
about the cLFV in SUSY models such as [10,24,9] indicated that the values of BR(t — 3u) and
BR(r — py) may exceed the bounds of present experimental results. So it is necessary to find
regions of parameter space satisfying the experimental results [2—4]:

BR(t™ — u7y) <44 x 1078, 1)
BR(t™ = u putu™) <2.1x 1078, (2)
BR(Z— puTt7) <1.2x 107, (3)

Supersymmetric unified theories predict large rates for cLFV processes except the decay rate of
Z — pt. The branching ratio of this decay in models beyond SM is predicted to 107°-10~8
level [8]. It is very suppressed compared to the experimental bound (3). In fact, the GigaZ option
will be approaching to the sensitivity of 107® level in the Z — ut decay mode [6]. If observed
in a future experiment, it will be evidence of physics in SUSY models. One of the SUSY models
in which cLFV processes are thoroughly investigated is the Minimal Supersymmetric Standard
Model (MSSM) [10,11]. In the mentioned work, the authors have shown that if there exists
LFV in the left-handed sector, in order to get the experimental bound on the LFV decay rates
of muon and tauon decays, the mass parameters of sleptons should be shifted toward TeV scale,
especially in the case of large tan 8. Because the model contains many LFV effective operators,
the interplay of different effective operators (dipole, monopole coming from neutral boson ex-
changes and Higgs exchanges) creates many interesting consequences. The detail is discussed in
works [10,11].

The current experimental results [5] show that neutrinos are massive, which contradict what
assumed in the SM. Other words speaking, the SM must be extended. Among extensions, the
models based on the SU(3)¢ ® SU3) L ® U(1)x (3-3-1) gauge group [13,14] have the following
interesting features:

e To be anomaly free, the number of triplets should be equal to number of anti-triplets. This
leads to that number of generations is multiple of the color number which is three. Combin-
ing with condition of the QCD asymptotic freedom the requiring number of quark genera-
tions should be less than five. Thus, in the 3-3-1 models, number of generations is three.

e The models give an explanation of electric charge quantization [15], dark matter and CP
violation.

e One of the three quark families has to transform under SU(3) differently from the other
two. This leads to an explanation why the top quark is uncharacteristically heavy.



L.T. Hue et al. / Nuclear Physics B 873 (2013) 207-247 209

The weakness of the 3-3-1 models is the complication in the Higgs sector: in the minimal
3-3-1 model [13], content of Higgs sector includes three triplets and one sextet, while in the
3-3-1 model with right-handed neutrino [14], there are three triplets. To solve the mentioned
weakness, the attempt is reduction in the scalar sector. The first result is the economical 3-3-1
model [16,17] — the version with right-handed neutrino and only two Higgs triplets. Scalar sec-
tor in the minimal 3-3-1 model has been reduced to minimum with two Higgs triplets, and such
version is called the reduced minimal 3-3-1 model [18]. It is emphasized that the problem on
neutrino masses is not totally solved in the last version. The situation seems better in a super-
symmetric version of the reduced minimal 3-3-1 model [19]. An supersymmetric version of the
economical 3-3-1 model has been established in [20] and called the Supersymmetric Economical
3-3-1 model (SUSYE331). The SUSYE331 has the same advantages as its non-supersymmetric
version. However, to generate masses for fermions, the non-supersymmetric models with min-
imal Higgs content need effective nonrenormalizable interactions, while the SUSY versions do
not (the interested readers can find in Refs. [20,26]).

In [21], the LFV decays of neutral Higgs bosons in the SUSYE331 were considered. In this
work, we are interested in the cLFV processes in the SUSYE331, namely: cLFV decays of the
tauon and Z bosons.

We remind that in the SUSYE331, there are more leptons, Higgses and gauge bosons as well
as their supersymmetric partners than those of the MSSM. This implies that the model contains
many sources of LFV in the slepton sector. This suggests that the branching ratios of LFV Higgs
and Z decays are greatly enhanced and may be detectable in near future. In contrast, bounds from
experiments (such as shown in (1) and (2)) will strictly constrain the values of parameters causing
the cLFV. So it is really important to investigate the parameter space where LVF decay rates
can be satisfied the present bound of experiments. In many previous works [10,11], the authors
showed that in the MSSM the interested region of parameter space is set at TeV scale with the
large value of tan 8. Because of appearance of new LFV sources in the SUSYE331, we can find
the interested region of parameter space even in the limit of small slepton mass parameters. In
this work, we are interested in the processes: T~ — u~y, 1~ — u utu” and Z — ut. In
particular, we incorporate the mixing of slepton mass, of charginos, Higgsino, gauginos as well
as the interactions between gauge boson, slepton, lepton and the Yukawa interactions. This leads
to many types of enhanced diagrams. We will consider how large contribution from each type
of diagrams can be. We also will extend previous work in [10] to our considered model such
as: constructing the analytical formulas of effective operators from the diagrams, from which
we obtain the formulas of the branching ratios of decays BR(t — uy), BR(t — ppu) and
BR(Z — pt). After that, we investigate some numerical results of these branching ratios in the
limit of small tany and the slepton parameters are set below 1 TeV which may be detected by
current colliders. As in the previous works on SUSYE331, tany is defined as the ratio of two
vacuum expectations of two neutral Higgs components p and p’, namely tany = (p%)/(p’?).
Here, the quantity tan y in the SUSYE331 plays a similar role as the tan 8 in the MSSM [21]. In
the MSSM model, the mass of the lightest Higgs depends on tan 8 and the mass of the standard
gauge bosons. If we combine the theoretical result for the upper bound on the lightest Higgs-
boson mass with the direct experimental search, it leads to exclude the limit of small tan 8 for
the case where soft parameters are set to TeV scale. However, this kind of constraints on the
tany does not happen in the SUSYE331 model. On the other hand, the large values of tany
do not support the region of the soft parameter space below 1 TeV. Hence, in this work, we
concentrate on numerical studying in the limit of small tany. In this paper we concentrate on
only two aims. First, we establish analytic formulas to calculating some cLFV processes in the
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framework of SUSYE331. Second, we prove that there exist regions satisfying the current bounds
of cLFV experiments. Especially, on the basis of numerical studying, we find some interested
regions of parameter space that satisfy the experimental bound on the cLFV decay rates. We also
discuss on the interplay between mono and dipole operators which may lead to some interesting
consequences.

This paper is arranged as follows: In Section 2 we review the particles content. The effective
operators as well as branching ratios of the mentioned cLFV decay processes are presented in
Section 3. Section 4 is devoted for discussion on results of numerical investigation on parameter
space and the last section is the conclusion. All the analytic formulas of effective couplings
appearing in effective operators and interacting terms needed for our calculation are shown in
Appendices A-E.

2. Particles content

In this part, let us quickly review the particle content in the SUSYE331 model, which were
given in the previous papers [20,26,21]. The fermion superfields are given by

Lar = (baslas 95)] ~(1,3,-1/3), I, ~(, 1D, a=1,2,3, 4
011 = (i1, dr. i), ~(3.3,1/3), )
sy, 1~ (3%,1,-2/3), 1<, ~ (3%, 1,1/3), (6)
Oar = (du» —iia,d), ~(3,3%,0), a=2,3, (7)
Ay~ (3%, 1,-2/3),  dS..d5 ~(3%,1,1/3), (®)

and the Higgs superfields are written as

A=A ) ~ 313, p= (s % A7) ~ (1,3,2/3), )
=) ~ (13 y3), 8 = (8 8) ~ (1,37, -2/3). (10)

It is noted that WL (WR)L = wT and u’, d’ are exotic quarks. The values in each parenthesis
show the quantum numbers of the (SU(3)., SU(3), U(1)x) group, respectively. The SU(3); ®
U(1)x gauge group is broken as follows:

'U'U uu

SUB)L ®U(1)X—>SU(2)L ® Uy — U)o, (11)
with VEVs given by

V200" =@, 0,w),  V2(x) = (', 0,w), (12)

V2(0)T = (0,0,0,  V2(p') =(0,v,0). (13)

The SUSYE331 model contains seventeen vector superfields such as \A/C“, V4 and V'. The
vector superfields contain the usual gauge bosons given in [20,26]. The total supersymmetric
Lagrangian was given in [26]. In this work only terms relevant to our work are collected in
Appendix A.
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3. Effective operators and branching ratios

In this section, we extend the previous work [10] in the model under consideration. In the
SUSYE331, there are six physical vector bosons: the photon, two charged (W*, Y*), two Hermi-
tian neutral (Z, Z’) and a non-Hermitian neutral X. The effective couplings of Xt interaction
is very small so we ignore them in the calculation. Let us first write down the cLFV effective
operators for muon—tau and photon or Z bosons, Z’ bosons or other leptons.

3.1. Ty effective operators

First we write down the LFV operators for t, i, y. These operators are divided into two

terms I .

e[C] no"t 4+ Cpuo" T + hc]OA,, (14)
em[ D} 16" 7 + Dyu‘o™ 1 + h.c.]Fyy. (15)

The processes associated with external photon line depend only on the DZ, & While other pro-
cesses with virtual photon depend on both C¥ and DY . The Feynman diagrams contributing to
CY and DY are given in Appendix B. We would like to emphasize that the number of diagrams
in the considered model is more than that of the MSSM because the SUSYE331 model contains
new Higgs and gauge bosons. In order to obtain analytical formulas for C¥ and DY, we have
used Feynman rules and some approximate expansion. For more details, the interested reader
can see in Appendix B. As in the MSSM, the CZ( R) does not depend on tany and the factor

DZ( ) can be divided into three sub-terms including sub-term ngg) which is independent on

tan y and sub-terms DZE;)Z’ ) which are not, more specifically

Yy  _ pr@ y () v(©)
Dy ry=Drr) T PLr) T PLr)- (16)
We would like to mention that only DZE% contains left—right slepton mixing parameters which,

in this paper, are denoted by (A, A/LU, Aff,).

3.2. Ztu and Z't effective operator

First, let us consider the effective operator of the Zt . This kind of effective operators can be
written in the standard form given in [10] as follows:

gzmy[Af ic" T + Aot 7 + he]Z,, (17)
gz[CEic" T + CEpotz¢ +he]0Z,, (18)
gzmr[Dgﬁﬁ’“’rC—l— D%,ufa’”t —l—h.c.]ZW, (19)

where the mass of the Z boson in the SUSYE331 is determined as [20]:

' The operator containing DY is different from [10] a factor i. This is because of definition of c*¥ and 5V, The
definitions in [12] are used.
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) 8w+
mZ >~ T,
Cw

gz~ and gyp~—% . (20)
cw Kicw

(gz and gy are defined from covariant derivatives, as explained in Appendices A—E.) The oper-
ators related to the factors A%’ g are chirality conserving (monopole). The leading contribution
to the monopole operators comes from effective couplings of muon and tauon with two neutral
Higgs bosons. In the model under consideration, we have four neutral Higgs bosons p?, p’°, X?
and X{O which can couple to the Z boson. However, investigation in [17] has noted the relation
u,u’ € v,v < w,w' In this limit, we can neglect the coupling of the Z with x and x’. It means
that we obtain only the leading interactions of w, T with p, p’. These leading terms lead to a
consequence that the monopole operators in (17) can be extracted out a factor mZZ We would
like to remind that the class of diagrams containing u, 7, p° and p’? presented in Appendix C
(Fig. 14) give contribution to A % g and this factor can be written as sum of three parts:

AZ@ | AZ(0) | 470
Al gy = ARy T AL T ALR): (21)

where analytical formulas of each term in (21) as well as C LR and D? Lr) are given in
Appendix C. The operator related to CZ LR) also are chirality conserving (monopole) while the
operators related to D? L(r) are chirality flipping (dipole). More details about origin of these op-
erators, the interested reader can see in [10].

