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An analysis is given of the decay � ! �þ � in minimal supersymmetric standard model extensions

with a vectorlike generation. Here mixing with the mirrors allows the possibility of this decay. The

analysis is done at one loop with the exchange of charginos and neutralinos and of sleptons and mirror

sleptons in the loops. It is shown that a branching ratioBð� ! ��Þ in the range 4:4� 10�8 � 10�9 can be

gotten which would be accessible to improved experiment such as at SuperB factories for this decay. The

effects of CP violation on this decay are also analyzed.
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I. INTRODUCTION

Violation of lepton flavor is an important indicator
of new physics beyond the standard model. In the absence
of a Cabibbo-Kobayashi-Maskawa-type matrix in the lep-
tonic sector, flavor violations can only arise due to new
physics and thus decays such as li ! lj� (i � j) are

important probes of new physics. We focus here on the
decay � ! �þ � on which the BABAR Collaboration [1]
and Belle Collaboration [2] have put new limits on
the branching ratio. Thus the current experimental limit
on the branching ratio of this process from the BABAR
Collaboration [1] based on 470 fb�1 of data and from the
Belle Collaboration [2] using 535 fb�1 of data is

Bð� ! �þ �Þ< 4:4� 10�8 at 90%C:L:ðBABARÞ;
Bð� ! �þ �Þ< 4:5� 10�8 at 90%C:L:ðBelleÞ: (1)

At the SuperB factories [3–5] (for a review see Ref. [6]) the
limit is expected to reach Bð� ! �þ �Þ � 1� 10�9 as
shown in Fig. 1. Thus it is of interest to see if theoretical
estimates for this branching ratio lie close to the current
experimental limits to be detectable in improved experiment.

Here we explore this process in the presence of a new
vectorlike generation in an extension of the minimal super-
symmetric standard model (MSSM). Vectorlike multiplets
arise quite naturally in a variety of grand unified models [7]
and some of them can escape supermassive mass growth
and can remain light down to the electroweak scale.
Recently an analysis was given of the electric dipole
moment (EDM) of the tau in the framework of an extension
of the minimal supersymmetric standard model with a
vectorlike multiplet [8]. Specifically mixing of the standard
model leptons with the mirror leptons and mixing of the
sleptons with mirror sleptons were considered and it was
found that such contributions could put the tau EDM in the

detectable range. Here we extend this analysis to investigate
the contributions from a vectorlike lepton multiplet to the
flavor changing process � ! �þ �. This decay is forbid-
den at the tree level due to vector current conservation and
can only arise at the loop level. The current work is a logical
extension of the previous works where mixings with a
vectorlike multiplet and with mirrors were considered
[8–12]. Implications of additional vector multiplets in other
contexts have been explored by many previous authors (see,
e.g., Refs. [13–16]). Several studies already exist on the
analysis of � ! �� decay [17–24]. However, none of them
explore the class of models discussed here.

II. EXTENSION OF MSSM WITH
AVECTOR MULTIPLET

We begin with a brief discussion on extension of MSSM
where we include vectorlike lepton multiplets since such a

FIG. 1 (color online). A display of the upper limits on the
branching ratioBð�� ! ���Þ (and for �� ! ���, ���þ��)
from the previous experiments and for the anticipated experi-
ments as a function of the integrated luminosity. This figure is
taken from Ref. [4].
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combination is anomaly free. First under SUð3ÞC �
SUð2ÞL �Uð1ÞY the leptons of the three generations trans-
form as follows:

c iL � �iL

liL

 !
�
�
1; 2;� 1

2

�
; lciL � ð1; 1; 1Þ;

�c
iL � ð1; 1; 0Þ; i ¼ 1; 2; 3; (2)

where the last entry on the right-hand side of each� is the
value of the hypercharge Y defined so that Q ¼ T3 þ Y.
These leptons have V � A interactions. We can now add a
vectorlike multiplet where we have a fourth family of
leptons with V � A interactions whose transformations
can be gotten from Eq. (2) by letting i run from 1 to 4.
A vectorlike lepton multiplet also has mirrors and so we
consider these mirror leptons which have V þ A interac-
tions. Their quantum numbers are as follows:

�c � Ec
L

Nc
L

 !
�
�
1; 2;

1

2

�
; EL � ð1; 1;�1Þ;

NL � ð1; 1; 0Þ: (3)

The vectorlike extension also has a quark sector which in
addition to the usual sequential generation of quarks

qiL � tiL

biL

 !
�
�
3; 2;

1

6

�
; bciL �

�
3�; 1;

1

3

�
;

tciL �
�
3�; 1;� 2

3

�
; i ¼ 1; 2; 3 (4)

also has a corresponding mirror generation

Qc � Bc
L

Tc
L

 !
�
�
3�; 2;� 1

6

�
; BL �

�
3�; 1;� 1

3

�
;

TL �
�
3; 1;

2

3

�
: (5)

The MSSM Higgs doublets as usual have the quantum
numbers

H1 �
H1

1

H2
1

 !
�
�
1; 2;� 1

2

�
; H2 �

H1
2

H2
2

 !
�
�
1; 2;

1

2

�
:

(6)

As mentioned already we assume that the vector
multiplet escapes acquiring mass at the grand unified
theory scale and remains light down to the electroweak
scale. As in the analysis of Ref. [8] interesting new physics
arises when we consider the mixing of the first three
generations of leptons with the mirrors of the vectorlike
multiplet. Actually we will limit ourselves to the second
and third generations since only these are relevant for the
computation of the decay � ! ��. Thus the superpotential
of the model may be written in the form

W ¼ ���ijĤ
i
1Ĥ

j
2 þ �ij½f1Ĥi

1 ĉ
j
L�̂

c
L þ f01Ĥ

j
2 ĉ

i
L�̂

c
�L

þ f2Ĥ
i
1�̂

cjN̂L þ f02H
j
2�̂

ciÊL þ h1H
i
1 ĉ

j
�L�̂

c
L

þ h01H
j
2 ĉ

i
�L�̂

c
�L� þ f3�ij�̂

ci ĉ j
L þ f03�ij�̂

ci ĉ j
�L

þ f04�̂
c
LÊL þ f05�̂

c
�LN̂L; (7)

where ĉ L stands for ĉ 3L and ĉ �L stands for ĉ 2L.

Here we assume a mixing between the mirror generation
and the third lepton generation through the couplings f3, f4
and f5. We also assume mixing between the mirror
generation and the second lepton generation through the
couplings f03, f

0
4 and f05. ‘‘The above six mass terms are

responsible for generating lepton flavor changing process
� ! ��.’’
If we assume a mixing between the mirror generation

and the first lepton generation through an additional set of
parameters f003 , f

00
4 and f005 , one can have the corresponding

process of � ! e�. However, since the mixings with the
first generation are independent of the mixings with the
second and the third generation, the � ! e� decay is not
correlated with the � ! �� decay. For this reason we limit
our analysis to the � ! �� decay. We will focus here on
the supersymmetric sector. Then through the terms f3, f4,
f5, f

0
3, f

0
4, f

0
5 one can have a mixing between the third

generation and the second generation leptons which allows
the decay of � ! �� through loop corrections that include
charginos, neutralinos and scalar lepton exchanges with the
photon being emitted by the chargino (see the left diagram
of Fig. 2) or by a charged slepton (see the right diagram of
Fig. 2). The mass terms for the leptons and mirrors arise
from the term

L ¼ � 1

2

@2W

@Ai@Aj

c ic j þ H:c:; (8)

where c and A stand for generic two-component fermion
and scalar fields, respectively. After spontaneous breaking

of the electroweak symmetry (hH1
1i ¼ v1=

ffiffiffi
2

p
and hH2

2i ¼
v2=

ffiffiffi
2

p
), we have the following set of mass terms written in

the 4-component spinor notation:

FIG. 2. The diagrams that allow decay of the � into �þ � via
supersymmetric loops involving the chargino and the sneutrino
(left) and the neutralino and the stau (right) with emission of the
photon from the charged particle inside the loop.
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�Lm ¼ ð ��R �ER ��R Þ

�
f1v1=

ffiffiffi
2

p
f4 0

f3 f02v2=
ffiffiffi
2

p
f03

0 f04 h1v1=
ffiffiffi
2

p

0
BB@

1
CCA

�L

EL

�L

0
BB@

1
CCA

þ ð ���R
�NR ���R Þ

�
f01v2=

ffiffiffi
2

p
f5 0

�f3 f2v1=
ffiffiffi
2

p �f03
0 f05 h01v2=

ffiffiffi
2

p

0
BBB@

1
CCCA

��L

NL

��L

0
BB@

1
CCA

þ H:c: (9)

Here the mass matrices are not Hermitian and one needs
to use biunitary transformations to diagonalize them. Thus
we write the linear transformations

�R

ER

�R

0
BB@

1
CCA ¼ D�

R

�1R
�2R
�3R

0
BB@

1
CCA;

�L

EL

�L

0
BB@

1
CCA ¼ D�

L

�1L
�2L
�3L

0
BB@

1
CCA; (10)

such that

D�y
R

f1v1=
ffiffiffi
2

p
f4 0

f3 f02v2=
ffiffiffi
2

p
f03

0 f04 h1v1=
ffiffiffi
2

p

0
BB@

1
CCAD�

L

¼ diagðm�1 ; m�2 ; m�3Þ: (11)

The same holds for the neutrino mass matrix

D�y
R

f01v2=
ffiffiffi
2

p
f5 0

�f3 f2v1=
ffiffiffi
2

p �f03
0 f05 h01v2=

ffiffiffi
2

p

0
BBB@

1
CCCAD�

L

¼ diagðm�1
; m�2

; m�2
Þ: (12)

In Eq. (11) �1, �2, �3 are the mass eigenstates and we
identify the tau lepton with the eigenstate 1, i.e., � ¼ �1,
and we identify �2 with a heavy mirror eigenstate with a
mass in the hundreds of GeV and �3 is identified as the
muon. Similarly �1, �2, �3 are the mass eigenstates for the
neutrinos, where we identify �1 as the light tau neutrino,
�2 as the heavier mass eigenstate and �3 as the muon
neutrino. The scalar mass2 matrices of the model are
calculated in the Appendix, where we show that they are
6� 6 Hermitian matrices. If we assume a mixing between
the mirror generation and the three lepton generations, the
lepton mass matrices would be 4� 4 and the scalar lepton
mass2 matrices would be 8� 8 Hermitian matrices.