A big difference compared to the MSSM is that the model under consideration contains more
ut effective operators such as utZ’'. Because of the couplings of Z’ with all of neutral Higgs

— Xg , Xéo, p° and p'% — the monopole operators of Z’ut relate not only to the factor i/nzz
in but also the factor m%/, as indicated in two formulas (22) and (23). It is noted that AIL%R()“ )

comes from the leading interactions of wt with two neutral Higgs o and p’ while the AlLfR()“ )

comes from the leading interactions of pt with two neutral Higgs xg and Xéo. For all of others

effective operators mentioned in this work — CLZ’((I%) nd D? L ( R) — relate with only two neutral

Higgs p and p’. Above comments are enough for us to write the standard form of pt Z’ operators
as follows:

gzm3[AL7) ate + AT a7 + heZ), (22)

gzm% [APD 35"t + A a0 + he]Z), (23)

gz [CF ae"t + C§ o7 + he]OZ),. (24)

gz/my [Dgﬁ&“"rc + D%,ucaﬂvr + h.c.]Zl’w. (25)
Note that in the on-shell condition we have [1(Z) — —i712Z and (Z") > —m?2 7> Where:

m%, = gley W W2 = w? 4 w'?

4CW -1
The A}‘%I/e) and A%}e) are also written in the form as those for Af( R) Forms of the Df( R) and

Df( Ry are the same of DZ (R) in (16). All analytical formulas of effective operators in this section
are given in Appendix D.
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In addition, the SUSYE331 model has two others neutral gauge bosons, Z’ and X compared
to the MSSM. This appearance may give significant contribution to the T — 3u decay. The
mentioned contribution may be similar to that of the Z boson in some region of parameter space.
This issue will be discussed in more details in the next section.

3.3. Tuup effective operator

Let us write down four-fermions Tuup effective operators. The Tupuu effective operators
can be constructed from the effective operators of w, T with photon or Z, Z’ bosons as well as
Higgs bosons. Besides the contributions coming from photon, Z boson and Higgs exchanges,
there are other contributions to the tupup effective operators which come from box-diagrams
shown in Fig. 20. In this part, we write down only the standard form of tupuu effective operator
coming from box-diagrams as

[(Ro"T)(BL" a6+ BL® ufo, i)
+ (M otz )(BML ,uauu—i—BR uou i )~|—h.c.]. (26)

Analytical forms of the coefficients BZ(L }(;;) are presented in Appendix E.
3.4. Branching ratios

General method to construct the branching ratios for the cLFV decay from effective operator
was written in [10]. Especially, based on the basis of the effective operators, we write effective
Lagrangian of the muon and tauon with photon, gauge bosons Z, Z’ as well as lepton. From this
effective Lagrangian, we obtain the branching ratio for each of processes by using the Feynman
rules. In this section, we study the branching ratios for the considered cLFV decays of the tau
and the Z bosons.

34.1. T — uy

Let us consider the cLFV decay mode T — py. It is not hard to obtain the decay rate of
T — py from effective operators given in Egs. (14), (15). The detailed calculation can be seen in
[24]. Comparing the branching of LFV decay T — wy with that of the T — uv, v, decay given
in [4,12], we can obtain the relation between the two branching ratios of the two above processes.
The result is entirely consistent with the results given in [10], namely

487{ o

BR(t - u y) = [|DY)> + |DLIBR(z — 1 5,00), 27)
where o = £, TFZ and BR(z — s~ ¥,,v;) ~ 17.41%.
342 Z—pur

In this subsection, we consider the decay mode of Z — ut. The decay rate of Z — £7£~
in case of the SUSY can also be determined from the general formula established in [12]. In
particular, the decay rate of Z — pt in the SUSYE331 model can be written as follows:

4 2\ 1/2 4 2 2
r(z—ete)= %(1-@) [(a5+bg)<1—%>+6azbgm—§}, (28)
T my my my
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where

2

—1 +2s2
— "W and by = —Qgs%‘, =Sy

2

For the decay rate of Z — w1, because the form of effective operators of Zut in the considered
model is the same as that of the MSSM, the form of decay rate of Z — put is the same as that
established in [10]. Especially the result is given as follows:

2

], (29)

_ 73 2
ag=T; — Qusiy =

meZ
247

2
r(z-upte)= [|FLZ| +|FE + = ‘ r p? 1‘ﬁug
mz 2\mgz

where

z z z
Fir=ALr=CLk
Comparing the two results taken from Egs. (28) and (29), we obtain the relationship between

the two branching ratios corresponding to two processes Z — [l and Z — pt. Our calculation
is consistent with results given in [10] such as:

BR(Z — u1)

— | [FE P+ PP+ 5

it

1|BR(Z — ), (30)
where ¢ = (a2 + b)) = (1/4 - s%v + 2sW)—l ~7.9and BR(Z - ¢107) ~3.4%.

343 7' - ut
Similar to the case of the Z boson, the decay rate of Z’ — £~ can be determined in the
formula below:

oy A2\ 12 A2 m?2
r(z —ee)= %(1 " ) [(a;2+b;2)<1 " >+6 )by —L ]
m

7 mz, Z/ 7

~ g%,mz/(
T 24w

where a)? + b2 =a} + b} =1/c and
= (dcfy = 1)(T} = Q) + 3¢t Xe = —a.
b( = —(4CW — 1)QzR +3CWX£R = —by.

The decay rate Z' — pt is similar to that of Z — put. It leads to the relation between two
branchings as follows:

7 +b7), 31)

2 2
BR(Z —>,u7:)_cmz,|:FL | |F | + = ‘mr Df/ %‘mr 1%/ i|
mz mz
x BR(Z' — 1), (32)
where
’ m2 /
Fla=—2Aa7 0 + A7 D —cty. (33)

Z/
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344 T — uup

In the SUSYE331, the effective Lagrangian described the T — pupu decay can be deduced
from the effective operators given in Eq. (26) combining with those induced by the effective op-
erators of ut with Z or Z’ or photon as well as Higgs boson. The general study was presented
in [10]. The contributions from the box-diagrams and vector boson exchanges to the branching
of the considered decay rate are sub-leading ones even when tany is large or small. However
the contribution from the Higgs-bosons exchange to decay rate is large for large tany (the in-
terested reader can see in [21]). Hence, in this work we will split each type of contributions to
the considered branching ratio. First, let us consider the case of absence of Higgs exchange: the
effective Lagrangian can be deduced from the effective operators given in Egs. (15), (18), (19),
(25) and (26). The explicit formula of effective Lagrangian is

‘Cifpfmu [(aohc)(FL " moum+ Fp Mcauﬁc)
(05T (FE 0+ FL 0, )]

0
+262(DY 16" E€ + Do t) T (15,1 + 1o,iif) + hee., (34)
where
z/ Z z (1) Z'(2)
Af iy = —2ATY +ATQ, (35)
mZ,
1 2 z 1 2 z 2~V
Fiip=Bin+ 5822w AL (R) = 3872w AL(R) — € Clipy> (36)
M " 2.2 .7 2 2 47 2 Y
Firy = BL(r) T 8z5WALr) — 82SWALr) — ¢ CL(r): @37

Z/

Here we also assume that, as in the case of MSSM, we ignore the contributions of C LZ 2 CI Rs
Dg r and Df/ g to the above effective Lagrangian. This leads to the branching ratios of decay
T — UM 18

BR(‘[_ — M_/ﬁ',u_)

L [2|F“L| | FIR 2 4 Fle 2 o] plin?
SG
+4¢*Re(D} (2F}'" + F)'®) + DR (FR* +2F4*))
2(1pY |2 V|2 my 11 — —=
+8e*(|D)|” + | Dk|7) log —5 — — BR(1™ — pu Duvr). (38)
"

3.5. Hut contribution to T — [LiLlL

Contribution of Higgs exchange in the SUSYE331 model was investigated in [21], where the
corresponding effective Lagrangian for this, is given by:

LY =—2V2G pmymy tany C(u i+ i) (A7 put + Aju‘t) + he., (39)
where
2 2
czzy<j—a+§—“>. (40)
m m
$Sa36 ¥sa36



216 L.T. Hue et al. / Nuclear Physics B 873 (2013) 207-247

Noting that factor (m, tany) cannot be ignored if value of tany is large enough. This factor
causes a shift to F}'* and Fp*, explicitly

SFI'® =2G pmumCAg,  8Fh* =~2Gpmum.CApr. 1)
The individual contribution from Higgs exchange to BR(t — u~ut ™) now is:

C 2 A’D 2 4 AP 2
BR(t - pu putp7) . = (mym:C) (|32L| ) T 1A%l BR(t — p” Duvr). (42)
This contribution will be suppressed in the case of small tan y. We will concentrate on this case

in the numerical calculation in the following section.

4. Numerical results

In this section, let us numerically study the cLFV decays of the tau lepton t — puy, v — uuu
and Z — ut. For this purpose, we first study some constraints on values of parameter space in
the SUSYE331 model.

4.1. Implication on the parameter space in SUSYE331 model

In this section, we pay attention to discussing on constraint of parameter space caused by
experimental cLFV bounds (1)—(3). As mentioned, this topic has been carefully studied in many
models beyond SM. Especially Ref. [10] not only indicated regions of parameter space satisfying
experimental bounds but also discussed in details the correlation between dipole and non-dipole
kinds of contributions to cLFV decays in each region. The most important assumption here is
that sources of cLFV come from only the mass terms of sleptons in the soft term, namely only
left- and right-handed slepton mass matrices have large i — 7 entries. Let us compare the sources
of cLFV appearing in the MSSM with those of the SUSYE331. Because of the absence of the
right-handed neutrinos, the MSSM contains only three sources of cLFV, particularly LFV in
left-handed charged sleptons, left-handed sneutrinos and right-handed charged leptons. But the
left-handed sleptons and their sneutrinos live in the same doublet of SU(2) in the MSSM, the
origin of cLFV in the left-handed charged sleptons and left-handed sneutrinos sectors are the
same. As a consequence, in the MSSM there are only two independent sources of cLFV. Due
to the appearance of the right-handed neutrinos in the SUSYE331, there also appears one more
source of LFV. Furthermore, there exist two Higgs multiplets in the model, i.e., triplet p and
anti-triplet o’ which independently generate masses of charged and neutral sleptons at tree level.
These two Higgs multiplets also create at least two new corresponding mass terms of sleptons
in the soft term, as shown in details in [20,26,21]. In general, there are at least four independent
sources causing the cLFV in the SUSYE331 where each source is parameterized by a mixing
angle defined in the last subsection of Appendix A. This parameterization creates the similarity
between the SUSYE331 and the MSSM. We exploit this advantage to make some prediction for
the SUSYE331 basing previous investigation of the MSSM. For example, if all of these sources
are appeared, the branching ratio of decay t — py will be much enhanced than that in the
MSSM, even it could greatly exceed the bound of experiment given in (1). As considered in
the MSSM, the existence of maximal LFV mixing in the left-handed slepton sector means the
LFV mixing in both charged and neutral sleptons, and their contributions to cLFV decays are
much larger than contributions caused by right-handed LFV mixing. In addition, if the superpar-
ticle spectrum is relative light, namely the parameter space are set below 1 TeV, there will exist
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very small regions of parameter space satisfying experimental results. The similar situation also
happens for the SUSYE331. However, in the SUSYE331 four cLFV sources are independent
then there exists a situation that the model contains only one left-handed maximal LFV source
while others vanish. It is easy to realize that in this case, the values of branching ratios of cLFV
processes in the SUSYE331 are smaller than those of the MSSM and the satisfied regions of pa-
rameter space will be wider in the scale of O(100) GeV. On the other hand, if four LFV sources
are presented, the predicted results of the considered model consistent with the experimental re-
sults at the TeV scale. In the next subsections, we will examine the influence of LFV sources
appearing in the soft term of the SUSYE331 on the cLFV decays of the tau and the Z boson. In
the numerical investigation, we just pay attention to the case of soft parameters at O(100) GeV
scale because this scale allows the existence of small values of slepton masses which can be
detected by present colliders. In fact, the detailed investigation to determine different properties
of cLFV branching ratios among different regions of parameter space is really needed, as done
in many known SUSY models. In the SUSYE331, this work is more complicated because of the
addition of many new particles so we will come back this interesting topic in another work.

We would like to emphasize that the sleptons gain mass through main sources which come
from soft terms and interacting terms of sleptons with Higgs through F- and D-terms. As men-
tioned in [27], the D-term gives contribution to mass of slepton that contribution is proportional
to the quantity (w? —w’?) while F-term gives contribution to mass of slepton that is proportional
to (Aqw) or (A,w’). Because the VEVs w and o’ break down SU(3);, to SU(2);, so these values
can be set to the TeV scale. We would like to note that the SUSYE331 contains the Tachyon
fields, the removal Tachyon fields leads to a condition [26]:

|w? — w'?| = |v? —v'?| <2467 (GeV?). (43)

However, in the last work [26], we have ignored the B-type terms, namely B,pp’, By x x'. If
the B-type terms are included into the Higgs potential, not only the tachyon fields are removed
without any conditions but also the stable vacuums are guaranteed. From now, we will consider
the SUSYE331 which include the above B-terms. It is noted that the Higgs mass spectrum is
different from that presented in [20,26]. For example, there are three neutral massive pseudo-
scalar, five neutral massive scalar and four charged massive Higgs. It is interesting that masses of
light Higgs, in general, increase by the presence of B-type terms. Especially, the charged Higgs
mass of m%v as shown in [26] now changes into the new value of (m%‘, +2B,/sin2y). So the
B-terms will make masses of Higgs satisfied with current limits of electroweak precision tests
such as LEP limit of charged Higgs boson [30], even without loop corrections. For more detail,
the interested reader can see in Refs. [29,31]. In the SUSYE331, where the B-type terms are
included, the D-term generates mass for slepton at the SU(3); scale by sub-terms which are
always proportional to (wz(tg -1/ té) [27]. So this contribution should be at the O(100) GeV
if slepton masses are in range of O(100) GeV. This is similar to the condition (43). Furthermore,
if the R-parity is imposed, the coupling A, must vanish. It means that the contributions from both
F-and D-terms to masses of sleptons depend on the SU(3) broken scale and the value of 75. So
if both slepton masses are in the range of O(1) TeV scale and 4 is close to unity, the dominant
contribution to the slepton masses comes from the soft term.

Next, let us discuss on j, and w, which play the same role as y parameter in the MSSM.
According to [20,26], including B-type terms, the requirement of canceling all linear terms at
tree level in the Higgs potential leads to conditions:



218 L.T. Hue et al. / Nuclear Physics B 873 (2013) 207-247

2 2
B g2 t:—1 t-—1
2 2 X _ B 2 2 4 2
MX+4mx—4g—m[2C2w< l‘2 )(w +M)+< [‘2 v 5

B i
2 2
BIO g2 tﬁ—l t;—1
2 2 2, 2 v 2
4m? —4—L = -2 v
R 1—402w[( 7 S 5
2 2
n 2+1
2 2 X _ B
mx+mx+7—BX s )
2 2
nw t;+1
m%—l—m/pz—i—?p =B, Vt . (44)
¥

2 2 2 2 2 .2
The parameters Wys Mg 115 and my, as well as me,, my

, are positive. The additional B-terms
depend on the phases of fields. We can redefine the phases of x, x’, o and p’ by such way
that can absorb any phase in the B-terms, so we can take By, B, to be real and positive. The
conditions given in Egs. (44) lead to the consequences as follows: The scale of all parameters
given in the left-handed side of Eqs. (44) are the same order. If the value of tan 8 is closed to the
unit, the parameters y,i, u%, mi , m%, m?2,, m2, and By, B, are set to the scale of electroweak
symmetry breaking else they are set to the scale of SU(3); symmetry breaking. Furthermore the
Higgs mass spectrum studied in [31] also leads to the conclusions on the limit of tan y. Specially
if the soft and @/ B parameters given in Higgs potential are considered at the scale of SU(3),,
symmetry breaking the tree level mass of the SM Higgs boson is mz|cos2y| < 92.0 GeV. This
result is similar to that given in the MSSM. In this case, the boundary of the SM mass can be
pushed up to 130 GeV by one-loop correction with large tan y. In another case if the soft u/B-
terms are considered at the scale of electroweak symmetry breaking, there is no constraint on the
value of tan y .

It is known that three branching ratios T — puy, t - puup and Z — ut depend on some
of following quantities: Af((lze;), BZ(L 1(3’;), CZ((IZQ;Z/) and DZ%’Z/). In different regions of parameter
space, where some of these quantities give dominant contribution, there are precise correlations
among branching ratios. In particular, with three considering branching ratios, we have two cases

as listed below:

DY -dominance: 1t is easy to get the relation concerned in [10]

BR(z — upp)

~22x 1073, (45)
BR(t — uy)

and a consequence is
BR(t — pupup) < 10719, (46)
AZ-dominance: In this case, we get

BR(t — puup) = (823) BR(Z — ur). )

Note that in the SUSYE331 model, although A%/( R) receives contribution from diagrams

which are similar to those of A% A% >~ 0. In the limit 75 = w/w’ >~ 1 (c23 = 0) and

L(R)’
A%/ depends on only diagrams containing right-handed sneutrinos.
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In next subsection, we consider numerical computation for cLFV decays of the tauon and the
Z boson. Remember that the effective couplings used for numerical studying are established in
Appendices B, C, D and E. The standard loop integrals are given in [10,25]. In the following
investigation, we use most of the notations defined in [21]. For example, mass parameters of
gauginos and Higgsinos are listed in the formula (B.2): m; denotes mass of SU(3); gaugino,
Wp and p, are u-terms of Higgsinos. Only notation for mass of U(1) gaugino used in this work
is m g instead of m’.

4.2. In the case of small tany and light mass spectrum

4.2.1. T — py
Let us consider the numerical studying of branching of T — py decay. The analytical re-
sult given in Eq. (27) depends on the effective coupling DZ (ry Which can be divided into three

vy _ pr@ y(b) y(©) : v@ b y(©)
parts, Dy gy = Dy gy + Dy gy + Dy gy The analytical formulas of Dy gy Dpiry and D} g

are given in Appendix B in which only DZE‘[?) does not depend on tany. In addition, from
the experimental bound (1), we can obtain the constraint on the effective couplings, namely
ID] p1 <2.5x 107 [GeV 2.

We would like to remind that the diagrams which contribute to the DZ are collected from three
LFV sources: left-handed charged slepton, left-handed sneutrinos and right-handed sneutrinos
sectors, while the diagrams contributing to D; are only collected from the charged right-handed
slepton sector. So the values of DZ are predicted much larger than those of D,’;. Another thing
we want to emphasize that since the SUSYE331 has many additional particles, we expected
that the additional particles can modify the predicted results of cLFV decay in the model under
consideration. For more details, let us consider numerical studying in this decay mode.

First we study the effects of LFV sources on DZ in the case of small tany as well as the
presence of all of the three left-handed LFV sources, especially we fix tany =3 and 6, =6;, =

05, = /4. As in the MSSM, Dz(b) is dominant contribution to DZ. Fig. 1 shows the dependence

\ & and m;, while other parameters are fixed. The
predicted results given in left panel of Fig. 1 are fully consistent with the experimental results
if the domain of parameter m 3 is close to the value of mj, and all soft parameters are set at
O(100) GeV. We also remind that mixing mass term between left and right slepton, m Fe is

753

small if the model under consideration has maximal mixing sources. However if 1, is set at TeV,

y () s e —m-
of D; ™ on soft parameters mp. =my =m;

the domain of parameter mj,, where the values of Dz(b) match experimental bound, is more
extensive. For more details, the reader can see in the right panel of Fig. 1.
Let us consider the case mj, =1 TeV. The results given in Fig. 2 predict that the values

of Dz(b) exceed the experimental bound if the remaining parameters are assumed in region of
O(100) GeV. Even if the values of 1, are assumed as large as 1 TeV, the predicted value of

Dz(b) is larger than the experimental bound. In this region of parameter space, the predicted
results in the SUSYE331 are much similar to those in the MSSM [10]. As mentioned in [10],
the large values of A; as well as small values of 1, and masses of sleptons must be required
to keep value of the total | DY | below the experimental bound. However, Fig. 2 displays that the
predicted values of Dzb are much greater than those in the MSSM. It means that in order to obtain
the values of Dz(b) being consistent with experimental bound, the values of A, predicted in the
SUSYE331 should be much larger than those in the MSSM. In the limit of large values of A, the
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Fig. 1. Dz(b) isocontours with tany = 3, mp, = mg =My, and Mp, =My, =M = 300 GeV, 01, =05, =
05, =m/4and jp = 140 GeV (1 TeV) in the left (right) panel. The solid and dashed lines correspond to m g = 300 GeV
and mp = —300 GeV.
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Fig. 2. Dz(h) isocontours with tany =3, my =my, = Mg, and mp, =My, =mye = 1 TeV, 0 =65, =05, =
/4 and pp =140 GeV (1 TeV) in the left (right) panel. The solid and dashed lines correspond to m g = 300 GeV and
mp = —300 GeV.

model leads to the appearance of Tachyon sleptons. It means that the model under consideration
does not contain the region of parameter space such that there exists a large difference between
the values of slepton masses. Fig. 2 also shows that the values of D)L’ ®) exceed to the experimental
results when parameter m; expands into range of TeV.

So in the SUSYE331 model with the case of the maximal mixing happening in all three
sources (left-handed slepton, left-handed sneutrino and right-handed sneutrino sectors), the scale
of all slepton masses should be the same order, in range of TeV or in range of (100) GeV.