III. INTERACTIONS OF CHARGINOS
AND NEUTRALINOS

The chargino exchange contribution to the decay of the
tau into a muon and a photon arises through the left loop

diagram of Fig. 2. The relevant part of Lagrangian that
generates this contribution is given by

�L��~���þ ¼ X3
�¼1

X2
i¼1

X6
j¼1

���½CL
�ijPLþCR

�ijPR�~�c
i ~�jþH:c:;

(13)

where

CL
�ij¼g

h
���U

�
i2D

��
R1�

~D�
1j���U

�
i2D

��
R3�

~D�
5jþU�

i1D
��
R2�

~D�
4j

��NU
�
i2D

��
R2�

~D�
2j

i
;

CR
�ij¼g

h
����Vi2D

��
L1�

~D�
3j����

Vi2D
��
L3�

~D�
6jþVi1D

��
L1�

~D�
1j

þVi1D
��
L3�

~D�
5j��EVi2D

��
L2�

~D�
4j

i
; (14)

where ~D� is the diagonalizing matrix of the scalar 6� 6
mass2 matrix for the scalar neutrino as defined in the
Appendix. �N , ��, etc., that enter in the equation above
are defined by

ð�N; ��; ��Þ ¼
ðmN;m�;m�Þffiffiffi
2

p
MW cos	

;

ð�E; ��Þ ¼ ðmE;m�Þffiffiffi
2

p
MW sin	

:
(15)

In Eq. (14) U and V are the matrices that diagonalize the
chargino mass matrix MC so that

U�MCV
�1 ¼ diagðmþ

~�1
; mþ

~�2
Þ: (16)

The neutralino exchange contribution to the tau decay
arises through the right loop diagram of Fig. 2. The relevant
part of Lagrangian that generates this contribution is
given by

�L��~���0 ¼ X3
�¼1

X4
i¼1

X6
j¼1

���½C0L
�ijPLþC0R

�ijPR�~�0
i~�jþH:c:;

(17)

where as stated earlier � ¼ �1 and � ¼ �3. In Eq. (17)
C0
L and C0

R are defined by, respectively,

C0L
�ij ¼

ffiffiffi
2

p h
��iD

��
R1�

~D�
1j � 
EiD

��
R2�

~D�
2j � ��iD

��
R1�

~D�
3j

þ 	EiD
��
R2�

~D�
4j þ ��iD

��
R3�

~D�
5j � ��iD

��
R3�

~D�
6j

i
;

C0R
�ij ¼

ffiffiffi
2

p h
	�iD

��
L1�

~D�
1j � �EiD

��
L2�

~D�
2j � 
�iD

��
L1�

~D�
3j

þ �EiD
��
L2�

~D�
4j þ 	�iD

��
L3�

~D�
5j � 
�iD

��
L3�

~D�
6j

i
;

(18)

where ~D� is the diagonalizing matrix of the 6� 6 slepton
mass2 matrix.
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�Ej
¼ gmEX

�
4j

2mW sin	
;

	Ej
¼ eX0

1j þ
g

cos�W
X0
2j

�
1

2
� sin2�W

�
;

�Ej
¼ eX0�

1j �
gsin2�W
cos�W

X�0
2j; 
Ej

¼ � gmEX4j

2mW sin	
;

(19)

and

��j ¼
gm�X3j

2mW cos	
; ��j ¼

gm�X3j

2mW cos	
;

	�j ¼ 	�j ¼ �eX0�
1j þ

g

cos�W
X0�
2j

�
� 1

2
þ sin2�W

�
;

��j ¼ ��j ¼ �eX0
1j þ

gsin2�W
cos�W

X0
2j;


�j ¼ � gm�X
�
3j

2mW cos	
; 
�j ¼ � gm�X

�
3j

2mW cos	
;

(20)

where

X0
1j ¼ ðX1j cos�W þ X2j sin�WÞ;

X0
2j ¼ ð�X1j sin�W þ X2j cos�WÞ;

(21)

and where the matrix X diagonalizes the neutralino mass
matrix so that

XTM~�0X ¼ diagðm�0
1
; m�0

2
; m�0

3
; m�0

4
Þ: (22)

IV. THE ANALYSIS OF � ! � þ �
BRANCHING RATIO

The decay � ! �þ � is induced by one-loop electric
and magnetic transition dipole moments, which arise from
the diagrams of Fig. 2. In the dipole moment loop, the
incoming muon is replaced by a tau lepton. For an incom-
ing tau of momentum p and a resulting muon of momen-
tum p0, we define the amplitude

h�ðp0ÞjJ�j�ðpÞi ¼ �u�ðp0Þ��u�ðpÞ; (23)

where

��ðqÞ ¼
F��
2 ðqÞi��	q

	

m� þm�

þ F��
3 ðqÞ��	�5q

	

m� þm�

þ � � � (24)

with q ¼ p� p0 and where mf denotes the mass of the

fermion f. The branching ratio of � ! �þ � is given by

Bð� ! �þ �Þ ¼ 24
2

5G2
Fm

2
�ðm� þm�Þ2

� fjF��
2 ð0Þj2 þ jF��

3 ð0Þj2g; (25)

where the form factorsF��
2 andF��

3 arise from the chargino

and the neutralino contributions, respectively, as follows:

F
��
2 ð0Þ¼F

��

2�þ þF
��

2�0 ; F
��
3 ð0Þ¼F

��

3�þ þF
��

3�0 : (26)

The chargino contribution F
��

2�þ is given by

F��

2�þ ¼ X2
i¼1

X6
j¼1

2
4m�ðm� þm�Þ

64
2m2
~�i

þ
fCL

3ijC
L�
1ij þ CR

3ijC
R�
1ijg

� F1

0
@M2

~�j

m2
~�i

þ

1
Aþ ðm� þm�Þ

64
2m~�i
þ
fCL

3ijC
R�
1ij þ CR

3ijC
L�
1ijg

� F2

0
@M2

~�j

m2
~�i

þ

1
A
3
5; (27)

where

F1ðxÞ ¼ 1

3ðx� 1Þ4 f�2x3 � 3x2 þ 6x� 1þ 6x2 lnxg
(28)

and

F2ðxÞ ¼ 1

ðx� 1Þ3 f3x
2 � 4xþ 1� 2x2 lnxg: (29)

The neutralino contribution F
��

2�0 is given by

F
��

2�0 ¼
X4
i¼1

X6
j¼1

2
4�m�ðm� þm�Þ

192
2m2
~�i

0

fC0L
3ijC

0L�
1ij þ C0R

3ijC
0R�
1ij g

� F3

0
@M2

~�j

m2
~�i

0

1
A� ðm� þm�Þ

64
2m~�i
0

fC0L
3ijC

0R�
1ij þ C0R

3ijC
0L�
1ij g

� F4

0
@M2

~�j

m2
~�i

0

1
A
3
5; (30)

where

F3ðxÞ ¼ 1

ðx� 1Þ4 f�x3 þ 6x2 � 3x� 2� 6x lnxg (31)

and

F4ðxÞ ¼ 1

ðx� 1Þ3 f�x2 þ 1þ 2x lnxg: (32)

The chargino contribution F��

3�þ is given by

F��

3�þ ¼ X2
i¼1

X6
j¼1

ðm� þm�Þm~�i
þ

32
2M2
~�j

fCL
3ijC

R�
1ij � CR

3ijC
L�
1ijg

� F5

0
@m2

~�i
þ

M2
~�j

1
A; (33)

where

F5ðxÞ ¼ 1

2ðx� 1Þ2
�
�xþ 3þ 2 lnx

1� x

�
: (34)

TAREK IBRAHIM AND PRAN NATH PHYSICAL REVIEW D 87, 015030 (2013)

015030-4



The neutralino contribution F
��

3�0 is given by

F��

3�0 ¼
X4
i¼1

X6
j¼1

ðm� þm�Þm~�i
0

32
2M2
~�j

fC0L
3ijC

0R�
1ij � C0R

3ijC
0L�
1ij g

� F6

0
@m2

~�i
0

M2
~�j

1
A; (35)

where

F6ðxÞ ¼ 1

2ðx� 1Þ2
�
xþ 1þ 2x lnx

1� x

�
: (36)

If we consider a mixing of the mirror generation with the
three lepton generations, the phenomenologically parallel
quantityBð� ! eþ �Þwould be possible. The correspond-
ing expression can be obtained from Eq. (25) by replacing
every � by e and every � by �. However, the denominator
does not have the number 5 in it in this case. The reason for
this is that in the case of � decay we have three extra possible
channels into �þ �� þ ���, sþ �� þ �u and dþ �� þ �u

besides the process eþ �� þ ��e that is similar to the one
that occurs in the case of� decay eþ �� þ ��e. We note that

since the mixings of the mirror with the first generation are
independent of the mixings of the mirror with the second and
the third generations, the branching ratio of � ! e� is not
directly correlated to the branching ratio � ! ��. For this
reason we focus on the decay � ! �� without trying to
correlate it with the decay � ! e�.

V. ESTIMATE OF SIZE OF Bð� ! ��Þ
In this section we give a numerical analysis of

Bð� ! ��Þ for the model where we include a leptonic
vector multiplet. As discussed in the previous sections the
flavor changing processes arise from the mixings between
the standard model leptons and the mirrors in the vector
multiplet. Themixingmatrices between leptons andmirrors
are diagonalized using biunitary transformations with
matrices D�

R and D�
L. The input parameters for this sector

of the parameter space are m�, mE, m�, f3, f4, f
0
3, f

0
4,

where f3, f4, f
0
3 and f04 are complex masses with CP

violating phases �3, �4, �
0
3, �

0
4. For the slepton mass2

matrices we need the extra input parameters of the super-
symmetry breaking sector, ~M�L, ~ME, ~M�, ~M�, ~M�L

, ~M�,

A�, AE, A�, AN , �, tan	. For the sneutrino mass2 matrices

we have more input parameters, ~MN, ~M��
, ~M�� , A��

, AN ,

A�e , mN , f5, f
0
5. The chargino and neutralino sectors need

the extra two parameters ~m1, ~m2. In the analysis we will
include phases since dipole moments are sensitive to phases
(for a review see Ref. [25]). Here for simplicity we assume
that the only parameters that are complex in the above
matrix elements are AE, AN , A�, A�, A�, f5 and f05 which
have the phases�E,�N ,��,��,��, �5 and�

0
5. To simplify

the analysis we set �� ¼ �� ¼ �� ¼ 0. Thus the CP

violating phases that would play a role in this analysis are

�3; �4; �5; �
0
3; �

0
4; �

0
5; �E; �N: (37)

With the above in mind, the electric dipole moments of the
electron, the neutron and the Hg atom vanish and we do not
need to worry about them satisfying their upper limit con-
straints. To reduce the number of input parameters we
assume equality of the scalar masses and of the trilinear
couplings so that ~Ma ¼ m0, a ¼ �L, E, �, �, �, �, �L, N
and jAij ¼ jA0j, i ¼ E, N, �, �, �.
Figure 3 gives an analysis ofBð� ! ��Þ as a function of

m0 for values of tan	 ¼ 5, 10, 15, 20 with other inputs as
given in the caption of Fig. 3. The branching ratio depends on
the chargino and neutralino exchange contributions to
F
��
2 ð0Þ and F

��
3 ð0Þ defined in Eq. (26) which depend on

m0 through the slepton masses that enter the loops. Figure 3
exhibits a sharp dependence on tan	 which enters F��

2 ð0Þ
and F

��
3 ð0Þ also via the slepton masses as well as through the

chargino and neutralinomass matrices. Further, the couplings
CL;R andC0L;R are also affected by variations inm0 and tan	.
The analysis of Fig. 3 shows that there is a significant part
of the parameter space where Bð� ! ��Þ lies in the range
Oð10�8Þ consistent with the upper limit of Eq. (1). Figure 4
gives an analysis ofBð� ! ��Þ as a function of jf3j, where
f3 is an off diagonal term in the mass matrix of Eq. (9), for
tan	 values as in Fig. 3 and the other inputs are as given in
the caption of Fig. 4. As in Fig. 3 one finds a sharp depen-
dence on tan	. This dependence of jf3j arises since it enters
in the matrix elements diagonalizing matrices D�

L;R and this

way it affects both chargino and neutralino exchange con-
tributions. The entire parameter space exhibited in this figure
is consistent with the upper limits of Eq. (1).
We discuss now the effect of CP phases onBð� ! ��Þ.

As mentioned above the phases of Eq. (37) have no effect
on the EDMs of the electron, on the EDM of the neutron or
on EDM of the Hg atom and these phases only affect

FIG. 3 (color online). An exhibition of the dependence of
Bð� ! ��Þ on m0 when mN ¼ 120, mE ¼ 150, jf3j ¼ jf03j ¼
90, jf4j ¼ jf04j ¼ 100, jf5j ¼ jf05j ¼ 80, jA0j ¼ 150, ~m1 ¼ 50,
~m2 ¼ 100, � ¼ 150, �3 ¼ �0

3 ¼ 0:6, �4 ¼ �0
4 ¼ 0:4, �5 ¼

�0
5 ¼ 0:6, �E ¼ 0:5, �N ¼ 0:8, and tan	 ¼ 5, 10, 15, 20 (in

ascending order at m0 ¼ 300). Here and in Figs. 4–7 masses are
in GeV and angles are in rad.
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phenomena related to the second and the third generation
leptons. Figure 5 gives a display of Bð� ! ��Þ as a
function of �3 for values of m0 ¼ 900, 800, 700, 600,
500 GeV (in ascending order) when tan	 ¼ 10 and the
other inputs are as shown in the caption of Fig. 5. Here one
finds that Bð� ! ��Þ has a significant dependence on �3.
Thus, for instance, for the case m0 ¼ 500 GeV (top curve)
one finds that Bð� ! ��Þ can vary in the range
(1� 10�8–4� 10�8) as �3 varies in the range ð0; 
Þ.
Again Bð� ! ��Þ displayed in this analysis is consistent
with the upper limit of Eq. (1) over the entire range of
parameters exhibited.

Another analysis on the dependence of Bð� ! ��Þ
on CP phases is exhibited in Fig. 6 where a plot of Bð� !
��Þ as a function of �4 is given for the case when jf3j ¼
ð300; 250; 200; 150Þ GeV (in ascending order), tan	 ¼ 15
and other inputs are as given in the caption of Fig. 6. Again
a very significant variation in Bð� ! ��Þ is seen as �4

varies in the range ð0; 
Þ. Specifically one finds that for the
case jf3j ¼ 150, Bð� ! ��Þ varies in the range (8�
10�9–3� 10�8). Further, over the entire parameter space
analyzed in Fig. 6Bð� ! ��Þ is consistent with the upper
limit of Eq. (1). Finally, in Fig. 7 we exhibit the depen-
dence of Bð� ! ��Þ on tan	 when �3 ¼ 1:2, 0.8, 0.5, 0.1
(in ascending order) with other parameters as defined in the
caption of Fig. 7. A sharp dependence of Bð� ! ��Þ on
tan	 can be seen. Specifically one finds that for the case
�3 ¼ 0:1 (the top curve) Bð� ! ��Þ varies in the range
(1� 10�10–3� 10�8) which is more than an order of
magnitude variation as tan	 varies in the range (5–30).
In summary in the analyses presented in Figs. 3–7, one

finds that Bð� ! ��Þ can be quite large often lying just
below the current experimental limits which implies that
this part of the parameter space will be accessible to future
experiments, specifically SuperB factories which can
probe Bð� ! ��Þ as low as 10�9. We note that the flavor
changing interactions of Eq. (7) also contribute to the
muon anomalous magnetic moment g� � 2 which is very

precisely determined experimentally. This can come about
by the exchange of a tau and a photon in the loop but since
each vertex is one-loop order, the contribution is three-loop
order which would be tiny compared to other standard
model electroweak contributions. One should also consider
the constraints arising from the S and T parameters.
However, the S and T constraints are not very stringent