Now we consider another situation that happens only in the SUSYE331, not in the MSSM.
It is the case of only one left-handed LFV source appearing in the model. Looking at analytical
formulas of effective couplings, three sources contributing to left-handed effective coupling are
parameterized by three mixing angels 6,, 65, and 0;,. Two of them, 6;, and 6;,, relate with
diagrams containing sneutrino propagators while the remain relates to diagrams with charged
slepton propagators. Numerical computation indicates that if the mass spectrum of superpart-
ner particles is in the range of O(100) GeV, contribution from sneutrino exchanges are larger
than those of charged slepton ones. So if two sneutrino mixing angles vanish, there is only
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Fig. 3. DY isocontours with tany = 3, mp, =1TeV,6; =m/4 6g =65 =65, =0, AL, =0 (only LFV in {iy, 7.}
sector). For illustrations, we choose three choices of parameter space (mpg, mj, m Py #) in GeV: (200, 300, 300, 200)

(solid), (100, 400, 100, 200) (dashed), (100, 500, 300, 100) (dotted). For each example, the center line corresponds to the
value of DZ =0, two other ones limit the region where \D{l <2.5x% 1079 [Ge\/*z]‘

one source of left-handed mixing 67 which generates relatively small effective couplings. The
experimental bounds then are easily satisfied even in regions of light mass spectrum. Our nu-
merical investigation will focus on this case. In particular, mixing angle parameters are fixed as
Or =05, =0;, =0and 0, = 7 /4. Fig. 3 displays Dzb as function of the A; and 1, while others
are fixed: mj, = 1TeV, Mp =Mp =My =My, =My =My =My The results given in
Fig. 3 illustrate that in the considered limit, we can find the region of the small absolute values
of A; in which we can obtain the values of |DZ| satisfying the experimental bound, particularly:

— The value of m g should be smaller than that of m;,.
— If the value of m p is closer to that of m,, the parameter space of A; and, p, satisfying the
experimental bound of |DZ| has been expanded.

The predicted results given in Fig. 3 show that if in the SUSYE331, only one source of lepton
number violation in the charged slepton sector, the model can contain the region of parameter
space in which the all soft parameters are set to O(100) GeV except m i is set to TeV. In this
region of parameter space, the predicted results on the T — @y are matched the experimental
bound on the decay. The existence of the soft parameter space below TeV scale leads to hope
that the sleptons can be detected by LHC.

Finally, we consider the LFV effect in the right-handed charged slepton sector to the LFV in
the tauon decay. We assume that there is only the maximal mixing of right-handed slepton, i.e.,
sg = cg = 1/+/2 and all other mixing sources are set to be equal to zero. Under this assumption
the Feynman diagrams in the model under consideration contributing to D" are exactly the same
as those in the MSSM [10]. In Fig. 4, absolute values of D};(a) and Dﬁ(b) are rather small, even
a bit smaller than those in the MSSM. From this investigation, we see that A; should have the
same order with the mass parameters of sleptons.
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Fig. 4. Isocontours of DZ(") (left panel) and isocontours of D};(b) (right panel). The parameters are tany =3, m R =
1TeV, 0 = 9‘7L = 9‘7R =0,0g =m/4 and pp =150 GeV.

4.2.2. Correlations

Next, we consider the process t — pupu. The amplitude consists of the contributions from
the effective couplings Az (r), BL(r), CL(r) and D gy which are denoted the coupling of Z, Z’
gauge bosons, photon and Higgs to charged leptons 1 (r), T1(r). Each type of diagrams picking
up the each particle exchange contributing to the LFV in the considered process depends on the
region of parameter space. In next work, we will study the contribution of each effective coupling
to the LFV of the t — ppup process in two typical cases.

Only maximal mixing in the charged slepton (i, T).

Let us consider the process t — ppup in the limit of small tany and in the case of exist-
ing only maximal mixing in the charged slepton, s; = ¢ = % and sg = s, = 55, = 0. This
constraint leads to A%Z/ = A%?Z/ = 0. As mentioned in the last part, it is interesting to consider
the region of parameter at O(100) [GeV]. One can check that A%( R) is dominated by Afé']?)
and total effective couplings contributing to the branching ratio of the considered process are
D}, R’ C}L’( Ry Af(“) and B, "™ . Indeed, looking at the analytical expression of these couplings
we found that only the analytical expression of D{ is affected by left-handed slepton parameters
such as: A, AIL”. Hence, in order to look for the effective coupling giving dominant contribution
to the considered branching ratio, we will study numerically two cases:

— The A;, A, parameters are fixed and the other soft parameters are changed.
— The soft parameters are fixed and the A;, A,; parameters are changed.

First, we assume that A; = A,; = 0. To assess the contribution of the each effective coupling
Af and D)L/ into the BR(t~ — ™ ™ ™), we define two factors f,z and fpr such as:

o= SHIAZ PSSy + ) + 1AZP (L 3y + 2581
Az =
2F[ 124+ |FR 124 |FRh > + 2| Fp*|?

(43)

and

2
8e*(IDY 1 + |D,§|2)[1n(;”—g) -1

for = 49)

MS
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Fig. 5. Correlations among A%, FI{LL(R) and DZ with A; = 0. The contours fAZ, Sfpy and BR(t — py) are denoted
L L

by dashed, dotted and solid black lines. For illustrations, numerical values for parameter space (mpg, m;) , m i m 7) are
chosen as (100, 300, 1000, 100) [GeV] (left panel) and (100, 500, 1000, 100) [GeV] (right panel).

where
2
2 2 m 11
MS =38¢*(| D) |” + | D] )[m(m—é) - I}
P2 P 4 [FER P 4 |FRE | 42| FRE ) (50)

The factors f,z and fpr given in Egs. (48), (49) quantitatively measure contributions of A f (R)
and DZ (R 10 the factor | F#L(® | and the total branching of (t~ — u~u+ ™) decay, respectively.

Looking at Eqgs. (36) and (37), the coefficient Ff&él;) depends on the other factors. If AZ gives

dominant contribution to F f (L Ié';), it is convenient to define regions where the factor f,z satisfies

1.05 > f4z > 0.95 as the AZ-domination regions (over F f (L,é,’;) ). On the other hand, we also make

convention that if fpy < 0.05 then the dominant contribution to the branching ratio of Tt — 3u
is given by F-type of couplings and if 1.05 > fp» > 0.95 then the dominant contribution to the
branching ratio of T — 3u is given by D-type of couplings.

The current experimental upper bound on the branching ratio of the process BR(t — uy) is
smaller than 4.4 x 1073, The results of our calculation to this process is given in Fig. 5. The
experimental bound of the branching is denoted by the solid black lines. One can see that this
process satisfies the experimental bound in regions of large parameter space of x and m iy

The regions of parameter space where Af gives dominant contribution to branching ratio
7 — 3 must satisfy both conditions: 1.05 > | f4z| > 0.95 and | fpr | < 0.05. The results given in
Fig. 5 show that there is no region of , and m i, parameter space that make A% given dominant
contribution to branching ratio T — 3u. If DY gives dominant contribution to the considered
decay mode, the region of the 11, parameter satisfied the condition 1.05 > | fpr | = 0.95, strongly
depends on the value of charged gaugino mass, i.e., if the charged gaugino mass is larger, then
the value of u, parameter is larger too.

Let us consider the effects of A; on the branching of the considered decay mode. We would
like to emphasize that AZ does not depend on the A, while the value of |DZ| depends on the

sign as well as amplitude of A;. In particularly DZ(C) is proportional to (A, + %u ptany), the

values of A, will affect on soft parameter space region where D’L’ gives dominant contribution to
the BR(r — 3u). These regions of soft parameter can be larger than that in the case of A; =0.
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Fig. 6. Branching ratios Z — ut (left panel) and v — 3u (right panel) as functions of mp. Three numerical
values for parameter space (m)\,up,miz,mig,mﬁ) [GeV] are chosen: (300, 150, 1000, 100, 100) — black line,

(400, 200, 1000, 100, 100) — green line, (500, 150, 1000, 100, 100) — blue line. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Now let us consider Z — ut and T — ppup decays. The branching ratios of decays Z — urt
and T~ — ppup are presented in (29) and (47). The predicted branching is shown in Fig. 6. The
numerical branching ratio for Z — pt has the maximum of 5 x 10710 if the soft parameters of
sleptons are set to O(100) GeV and the charged gaugino mass is set to few hundreds GeV. This
predicted result is very suppressed with the present experimental bound. However, in the same
region of soft parameter space, the predicted result for t — ppp can reach to the experimental
result and even one can find some regions of parameter space that predicted our result exceed the
experimental bound. One can check in the left panel of Fig. 6, the branching values for Z — ut
hardly change when we change the value of the parameter m p. However, the situation is quite
different if the charged gaugino mass is varied, namely the smaller value of charged gaugino
mass is, the larger value of that branching is predicted. Moreover, as we increase the values of
the soft slepton mass parameters these branching values decreased. Therefore, to increase the
value of the branching of Z — ut, we have to change the parameter fi,.

Fig. 7 shows the values of branching ratios of the decays in the plane m g—pu,. In this case,
we choose A; = 0 and other parameters are chosen so that the experimental branching decay of
BR(t — pupp) is satisfied. We can see that the bounded regions of BR(t — uy) supports the
small values of both remain decays. In the case A; # 0, because only BR(r — wy) depends on
the values of A; and as we have shown in the above section, there will exist a possibility where
DZ vanishes. This case allows BR(t~ — .~ ™) can reach the limits of experiment of order
O(10~%) whilst BR(Z — 1) is still in maximal order of O(10~%).

Only maximal mixing in the right-handed charged slepton sector i, T.

Now we come to consider another case, only maximal LFV in right-handed sector of charged
sleptons (sg = 1//2, s; = s3, = Sy, = 0) where regions of parameter space can be available in
range of O(100) [GeV]. Both the SUSYE331 and the MSSM models are similar to each other in
this case. So we just discuss more on correlation among effective couplings. As shown in the left
panel of Fig. 8, the bound of experiment of BR(r — wy) rules out the large values of BR(t —
3u). This leads to the result BR(t — 3u) < 1072 if A, =0. The right panel shows that in the
case of only large LFV in right-handed charged slepton sector, the BR(z — 3x) is in maximal
order of 1072, even in the case of non-vanishing A, and A, makes D% suppressed. For the
BR(Z — u1), this case is much smaller than the previous case. Also we can see a difference from
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the case of pure large LFV in left-handed charged slepton sector: the DY -domination regions
now lie on the small values of p, while the large values of p, are ruled out by the condition
BR(zt — uy) <4.4 x 1078,

5. Conclusions

In present paper, we have studied the LFV decays of the tauon and the Z boson in framework
of the SUSYE331 model, and have mainly focused on two-generations slepton mixing, namely



226 L.T. Hue et al. / Nuclear Physics B 873 (2013) 207-247

both left- and right-handed i—7 slepton mixings. In order to obtain the relevant diagrams, we
have combined the mixing of sleptons, that of charginos, Higgsinos, gauginos as well as the
interactions of gauge bosons with leptons and the Yukawa interactions. From these diagrams,
we obtained the effective operators relating to the considered cLFV decays. This leads to the
analytical expression of the branching ratio of the considered decay processes and the contacted
relation between decay rate of non-LFV decay mode with that of cLFV decay mode. Our analysis
is carried out in the limit of small tan y. The detailed predictions in our model depend strongly on
the SUSY parameters and left- and right-handed slepton mixing. Consequently, we have firstly
considered the effects of SUSY parameters and the mixing of left- and right-handed sleptons on
the T — wy decay such as

e In the case of the maximal LFV mixing, the mixing mass terms between left- and right-
handed sleptons (mj mp ) are small, our results are only consistent with the experimen-
" n

tal bounds if the domains of parameter m_ are close to those of mj whenever they are set
to the TeV or O(100) GeV scales. It means that in the case of maximal LFV mixing, the
slepton mass parameters are in the same order.

e If there is only the LFV in the charged left-handed slepton sector, we can find some regions
of parameter space that allow above cLFV branching ratios matching with the experimental
bounds. Especially the slepton mass m is is set at 1 TeV while the other, m; , is set at
O(100) GeV. Noting that the value of parameter m p should be close to that of m; and if
the value of m p is closer to that of m;, the parameter space of A; has been more expanded.
In the case of left-handed LFV sector, one important result deduced from our numerical
investigation is that although the SUSYE331 model contains much more supersymmetric
particles as well as LFV sources than the MSSM, there still exist of some wide regions of
parameter space which allow not only masses of sleptons but also j, keep the small values
enough to be detected by colliders.

e If there is only the LFV in the charged right-handed slepton sector, in order to match the ex-
perimental bound, the value of A; should be the same order as that of other soft parameters.
Our result is similar to the predicted result in the MSSM.