FIG. 5 (color online). An exhibition of the dependence of
Bð� ! ��Þ on �3 when tan	 ¼ 10, mN ¼ 170, mE ¼ 200,
jf3j ¼ jf03j ¼ 250, jf4j ¼ jf04j ¼ 400, jf5j ¼ jf05j ¼ 90, jA0j ¼
130, ~m1 ¼ 90, ~m2 ¼ 80, � ¼ 120, �0

3 ¼ 0:8, �4 ¼ �0
4 ¼ 0:9,

�5 ¼ �0
5 ¼ 1:6, �E ¼ 1:0, �N ¼ 0:9, and m0 ¼ 900, 800, 700,

600, 500 (in ascending order at �3 ¼ 0:0).

FIG. 4 (color online). An exhibition of the dependence of
Bð� ! ��Þ on jf3j when m0 ¼ 900, mN ¼ 150, mE ¼ 180,
jf03j ¼ 100, jf4j ¼ jf04j ¼ 100, jf5j ¼ jf05j ¼ 70, jA0j ¼ 100,
~m1 ¼ 50, ~m2 ¼ 100, � ¼ 150, �3 ¼ �0

3 ¼ 0:6, �4 ¼ �0
4 ¼

0:4, �5 ¼ �0
5 ¼ 0:6, �E ¼ 0:5, �N ¼ 0:8, and tan	 ¼ 5, 10,

15, 20 (in ascending order at jf3j ¼ 100).

FIG. 6 (color online). An exhibition of the dependence of
Bð� ! ��Þ on �4 when m0 ¼ 800, tan	 ¼ 15, mN ¼ 160,
mE ¼ 220, jf03j ¼ 150, jf4j ¼ jf04j ¼ 200, jf5j ¼ jf05j ¼ 100,
jA0j ¼ 160, ~m1 ¼ 100, ~m2 ¼ 90, � ¼ 150, �3 ¼ �0

3 ¼ 0:6,
�0
4 ¼ 0:8, �5 ¼ �0

5 ¼ 1:0, �E ¼ 0:4, �N ¼ 0:8, and jf3j ¼
300, 250, 200, 150 (in ascending order at �4 ¼ 0:0).
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for a vectorlike multiplet; see, e.g., Ref. [26]. The choice of
parameters in our analysis is consistent with this work.

VI. CONCLUSION

Lepton flavor changing processes provide an important
window to new physics beyond the standard model. In this
work we have analyzed the decay � ! �þ � in extensions
of the MSSM with vectorlike leptonic multiplets which are
anomaly free. Specifically we consider mixings between the
standard model generations of leptons with the mirror lep-
tons in the vector multiplet. ‘‘It is because of these mixings
which are parametrized by f3, f4, f5 and f03, f

0
4, f

0
5 as

defined in Eq. (7) that lepton flavor violations appear.’’ We
focus on the supersymmetric sector and compute contribu-
tions to this process arising from diagrams with exchange of
charginos and sneutrinos in the loop and with the exchange
of neutralinos and staus in the loop. These loops do not
preserve lepton flavor. A full analytic analysis of these loops
was given which constitutes the main result of this work. A
numerical analysis was also carried out and it is found that
there exists a significant part of the parameter space where
one can have the branching ratio for this process in the range

4:4� 10�8 � 10�9, where 4:4� 10�8 at 90% C.L. is the
upper limit from BABAR [see Eq. (1)] and the lower limit is
the sensitivity that the SuperB factories will achieve. Thus it
is very likely that improved experiment with a better sensi-
tivity may be able to probe this class of models.
Finally we wish to remark on the implications of the

recent LHC data specifically as it relates to the Higgs
boson discovery for the present analysis. Here we note
that the precise determination of the Higgs mass achieved
in recent LHC data has no direct implication on the analy-
sis. However, the new vectorlike multiplet could have an
effect on the loop corrections to the Higgs decay branching
ratios such as h ! � ��, WþW�, etc. Computation of such
corrections is outside the scope of this work. The current
work also has implications for collider phenomenology.
Some of the collider phenomenology for this class of
models specifically as relates to the mirrors was discussed
in Ref. [11] (see also Ref. [27]). The signatures for a
vectorlike lepton multiplet would arise from a Drell-Yan
process such as in pp ! Z� þ X with Z� ! Ec þ �Ec with
Ec þ �Ec decaying into � ��. Thus one should see an excess
of � �� events. However, the detection efficiency of taus is
poorer than the detection efficiency for the muons and for
this reason the detection of the vectorlike leptons and
vectorlike sleptons will be more difficult than the detection
of, for example, smuons produced by the Drell-Yan pro-
cess. A more detailed discussion of this issue requires a
separate analysis and is outside the scope of this work.
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APPENDIX