Based on the parameter space satisfying the experimental bound on 7 — py decay rate, we
consider the branching ratios of T — puup and Z — ut. We have concentrated on the LFV
in the charged left-handed slepton sector with only 6; = 7 /4. In this case, there is no region
of parameter space that Az gives dominant contribution to the considered decay mode, while
there is region of parameter space that D gives dominant contribution to the considered decay
mode. The constraint on the p parameter is expanded toward large values if the large value
of the charged gaugino mass is chosen. If we set the value of A; = 0, the constraint on the
W parameter can be expanded. Similarly, by numerical study on the branching ratio of t — puu
decay mode in the case there exists LFV only in the charged right-handed slepton sector. The
small value of 11, giving the dominant contribution to considered decay mode coming from DY
was obtained. In both cases, our predicted results of BR(Z — py) are very suppressed.
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Appendix A. Interacting Lagrangian and notations

Some of the interacting vertices used in this work were given in [21]. In this appendix we list
the rest part of interacting Lagrangian which is necessary for completion our calculation. Here
we use the relation g = (Z )* where Ei is the superpartner of a lepton £} in the model.

A.l. Interaction between left—right slepton sector with neutral Higgs boson
These terms come from two sources:

(1) from F-terms:

1 ey~ s~
=[P (Va7 + Yo E") +hel],
(2) from soft-breaking term:

ﬁlslogo = —hlyLarp'l; +hc.
= —hiy(VaLpy” +larp’ + 95,057 )5 +he.
— =Y, Aup Oy — Yo A p'OFLE]
- Al”,o Oppzs — v, Amp 0%z, S +he., (A.1)
where we use new notations that are identified with those in [10]:
22_h’ =Y, Ay, h=h,, =Y A,
hyy=h, =Y AL . Hyp=h,, =Y AR

The total interaction part of (H 0[2 [1) interactions is:
1 . 1 e
L =—Y (EMpPO* + Aup’())mui ~Y; (EM;))OO* + Arp/°> Lt}
—Ye AL p T — Yo AR p/OFL RS +hee. (A.2)
A.2. Gauge boson interactions

This kind of vertex is only contained in gauge invariant kinetics of all fields in the theory. In
this work, we just study on cLFV in lepton sector so the related part of the Lagrangian is [20]:
. _(pro)T A NI r sy s Ry
Liinetic = (D" p) Dup + (D*p') Dyup' +ip6" Dyp +ip'c" Dyfp
+ (DMI:,'L)TD Lip +iL;i16"DyLiy
+ (D1lsy) ' Dils, + 16,5 Dyl

1 1 - -
_ZF“ VFy v — ZFW W—i—ik’(,&“Dﬁ)f{,—i—iAB&“aM)\B (A.3)
where i = 1, 2, 3 is family index, a= 1,2, ..., 8 corresponds to eight gauge bosons of SU(3)
group. Covariant derivatives D, D, D1, and Dﬁ correspond to triplets, anti-triplets SU(3)r,
singlet SU(3), and adjoint presentation of SU(3); . They are defined as follows:
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Fupor = 33 Vav = 0 Vap — &F " Vo Ver,  Fuv = 9uBy — 8By,

Dy =08, +igT"V,, +ig' XT°B,,

Dy =03, —igT"V,, +ig'XT°B,,

Diy =8, +ig' XT°B,,,

DEAY = 8,05 — gf“PeVPAS,. (A4)
Here X denotes U(1) hypercharge, %% is structure constant of SU(3), T? is the generator of

U(1)x which is defined by T° = 1/+4/6 diagonal(1, 1, ). We just pay attention to neutral bosons
in covariant derivatives so they can be written as [20,17].

N _ +pNC
D, =0,+iP,
=8, +ig(T V3, + T8Vs, +1T° X By + T*Viy + T°Vs),),
NN — +pNC
D, =0,—iP,
=8, —ig(T* V3, + T®Vy, —tT°XB,) —ig(T*Vay — T*Vs,),
Dy, =9, +igXT°B,,,
Dy = 905 — g(FVE + fUVE+ V4 FPVIN, (A5)

where gauge bosons W3, Wg, Wy, and B relate with physical states according to the transforma-
tion:

Sw CopCorCW SpCo'CW So'Cw
W3 _sw CpK3—SuK1K2 Spk3+CoK1K2 \/gs v A
ws| | V3 Vaewey Srewey 0w V4
B B ki _tW(C¢K1+5w’<2) _tW(&pKl_C(pKZ) 0 Z/ ’
W4 \/5 «/gce/ \/§C9/ W‘{
0 —tg(Cpka — Sypk1)  —tor(Spk2 + Cpk1) K2
(A.6)
where some new notations are used:
u oL
ty =tanf = —, e = tan(26), S = ———,
W cwy/1+ 413,
g 3V 2sw 5 3V 2sw
t=— = ——— K1 =,/dcy — 1= ,

t

o |

2 9
3 — sy
Kkp=,/1— 4s§,c%v, K3 = s%v — 3c%vs02/. (A.7)

In the SUSYE331 model, we have all 8, ¢ and 6’ < 1. Thus, we can use the approximation
sinf = sing = sin®’ = tanf = tanp = tand’ = 0 to simplify the calculation. We also take the
approximation:

KQZI, K3 ZS‘Z,V.

In addition, W5 and W, make of a physical neutral non-Hermitian gauge boson X O which is
defined by the combination:
%0 W‘; w iWs, '

A8
1 NG (A.8)
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So we can rewrite the above covariance derivatives in the form below:
DY ~d,+ieQA, +igz(T° — 53, 0)Zy +igz[(4cy, — 1)(T° = Q) + 3¢}, X]Z),,
DY ~d,+ieQA, +igz(—-T? —s3,0)Zu +igz[(4cyy —1)(-T° — Q) + 3¢, X]Z,,.

DY, >0, +ieQA, —igzsy QZ, +igz[—(4cy — 1)Q + 3¢y, X]Z), (A.9)
where we have defined
Zzﬂ:i and gz = §Cf2 :i
Cw o’ Cw CwCo'K] CWK1

For the charged gauginos, we have:

) 6 4 iy
it v T e _ Ay Eity (A.10)
V2 V2
This leads to the covariant derivative of charged gauginos:
DIW* >0, W= Li(eAy +gewZ)W* =, W* Li(eA, +gzcyy Z,)W*
=3, WE+iQy(eAu+8zc% Z )W,
- - ) cp(cow + 2¢2 52) + spk1Kk2
DﬁYizauYi:tl<eAu+g(p 2‘” 7,
CwCo’
sp(cow + ZC%VS(?,) — Cpk1K2 7 \§t
2cw e ®
Gt 1 1 250 \p+
>0, YT +i0ys eAu+§8ZCZWZu—§8Z’K1 Z,)Y=. (A.11)

From these two formulas, we can deduce the vertices of neutral gauge boson—charged gaugino—
charged gaugino.

A.3. Gauge boson—slepton—slepton interactions

This kind of vertex comes from the part [20]:

ig
Liy =51

3“1:4‘)\“5,‘ — iikaaﬂii]vj

g [—1(3“&& = LML) + (01T — l:“aﬂi'f)}BM

Jel 3

where i = 1,2, 3 is the flavor index and a = 1,2, ..., 8 is generator index of SU(3). For the
{1, T} sector with neutral boson we have:

gl 1 ow ., ©UE o~ F oaue

Ly ~ ?[JZM + 1w Zui| X (8 Vel — D70 vr)
c c

+ —|:—2SWAM Wz 4+ 2
Cw KiCw

z;}(a“%f L)

T

- -
+ 8 [—ﬂz/ ](aw%g — FORTE) + (r — )
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Table 1
Photon vertices.

Vertex Factor Vertex Factor

Photon—scalar—scalar

(scalar ¢: H, f) —ieQqy(p + pH*

Photon—spinor—spinor

(spinor ¥: fermion, Higgsino) —ieQyaot (ieQyott) yylyc ieQyat (—ieQyat)
Photon-boson—boson

WHPW=HAY ie[ptp. P—ps PAv] yrey“HAY —ie[p4p, P—p PAv]
Photon—-Higgs—gauge boson

ARWY py L(ieg)gun ALYV py 3 (ieg)gu
Photon—gaugino—gaugino

wta,wt —ieaH (orieat) WA, W~ ied™ (or —ieo™)
YHA, YT —ieaH (orieat) YA, Y~ ieaH (or —ieot)

—i—[i( Ay —etwZ, +—Z/)(8“%"%“—5"8“%")+(r”—>MC)}
1 1 / e
=i EgzZM—{—EgZ/cszﬂ x(8 VeV — V0 Vr)

1 1 - =
—i|:eAM + Egzcjwzu — Egz/czwzl/{| (8“%% — %8“%)

—i[gz ey Z), | (" DETE — DL TE) + (T — )
+ [ (eA ZsWZ + gzrsWZ )(8“%"%“ — f”&“f")
+ (¢ = 1] (A.12)

Interaction vertices of photon, Z and Z’ bosons relating with our calculation are summarized in
Tables 1, 2 and 3, respectively. We denote directions of momentums in Fig. 9. For simplicity, we
omit spinor index in the formulas of boson—fermion—fermion vertices. The precise formulas of
this kind of vertices is easily deduced using rules concerned in [12].

A.4. Mixing in the slepton sector

As we know, in supersymmetric models, in order to keep the conversation of LFV in the lep-
ton sector at tree level, the sources of LFV are assumed to be from the slepton mass terms in the
soft-breaking part of the Lagrangian [10,24]. For the SUSYE331, there are three mass terms of
left-handed slepton, right-handed slepton and sneutrinos which may independently be sources of
LFV. In addition, there exists another LFV source original from the Yukawa couplings between
Higgs and neutrinos. Thus in the SUSYE331 model, there are at least four independent sources
of LFV and we will parameterize them as follows. In each case of supersymmetric particle (slep-
tons) 1/~f (¥ =1r,1lg, v, vr), we define a corresponding mixing angle 65 which was defined in
[21]. In what follows we just remind some general formulas for the review. The mass mixing
matrices of smuon and stau as well as their sneutrinos can be written in the general form of:



Table 2
Z boson vertices.
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Vertex Factor Vertex Factor
Zuvyvp f’jgz(p+ pH*
ZuLilr seawgz(p+ pH* ZplRtR igzs% (p+ pH*
PO*POZV. ljé’Z(P"’P/)” P’O*P/OZ/L —ZQKZ(P‘FP/)”
x %0z, ~sgz(p+ PO x1%x1°Z, Lez(p+pH*
5z, 5826" (or —5g70) 792, —5gz0M (or §gz0M)
ﬂiﬁfzu —58zcowGH (or 5gzcowat) Py Py Zu 58zcowot (or —5gzcowat)
b3 B3 Zu 582s535" (or —58z53,01) By By Zn —5gzsy0" (or fgzsiyol)
@'Z“VI/Jr _ingC%V‘_’M (or igzc%va”) W_—ZMW* ingC%V‘_’M (or —igz'ca,a”)
Yz, v+ —5gzcowa™ (or Lgzcowot) Y=Z, Y~ LgzeowdH (or —5gzcrwot)
Table 3
Z' boson vertices.
Vertex Factor Vertex Factor
ZopoL —5 szcaw(p+ P Z, kR —gzciy (p+ P
z,05 0, —Scowszy (p+ P Z), Ul —igzst, (p+ p')*
p%*pz), —38z(p+ 07, 38z(p+p)"
Xz, —Sezcow(p+ pH* X%z, Lezrcow(p+ pHH*
X AXSZp —58zcly (p+ pH* %3z, S8z (p+ )k
;ﬁﬁOZL —%gz/[f“ (or %gz/a“) ;ﬁﬁ’ozu %gzro'“ (or—%gz/a“)
B\ A1 Z, —L5gz6H (or Sgot) Py P2, Legol (or kg oh)
Py By Z), 587/M (or —5gz0M) By Py Zy, —5gzcawo’ (or Sgzcowott)
7+z, v+ Lo ik2GH (or —L g ik2olt) 7-7, 7 —Lo k25 (or Lgik2at)
“w 287'%1 282'K1 w 287'%1 287'%1
VH
[ SR
PN —— — ——
p D p
Fig. 9. Notations of directions of scalars and fermions. Here V# denotes a photon A, Z or Z’ boson.
M2 — o ut (A.13)
v m:  m2
‘p/u’ Yo
Mixing angles then can be determined as
"
~ = 1 ~ ~ = ~ ~ ~ = ;LT
8, =sin 91#’ cj =cos OW where 555 3 (A.14)



232 L.T. Hue et al. / Nuclear Physics B 873 (2013) 207-247

SENGY ;@ N
W+ < wt y+ < v+ N3OS
T \\\?ﬁa,// H T \\\\?E“—'”// H T \\\ZLQ_ L
v @ g

\\\fRa_,r’ H

v

Fig. 10. Diagrams contributing to C{_ R

where 55 = {sL,sRr, 55, S5, ) and {m%bz, m%h} are eigenvalues of Mf}, according to notations in

[21]. In addition, for convenience we denote m?} instead of n~12¢ We always choose mzwg < m%/j2 to

take the positive values of 5g and - The mass-eigenstates of sleptons are denoted as V2, ¥3}

while the flavor-eigenstates are {‘Zu’ V. }. The relation between two bases are:
Vu=cyla—spds and P =559+ (A.15)
Appendix B. Contribution to T — py

Diagrams relating to C Z  are drawn in Fig. 10 with no line of Higgs insertion.

Formulas of C}  are:

2
y _ (&crsy) 1. 2 2 2 2 2
1= 1672 x 9[ Ks(m)"miLz’miLz’miLz’mez)]

2
(g7cvysv,) 1 2 2 2 2 -2
+ Ten? X g[—2K5(mx,mk,mk,mk,muL2)
2 2 2 2 2 ~2
+3m)LJ5(mk,mk,m)\,mk,mvm)]

(gzcvRsz) 1 2 2 2 2 ~2
+ 716712 X 8[—2K5(mk,m)\,m)‘,m)\,mvkz)
2 2 2 2 2 ~)
+3ka5(mk,mA,m,\,mA,va2)]
/2
cLSL 1
8 UL [—Ks(mym2 m2 m2 m? )]
16772 162 I’ i’ Ul o

— (L2 — L3, Ry — R3),
12
y _&Ccrsg 1. 2 2 2 2 2\ _
Ch="Tg;z * 18[ Ks(mp,m; .mi .m; .m; )] —[Ry— Rs]. (B.1)
On the other hand, DY gets contributions from diagrams with one line Higgs insertion,
Figs. 11,12 and 13. There is another class of LFV sources relating with neutrino-mediation in
which their contributions are very small [22] so we will ignore them in our investigation. The

DZ’ r can be separated into three parts:
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plO Y (1) pIO )\B (3)
bWt S W I
Cc \ - ’ Cc \ ~ ’

T T < VLo K T¢ T \\?La_ L

Fig. 11. Contribution to DY [1-3] and D} [4].

Yy _ pr@ y(b) y(©)
Dy =D g +Dp g + D g,
where diagrams involving each part are expressed in Figs. 11, 12 and 13.

For DY @:

2
pr@ _ 8CLsL l[mz J. (mz m2 2 2 2 )]
L = 2 Iy IS\ My sy sy T
167 3 L2 L2 L2 L2 L2
2
g oSy, 1p 5 LI T S
— St % E[mAJ5(m,\,mk,mk,m,\,mﬁm)]

2
= SO s md md )]

1672 = 2 PR2
12
CLSL 1
_|_g7m2 —k(m%;,mg ,mg ,mg ,mg )
1672 2| 54 I’ "l Ul Ul

—[L>— L3, R, — R3],

pr@ g'*crsr > |1 2 2 2 2 2 R R B2
R q6n2 ™ 6 S(mB’mikz’ Iy’ gy’ iRz) —[R2 = R]. (B.2)
For DY@
pr® gZSVLCVL 4 1 (m2 ul m2 2 2
L — 16772 ms, 5(m)t’Mﬂ’m17L2’ml7Lz’ml7L2)
2
8 SvrCvr 4 2 .02 2 2 2
- 1672 m§R215(m)»’Mp’mﬁRz’mﬁRz’miRz)
2
8 SvpaCvpy 2 .2 2 2 2
+ BT X mkutany[Js(m)\,mk,Mp,,up,mm)
2 2 2 2 2 2 02 2 2 2
+ Js(m3, my,m3y, po,mi )+ Js(m3, w1, g, ms )]
2
8 SvgaCura 2 .2 2 2 2
+ BT X mk,utany[Js(mA,mk,up,up,mim)
2 2 2 2 2 2 02 2 2 2
+ Js(my,my,m3, s, my )+ Js(m3, pe, o, wpmy )]
_gzsLCL 2

2
2 2 2 2 2
——ms X —|Js(m57, us,m: ,ms ,ms
1672 i 3[ 5( o Hps Ty, 21 le)
2 02 2 2 2
—my Ly tany Is(m)\,up,miu,mim,miu)]
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Fig. 12. Contribution to D} [1-101 and D% 111, 12].

’2
g sLer o 2 2 2
—167{2 ml~L2 X —27 [J5(mB, Wy m

2 2 2 2 2
— mButanyls(mB, Hps mez’ miLz’m[Lz)] —[Ly — L3],

2 2 2
s ,ms ,ms
I’ 2 le)

12
b 8 “"SRCR 2
pr®» =5 "RR,2 x—[—Js(m%,y%,m~

2 2 2
R~ Ton2 M "9 Ik’ ke’ iRz)
2 2 2 2 2
+mpu, tany15(mB,/Lp,ml-m,mim,mim)] —[R, = R3]. (B.3)
For DY (©);
3

DY@ — _ g "5 Hsper(s2] A —i—l tany |+ sgcr AR ) + 52 AL

L =" Tex2 9 LCL\ SR| At 2Mp 14 RCRA ¢ LSRApr

2 2 2 2 2
x Is(my,my, my, m; ,m;
5( B>TB B T, lR2)

1
— [chL (5122 |:Ar + FHo tany} +sRcRA51> - S%SI%AII;T]

2 2 2 2 2
x Is(my,my, my, m; ,m;
5( B> 7B TEB T, lR2)
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1672 9

2 2 2 2 2
xIs(mB,mB,mB,ml-Lz, Z~R2)
_ 2_ 1 -
— | srer| st AT+§prtany

2 .2 2 2 2

x I < 2
S(vamBsmB’mley ZR3)

+

SRCR<

SRCR

(4

X Is(m%,mB,m

X 15(mB,mB,

1
A+ E/,Lp tany

)

1
Af + Eﬂp tan)/

2

2 2
mpy,m

s, ms
I3’ g2

2

vaz

I3’

2
IR3

){-

+ SLCLA

— SLCLAL

— chLA

)-
)
)-

(1) (2) (3)
AB AB AB
T A Ty A TR N A AP T
')))\]ia?’éi ;Iiav.’é' \‘?viﬁ%
v Tp0 Tt POy
(4) (5) (6)
AB AB AB
< —— > > <« —> T > « —> T
R 8 T;giaf,@/ a T:):rff‘_g,év’ K
Pt 7 A0 S
(7) (8)
)\B )\B
T \\\ELQ ERB f 'uc EL& KRB f ,LL
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Fig. 13. Contribution to D) [1-6] and D, [7, 8.
1
+ |:SLCL (C%e [Ar + FHo tan y] —sRcRAIIfr) -|—C%C2RAII;J]
2 2 2 2 2
><I5(mB,mB,mB,ml~L2, fm)
2 1 R L
—|scer| ek A,+§,uptany —sRcRAl” chRA
2 2 2 2 2
Xls(mB,mB,mB,miM, Z~R3)},
y(© g m% 2 1 L R
Dp"' =——— X 1| Srer| St Af+§uptany +SLCLAW —l—cRsLA

S%A i|
CLA i|
SRCL :|

235
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WHR AW Wt prw Wi W W oy Wt
PPV . AL . Y
T \\\\PL(X_/,’/ [j, T \\\\‘VLO‘_/,’/ ,LL T \\\\PLOK_/,’/ T \\\\‘VLOL//’/ /J,
ol ) PO 0 o0 0 P
: 5 . (6 : 7 : 8
P (5) i (6) i (7) P (8)
Y py Y Yt YHY sy Y Vi v VY iy Vvt
\\\DRQ_,// 1% T \\\\‘I;Ra_//// n \\\ZN’RQ_,// 17 \\\DRQ_,// 1%
HY HY Hy HY Hy HY H HY
i a0 @ iy (19 PO )
R N N LR
P e - >
T \\\\ELQ //// ILL T \\\\ELQ //// ,LL T \\\\ELQ //// /J, T \\\\ELQ //// M
- - = = - = -
HO H? HO H?
kEE(13) KR (14)
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Ap HY) A A (HY): Ap
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<fRa . <fRa .
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Fig. 14. Diagrams contributing to Af(a) (or AILZ (a>) (first, second and third rows) and Ag(w (or A}QZ (a)) (fourth row).
Here we denote H]? € {pO, p’o} while A; ; implies i, j = {B, 3,8} and i # j.

Appendix C. Contributions to Z — ut

In this appendix, we draw all the possible diagrams which contribute to the effective operator

Z — ut in the limit of assumption given out in [10]. All of these diagrams can be applied to the
case of Z’ boson.