In this Appendix, we consider the mixings of the charged
sleptons and the charged mirror sleptons. The mass2 matrix
of the slepton-mirror slepton comes from three sources, the
F term, the D term of the potential and soft supersymmetry
breaking terms. Using the superpotential of Eq. (7) the mass
terms arising from it after the breaking of the electroweak
symmetry are given by LF and LD:

�LF¼ðm2
Eþjf3j2þjf03j2Þ ~ER

~E�
Rþðm2

Nþjf3j2þjf03j2Þ ~NR
~N�
Rþðm2

Eþjf4j2þjf04j2Þ ~EL
~E�
L

þðm2
Nþjf5j2þjf05j2Þ ~NL

~N�
Lþðm2

�þjf4j2Þ~�R~��Rþðm2
��
þjf5j2Þ~��R~�

�
�Rþðm2

�þjf3j2Þ~�L~��L
þðm2

�þjf04j2Þ ~�R ~�
�
Rþðm2

�þjf03j2Þ ~�L ~�
�
Lþðm2

��
þjf3j2Þ~��L~�

�
�Lþðm2

��
þjf03j2Þ~��L~�

�
�L

þðm2
��
þjf05j2Þ~��R~�

�
�Rþf�m��

� tan	~�L~�
�
R�mN�

� tan	 ~NL
~N�
R�m��

��cot	~��L~�
�
�R�m��

� tan	 ~�L ~�
�
R

�m��
��cot	~��L~�

�
�R�mE�

�cot	 ~EL
~E�
RþðmEf

�
3þm�f4Þ ~EL~�

�
LþðmEf4þm�f

�
3Þ ~ER~�

�
RþðmEf

0�
3 þm�f

0
4Þ ~EL ~�

�
L

þðmEf
0
4þm�f

0�
3 Þ ~ER ~�

�
Rþðm��

f5�mNf
�
3Þ ~NL~�

�
�LþðmNf5�m��

f�3Þ ~NR~�
�
�Rþðm��

f05�mNf
�
3Þ ~NL~�

�
�L

þðmNf
0
5�m��

f0�3 Þ ~NR~�
�
�Rþf03f

�
3 ~�L~�

�
Lþf4f

0�
4 ~�R~�

�
Rþf03f

�
3 ~��L~���L þf5f

0�
5 ~��R~�

�
�RþH:c:g: (A1)

FIG. 7 (color online). An exhibition of the dependence of
Bð� ! ��Þ on tan	 when m0 ¼ 700, mN ¼ 200, mE ¼ 300,
jf3j ¼ jf03j ¼ 180, jf4j ¼ jf04j ¼ 100, jf5j ¼ jf05j ¼ 150,
jA0j ¼ 360, ~m1 ¼ 120, ~m2 ¼ 80, � ¼ 140, �3 ¼ �0

3 ¼ 0:7,
�4 ¼ �0

4 ¼ 0:9, �5 ¼ �0
5 ¼ 0:6, �E ¼ 0:9, �N ¼ 0:4, and �3 ¼

1:2, 0.8, 0.5, 0.1 (in ascending order at tan	 ¼ 30).
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Similarly themass terms arising from theD term are given by

�LD ¼ 1

2
m2

Zcos
2�W cos2	f~��L~�

�
�L � ~�L~�

�
L þ ~��L~�

�
�L

� ~�L ~�
�
L þ ~ER

~E�
R � ~NR

~N�
Rg

þ 1

2
m2

Zsin
2�W cos2	f~��L~�

�
�L þ ~�L~�

�
L þ ~��L~�

�
�L

þ ~�L ~�
�
L � ~ER

~E�
R � ~NR

~N�
R þ 2 ~EL

~E�
L � 2~�R~�

�
R

� 2 ~�R ~�
�
Rg: (A2)

In addition we have the following set of soft breaking
terms:

Vsoft ¼ ~M2
�L

~c i�
�L

~c i
�L þ ~M2

� ~�
ci� ~�ci þ ~M2

�L
~c i�
�L

~c i
�L

þ ~M2
��
~�c�
�L~�

c
�L þ ~M2

��
~�c�
�L~�

c
�L þ ~M2

�~�
c�
L ~�cL

þ ~M2
� ~�c�

L ~�c
L þ ~M2

E
~E�
L
~EL þ ~M2

N
~N�
L
~NL

þ �ijff1A�H
i
1
~c j
�L~�

c
L � f01A��

Hi
2
~c j
�L~�

c
�L

þ h1A�H
i
1
~c j
�L ~�

c
L � h01A��

Hi
2
~c j
�L~�

c
�L

þ f2ANH
i
1 ~�

cj ~NL � f02AEH
i
2 ~�

cj ~EL þ H:c:g: (A3)

From LF;D and by giving the neutral Higgs their vacuum

expectation values in Vsoft we can produce the the mass2

matrix M2
~� in the basis ð~�L; ~EL; ~�R; ~ER; ~�L; ~�RÞ.