C.1. Contributions to A% R

Diagrams contributing to Af(? are shown in Fig. 14. The formulas are:

2

Z(a) 8 C%v 1

A7 = (sy cp) X Ton2 Z(l +c2)

x [ s 2, 2 ) = 20 ()]
2.2 1
+ (SvgCug) X Tnuzl X 4_1(1 +c2y)
x [—upds(mi,m3, i, o m3 ) = 20a(m3,m3 g m3 )]
+ (spep) X % X %02)/
2

2 2 2 2 2
X [_H’p']s(m)" my, Mp, Mpv m=

le) — 2J4(m%, m3, u%, m? )

%)
m (Lo i om ) = b Is(ndom? o2 )]
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(1) 0 (2) (3) (4)
P~ A(A3,A8) Py (AB, As)
ﬁ/(] ﬁ(] )\B ﬁ/() ﬁ() /\B )\3 AB
T A AN A - N S A Y A A
ER: Tt v éLﬁ ZL: Tt ZR[; L; T ’B’ TN EL’Y Rj T- ’ﬁ’ - ‘ZR’Y
i v
P r " P’ S P

Fig. 15. Diagrams contributing to A7 % (left side) and A7) (right side) in SUSYE331.
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2 2
goeymy 1
- (vaCvL) X 16722 X Z(l - CZy)
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X [I’Lﬂ15(mk’m)»’“ﬂ’u’ﬁ’mf)m)_14(mk’ml’uﬂ’ml7u)]
22 2
greymy 1
- (SVRCUR) X 16722 X Z(l - C2y)
2 2 2 2 2 2 2 2 2 2
x [ Is(my, m3, wo, g, ms ) = La(my, m3, uo,ms )]
2.2
Cy 8
+ (spcr) X X —c
(SLeL) X ey X g

X {;1,/2)]5(m129,m,2\, ,u%, u%, mlg“) + 2J4(m%, m%, ;le,, m2 )

iLZ
2 2 2 2 2 2 2 2 2
—mpm[1pIs(my. m3. . iy mi ) = La(mp.my. pp.my, )]}
2.2
gy 1 2 .02 2 2 2
+ (sy Cup) X 162 X ESZy[Mpm/\JS(m;L,m;L,/Lp,/Lp,m,;Lz)]
2,2
W 2 2 2 2 2
+ (SVRCVR) x W X Eszy[ﬂpmk‘k(mk’mk"U“p’ﬂp’mﬁkz)]
/thc%v 2

e X e X a9

X [—/L%k(m%, m%, /Lf), M%,miz) — 2]4(m%, m%, ui, mlgm)
1o . ) Ll i)

— (L2 = L3, R, —> R3), (C.1)
g/2t262 2

Z(a) w
ARa Z(SRCR)W X 8—]C2y

2 2 .2 2 2 2 2 02 2 2
X {/’ijs(vamBa /J/p’ M’O’miR2) +2J4(mBymBa /J/pa mZRZ)
27,,2 2 .2 2 2 2
_mB[,upI5(mB,mB,,up,,up,ml-m)
— la(my.my. pg.m3 )]} =[R2 — Rs). (C2)
For Af’(?e’c), see Fig. 15.
Formula for Af(b) :
2.2
AZ®) — (spep) x —2W l(tzuz)[sz(k(mz wl o ul m?  m? )
L 1672v2 3 \VvPe/L°R rBpr Fpo I, g,
2 02 2 2 2 2 2 02 2 2 2
s (3 wpomi smi mi )+ cr(Js(mi .y mi my )
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+ds(md o )]

Try’ " iry
m2t2c2 1
+(seer) x 16t2‘/"}’2 2_( )[—s%(]s(m%,u%,uf),mlgu, lng)
e ds(mhopdomd o ) = (Js(m o udmd )
s w2 )]~ (L L), ©3)

where m; = Y; X v//ﬁ is mass of the tau and V = vyeak = vV v2 + v'2 in the SUSYE331 model.

We also have formula of A%

Z(b)
AR

z (b)

m2t2c?, LS 2 02 02 2 2
=(SRCR) X W 9 )/H’,O[ (JS(mBa ,le, H’p’ l miRz)
+J5(mB,pr, L, ,2))_%(‘]5(’"3’“;0’“2 23’mlgR2)
+ Js(m, 1, m ,2 mi N = (Re = Ry). €4

Formulas for AZ©);

Z(c)
AL

Z(c)
AR

= GRCR) X 1573 12(t w2 ){—s [S%J5(m%,mlgR2,m~

2422 1
= Guen) x qeryy X gmp)ilsidsCniomp omp oy omy )

2 2 2 2 2 9

+cgds(mi,mp omi my my )]
_Ci[slzih(mi’mlgkz’mlgkz’mlng’mlng)+C%J5(m%’mlg1<3’mlgk3’ lgL3’ lgL3)]
= (5F — D)ok Ss(mdomf o o )

o o)
ﬁx (t u ){s [szJ(m2 m? m?  m? 2 )

1672 V2 108 ) CLERSVEB M > My 1, ™
2 2

+C%€J5(m23,ml~R3,ml~R le le)]

+ (sLer) X

2r.2 2 2 2 2 2 2 2 2 2 2 2
—ci|sptsimy, ms ,ms ,mz ) +cpJs(my,ms ,ms ,m; ,m3
L[skJ5(m Ir, "y i, 1L3) rI5(mg Iry’ gy’ Ly lL3)]

(53 — ) [shIs(m}. mmm )

2 2 2 2 2 2
+cRJ5(mB,ml~ ,miR3,ml~L2,ml~L3)]}, (C5)
2,22
mzt mztiey 1

2 m? o m?)
[P TR

2 2 22 2
+CLJS(mB’msz’mfRZ’miL3’me3)]
-Fc%e[sils(m%,mg3,mg m? ,mlng)—FciJs(m%,mg ;m2 o m? o m? )]

IR IRy T, Iy IRy Iy Iy

+ (& = Rt Js (i omf oo i )
—I—C%J5(m%3,mg ,mg ,mg ,mg )]} (C.6)

IR, IRy Iy lq
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o S S
/
/ z(Z")
Fig. 16. Diagrams contributing to C f r (C g, g )- Only the last gives contribution to C ]% (Cl%/). The first diagram only

!
contributes to C LZ while the fifth only contributes to CLZ .

C.2. Contributions to C f R

For C f »»in Fig. 16. The formulas for these two quantities are written as below:

2

5 g 2 2 2 2
CF = (Cusu) X g x g5 [=Ks(mdamdpomd, o, )]
82 2 2 2 2 2
+ (cLsp) X Ten? 18C2W[_K5(m)"ml~L2’miLz’mZLz’m[LZ)]
g2 1,

2 .2 2 2 =2
=+ (cvp Svy) X [ 2K5(mk,m/\,mk,mk,mvu)

o2 < 12w

+3m3 Js(m3, m%m%, m3.ig,,)]

w 2 2 2 2 -2
+ (CvgSug) X 16 —— X E[—ZKS(mk,mk,mk,mk,mvm)
2 2 2 2 -3
+3mAJ5(mk,mA,mk,mk,va2)]
+ (cLsL) X g : (1_2S )[KS(’” mi o mi .m: o m3 )]
1672~ 324 W By Ty Ul s
—[L2— L3, Ry — R3], (C7
z g? 1 2 2 2 2
Cr = (crsR) x 167‘[2 36 [Ks( mfm’mfzez’mfm’msz)]
—[R2 — Rs3]. (C.8)

We note that because Z boson couples much weakly to right-handed neutrinos so the diagram 5
in Fig. 16 give suppressed contribution to C LZ In contrast, the case of Z’ boson is different, it

weakly couples with W but non-negligible to right-handed neutrinos. So for the C# " we neglect
the first diagram and keep the fifth. This conclusion is held in the case of DZ and D7z
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2(Z') Z2(2')

! !
Fig. 17. Diagrams contributing to DZ(b) (DZ (b)) (two first lines) and Dz(b) (DZ (b)) (the last line). Noting that the

first diagram only contributes to D’ ( ) while the sixth only contributes to D}’ Z'® ).

C.3. Contributions to Dg R

For DL g» We have Df R= Dz(b) + DZ(C) They are presented by diagrams in Figs. 17 and 18.
Formulas for DZ®:

2
Z(b) = (spc ) 6 X Wpmy tany
2 2 2 2 .2 2 2 2
X [2.]5(}’}1)‘, Mpv “’pv :u'p’ miLZ) + JS(m)\v m}p :u'p’ Mp’ miLZ)]
g 1 2 2 02 2 2 2
+ (SLCL)W X oM tan J/Czw[mimls(mp Mp’mllz’mllz’mllz)]
2
2 2 2 2 2 2
+(vacUL)l6 5 E,upmktanymﬁmls(mx,up,mﬁ”,mam,mﬁ”)
g2
- (SuLCvL)W X E(Mpmk tany)
2 2 2 2 2 2
XCW[2J5(m)Lam)um)ﬂl'Lp’ uL2)+J5(mk’mk’“p’“p’ sz)]
g2
— (SppCrp)——= X — m; tan
( VR UR)167T2 4(Mp A V)
2 2 2 2 m2
x caw[2J5(m3, my, m3, p2,m3 )+ Js(my, m3, g, s, m3 )]
'S 1
+ (SULCUL)W X (wpmy tany) X 1

x (=1 4253 [275(m3 1 o g m3, ) + s (mim3, g g m? )]

VL2
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AB AB
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Ra L, BT \eﬁa lp, « M <A, -
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Fig. 18. Diagrams that contribute to DZ(L) (DZ © ).

&
1672
Xs‘z)V[zjs(mi’M%’M%’M%’ vR2)+J5(mA’mA’/’Lp’ /’Lp’

12 1
S w
1672 = 27

2 2 2
X Czwm[Lzls(mB, Wy m

1
+ (SVRCVR) X (/’me)» tanl/) X Z

+ (scer) X Wpmp tany

2 2 2
] I iLZ)
2
g/
SLC
+ sz L)167_[2

X mp tan
54 Mpmp 14

2

x [2J5(m%?’ Hp> “p’ “p’miLz) + 15(’”23”"%3’ /‘3)’ “%’m”

— (L — L3, R, — R3),
12
1672 < 18

x [(_4S%V)mlg1a2 Is (m%’ Mf” mlng’ mlng ’ mlgRZ)

mplptany

+2]5(mZB’M%”u/23’/’L/23’mIng)+]5(m%’m%’u,%’p“/27’mlgkz)]

— (Ry = R3).

Formulas for Df’(;):

Z(c)
Dy

Z(c)
Dy

12
1
=—(srcr) T2 MBHptany X o
x [(1 = 2s3) (skJs(m%, m%,mlg“, mlng, mlng)
+ C%J5(m%, m%, mlng, mlng,mlgRS))
—+—ZS%V(S%Qk(m%,m%,mlg ?Rz,m%m)
+ckJs(my my.m3 m3 m3 )] = (Ly— L3),
g/2 1
= —(SRCR) X ——mputany X —
1672777 72
x [(1=2s) (525 (m. m3, mlng, ml?u, ml%m)

2 2 2 2 2 2
+c7Js(myp, my, ms ,ms ,ms
L 5( B>"B 5 lkz))

2 (2 2 2 2 2 2
+ 25y (s7 J5(mp, myp, ms ,ms ,m5
W( L 5( g MMy M le)

+cgJs(my.mp.m? om?  m )]~ (Ry— Ra).

241
AB
T \\‘Z\LQ lp, « K
po? A
(Z')
m3,)]
)]
(C.9)
(C.10)
(C.11)
(C.12)
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X3 X% (1) X3 X3 (2) X3 8 (3) X5 (4)
vy b v by
YHY XYYt YHY Xt vt Yrix—i v Yy YTy -y+t
ettt ettt e e —
T \\\\I;Ra //// 12 T \\\\I;Ra //// 12 T \\\\17}{” //// 12 T \\\\DRO //// 12
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Fig. 19. Diagrams contributing to Afz ) (first and second rows) and Agz ) (third row). Here we denote H]? ef{ Xg R xéo}
while 2; ; implies i, j = {B, 8} and i # j.

Appendix D. Contributions to Z' — ut

D.1. Contributions to A ILZI/Q

To determine the values of Af R Al LR and A%% I R, we use techniques mentioned in [10].
From formulas of covariant derivatives of neutral nggs in Appendix A.2, it is easy to see that
two terms relating with Z and Z’ bosons appearing in these covariant derivatives are different
from each others one factor (—1). For AIZ, which relates with p° and p’® we have A}f}e =

AIZ @ 4 AZ &)y AZ © and AZ/ (mZ/mZ’)AL(R) + AL(R) This leads to the results:

L(R) =
1Z/(@) _ _ 4Z(a)
AL R AL,R ’
Z'(b) _ Z(b)
AL,R - _AL,R ’
AT =-a7q. (D.1)
D.2. Contributions to Aizl;

Diagrams contributing to A%?I; are quite similar to those shown in Fig. 14. There is a inter-
esting point in the SUSYE331 model that both Higgs x and x’ do not couple to leptons and
sleptons. As a consequence, A(Lz‘i;) give contributions from only the class of diagrams depicted
in Fig. 19 where p°, o’ and Z boson in Fig. 14 are correspondingly replaced with Xg, x? and
Z' boson. We use the equivalence role between p° <> x2° and p'0 < X20 for the calculation (see
Appendix A.2). The results are:

2,2
27’ 8Ky 2 2 2 2 =2
A(L )=(SURCUR)@ X Zm)\,U«xSZﬂJS(m,\,mA,MX,MX,ngz)
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2,2

g°K 1
- (SVRCVR)le X ZS,%[ ( mk’l’Lx’ ‘%RZ)
iy Js (m3 m3 g )]
LA T 2 02 02 2 =2
— (SVRCVR)F x kacﬁ[,uxls(mx,m)\, Wy “X’mﬁm)
—14(m,\,m,\,ux, 12)1«2)]

/2t2K12

1672 2916

+MXJ5(’”B”"B MX,MX, ?Lz)]
g3

+ (spcp)———— C2ﬂ[2J4(mB’mB /L % )

+ (SLCL)

1 -
5625[ 2J4(m§, m%, ui , m%m)

+uyJs (mw mi, s iy )]

/2t2;c12 1
1672 2916

_I4(mB,mB ,uX, ELZ)]
2,2

1
1 2 2 2.2 2 2 ~2
— (chL)—n X §mkczlg[uxls(m,\,m)\,;LX,,LLX,mELZ)

— I4(m,2\, mk, MX, ELZ)]
/2 2 1

—(rel)T— 6 2 X 162¢
2 2 2 ~2
+ iy Js (. m3 . . 7 )]

g/2K2
+(seew)T =

2 )
—(srer) mBCZﬂ[“xIS(mB’mB '“x’/“LX’mZLz)

28] 2Ja(my. m3 iy 7 )

162 Bmxczﬂ[uxls(m%,mk,ux, i,ﬁz% )

2 2
_14(””3,”1)\»/1«)(’ Fi 2)]
— (L2 = L3, Ry — R3), (D.2)
1242, 2 1
—(SRCR)———— T67 2 ﬂ

+,ui Js(mB,mB,ui, ui,nﬁ%m)]

ARH) = cap] 2J4(my. my. .7 )

/2K.2 1
+ (SRCR) 7 X1

— I4(mB,mB MX, ﬁRz)]

—(Ry — R3). (D.3)

chzlg[,uX Is(m%, mB ,ux,,ui,iﬁ%m)

D.3. Contributions to C LZ/ R

Diagrams contributing to C g’ g are those from 2-6 in Fig. 16. Comparing with the case of the
Z boson we easily deduce the formulas as:
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2
z 8 2 2 2 2 2
Cr =—(cy 80,) X Ton2 X ECZW[KS(’"?»’mﬁLz’mﬁLz’mﬁLz’mﬁLz)]
2
8 2 2 2 2 2
— (CLSL) X ]6? X EcZW[_KS(m}"mZLZ’miLZ’ miLZ’miLz)]
2 2
8 4oy — 1 2 .02 2 2 -2
— (CopSvg) X 62 X T[—2K5(mk,mk,mk,mk,mvm)
2 2 2 2 2 ~)
+3mAJ5(mk,mA,mk,m)\,va2)]
/2
2 2 2 2 2 2
+ (crsr) X 16 - 324(1 — ZSW)[KS(mB’mez’mez’miLz’mez)]
2
2 2 2 2
+(CVRSVR) X 167'[2 12 [K5(m)u’mﬁRz’mﬁRz’mﬁkz’mﬁkz)]
— (L2 — L3), (D.4)
cZ =-Ci. (D.5)

D.4. Contributions to Dg/ R

Contribution to Dg/ r can be deduced from diagrams shown for Df g in Figs. 17 and 18. We

z (b)

also write Df r=D; p" + DZ ) From Fig. 17 we can deduce formulas to determine DZ'®).

2

167r2

X [205(m3s g pige o)+ Js (i mi g, ppms )]
g2

Z'(b) _

1
D (SVLCUL) X (I’me)n tan)/) X Z

+ (YULCVL) X o) tany

16 272
2 2 2 2 2

x CzW[m5L215(m)»’ Mﬁ’mﬁLz’mﬁLz’mﬁu)]

2

16 2
X K12[215(mk,mi,mi,,uf,,
2
16 2

XCzW[2J5(mA’“p’/’“%’“f>’ sz)+J5(mk’m>~’“P"U“P’ %Rz)]
2
16 2

2 2 2 2 2 2

X CW[mﬁRZIS (m)\.’ /"(’,O’ mf)Rz’ mf)Rz’ mﬁRz)]
12

- (SLCL)g—2 X
167

+ (SupCug) ——> Z(,U«pl’l’l)L tany)

) + JS(m)u m)a /’Lp’ I‘Lp’ %RZ)]

VR2

1
+ (SvCg) — X (Hpmy tany) x 1

+ (SvgCog) ———5 X ppm tany

1
— X mpg tan
27 “ e v
2 2 2 2 2 2
X 2w [m[LZ I5 (mB’ Hp mil,z7 m[LZ’ miLZ)]
2

g 1
- (SLCL)W X 3o tan y

2 2 2 2 2 2
X caw [mez I5 (m)\, Hp» m[L2’ miLZ’ mez)]
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Fig. 20. Diagrams contributing to B
diagram) are gauginos in which A; and  ; € {A g, A3, Ag}.

12

1
—(SLcL)——= X — X upmptan
(sz L)lén2 54 X Momptany
2 2,2 2 2 2 2 2,2 2
X [ZJS(mBﬂ Mp’ Mpa l’l’p’mZLz) + JS(mB’mBﬂ Mpa Mp’mZLZ)]
2
— (chL)g— X — X womy tany
1672 6
2 .2 2 2 2 2 2 2 2 2
x (205 (m3. g 1 g m? )+ Js(m3 m3 . . m? )]
— (L2 — L3, Ry — R3),
pZ® — _pZ®
Z'(c) _ Z(o)
p; 9 =-p/,
pZ© — _pZ©,
Appendix E. Contribution from BZLI}R tot — 3

Contributions to BILL.LI'QR arise from the diagrams in Fig. 20. The formulas are:
4

1
wL 8 2 2 2 2 2
BL = (SVLCVL) X 167‘[2 X g[_chJ“(mA’mk’mﬁLz’ ﬁLz)

2 2 2 2 2 2 2 2 2 2 2
+SULJ4(m)L,mA,mﬁL3,m§L3) + (CUL —sVL)J4(mA,mA,m9L2,m§L3)]
4
+ (sy,C )g— X —[—c2 J4(m2 m2, m? 2 )
VR“VR l67{2 8 VR A T T DRy o
2 2 2 2 2
+SVRJ4(m)»’m)»’mﬁR3’ml7R3)

2
VR

2 2 2

+ (C - SSR)J4(m)2»’ Mo Mg ey mﬁks)]
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(first and second rows) and BgL R (third row). A; and A ; (i # j in each above

(D.6)
(D.7)
(D.8)
(D.9)
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tspe) x S L

(SLCL X lon 2 X 18

X[ CL(J4(m)»’m%’ lg mlg )+2m%]4(m%,m§,mlgu,mlgm))

s (Ja(m3om.m?  m? )+ 2m3 Ly (m3, m3 mE m? )

+<ci—sL><J4<mwm%,m% i, ) 2m Ll mi )]
2 .72 1

+ (sper) X o2 X 162

X [—C% (J4(m%, m%, m?

le,mlng)+2m13m)»14(m%;,m%,mg ,mg ))

I’ o

—i—s%(la,(m%,m%,mg ,mg )+2mBmAI4(m%,m%,mg ,mg ))

I3 Ip3” i3
+ (7 —s1)(Ja(m%, m3, ml2 ’ngm) +2mpmy Iy(my, m3, m,ngvmlgm))]
g/4 1
+ (ser) % Tom2 ﬁ
><[ cL(J4(mB,m%, mp mlg )+2m%]4(m%,m%,mlg“,mlgu))
+sl%(]4(m%,m%, 2 ) 2mBI4(mB,m%,,mlgL3,mlgL3))

(=) sl %,m,%m,m@)+zm%z4<m%,mz,m,a,m,%m»],

MR 14
BL g

J%)

Z~R2

2

1
2 2 2 2 2 2 2 2 2 2
=—— X —|cu(Jalmp, ms, ms ,ms )+ 2mply(my, my, ms , ms
SLCL 167'[2 648 R( ( B B IR le) B ( B B IR
2 2 2 2 2 2 2 2 2 2
selJa(mep, my, ms ,ms> 2mpla(ms, myp, m= ,ms
+ R( 4( B> 7B s 1L2)+ B 4( B> 7B s le))]
— (L2 — L3),
BP«L 14 1
R 8 2 2 2 2 2 2 2 2
=——Xx—|c J4m ,mp,ms ,ms )+ 2mply(my, my, ms
SRCR 167T2 648 L( ( B B 1753 IRZ) B ( B B Irn
2 2 2 2 2 2 2 2 2 2
si(Jalm%, my, m= ,m= )+ 2mpls(myp, myp, ms ,ms
+ L( 4( BB T le) B 4( BB T le))
— (R = R3),
BZR 8/4 1 2 2 2 2 2 2 2 2 2
= X —| —cp(Ja(me, mes, ms ,mz )+ 2mpls(myp, my, ms ,ms
sgcr  l6m? 18[ R (s, mig, mp 7 ) pla(miy. my. mp
2 2 2 2 2 2 2 2 2 2
sp(Jalmy, mp,ms ,ms )+ 2mply(my, m%, ms ,ms
+sg(Ja(mp, mp,m; . my ) Bla(my, mp, m; m; ))

2 2 2

IR2

+ (c% - sR) (J4(m3, mpg, My ,ml-m) + 2m%14(m%,m%, mlgm, mlgm))] (E4)
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