We label the matrix elements of these as ðM2
~�Þij ¼ M2

ij,

where

M2
11 ¼ ~M2

�Lþm2
�þjf3j2�m2

Z cos2	

�
1

2
� sin2�W

�
;

M2
22 ¼ ~M2

Eþm2
Eþjf4j2þjf04j2þm2

Z cos2	sin
2�W;

M2
33 ¼ ~M2

�þm2
�þjf4j2�m2

Z cos2	sin
2�W;

M2
44 ¼ ~M2

�þm2
Eþjf3j2þjf03j2þm2

Z cos2	

�
1

2
� sin2�W

�
;

M2
55 ¼ ~M2

�Lþm2
�þjf03j2�m2

Z cos2	

�
1

2
� sin2�W

�
;

M2
66 ¼ ~M2

�þm2
�þjf04j2�m2

Z cos2	sin
2�W;

M2
12 ¼M2�

21 ¼mEf
�
3 þm�f4;

M2
13 ¼M2�

31 ¼m�ðA�
��� tan	Þ; M2

14 ¼M2�
41 ¼ 0;

M2
15 ¼M2�

51 ¼ f03f
�
3; M2�

16 ¼M2�
61 ¼ 0;

M2
23 ¼M2�

32 ¼ 0; M2
24 ¼M2�

42 ¼mEðA�
E��cot	Þ;

M2
25 ¼M2�

52 ¼mEf
0
3þm�f

0�
4 ; M2

26 ¼M2�
62 ¼ 0;

M2
34 ¼M2�

43 ¼mEf4þm�f
�
3; M2

35 ¼M2�
53 ¼ 0;

M2
36 ¼M2�

63 ¼ f4f
0�
4 ; M2

45 ¼M2�
54 ¼ 0;

M2
46 ¼M2�

64 ¼mEf
0�
4 þm�f

0
3;

M2
56 ¼M2�

65 ¼m�ðA�
��� tan	Þ: (A4)

Here the terms M2
11, M

2
13, M

2
31, M

2
33 arise from soft break-

ing in the sector ~�L, ~�R, the termsM2
55,M

2
56,M

2
65,M

2
66 arise

from soft breaking in the sector ~�L, ~�R, and the termsM2
22,

M2
24, M2

42, M2
44 arise from soft breaking in the sector

~EL, ~ER. The other terms arise from mixing between the
staus, smuons and the mirrors. We assume that all the
masses are of the electroweak size so all the terms enter
in the mass2 matrix. We diagonalize this Hermitian mass2

matrix by the unitary transformation ~D�yM2
~�
~D� ¼

diagðM2
~�1
;M2

~�2
;M2

~�3
;M2

~�4
;M2

~�5
;M2

~�6
Þ. There is a similar

mass2 matrix in the sneutrino sector. In the basis
ð~��L; ~NL; ~��R; ~NR; ~��L; ~��RÞ we can write the sneutrino

mass2 matrix in the form ðM2
~�Þij ¼ m2

ij, where

m2
11 ¼ ~M2

�L þm2
��
þ jf3j2 þ 1

2
m2

Z cos2	;

m2
22 ¼ ~M2

N þm2
N þ jf5j2 þ jf05j2;

m2
33 ¼ ~M2

��
þm2

��
þ jf5j2;

m2
44 ¼ ~M2

� þm2
N þ jf3j2 þ jf03j2 �

1

2
m2

Z cos2	;

m2
55 ¼ ~M2

�L þm2
��

þ jf03j2 þ
1

2
m2

Z cos2	;

m2
66 ¼ ~M2

��
þm2

��
þ jf05j2;

m2
12 ¼ m2�

21 ¼ m��
f5 �mNf

�
3;

m2
13 ¼ m2�

31 ¼ m��
ðA�

��
�� cot	Þ; m2

14 ¼ m2�
41 ¼ 0;

m2
15 ¼ m2�

51 ¼ f03f
�
3; m2

16 ¼ m2�
61 ¼ 0;

m2
23 ¼ m2�

32 ¼ 0; m2
24 ¼ m2�

42 ¼ mNðA�
N �� tan	Þ;

m2
25 ¼ m2�

52 ¼ �mNf
0
3 þm��

f0�5 ; m2
26 ¼ m2�

62 ¼ 0;

m2
34 ¼ m2�

43 ¼ mNf5 �m��
f�3; m2

35 ¼ m2�
53 ¼ 0;

m2
36 ¼ m2�

63 ¼ f5f
0�
5 ; m2

45 ¼ m2�
54 ¼ 0;

m2
46 ¼ m2�

64 ¼ �m��
f03 þmNf

0�
5 ;

m2
56 ¼ m2�

65 ¼ m��
ðA�

��
�� cot	Þ: (A5)

As in the charged slepton sector here also the terms
m2

11, m
2
13, m

2
31, m

2
33 arise from soft breaking in the sector

~��L, ~��R, the terms m2
55, m

2
56, m

2
65, m

2
66 arise from soft

breaking in the sector ~��L, ~��R
, and the terms m2

22, m
2
24,

m2
42,m

2
44 arise from soft breaking in the sector ~NL, ~NR. The

other terms arise from mixing between the physical sector
and the mirror sector. Again as in the charged lepton sector
we assume that all the masses are of the electroweak size so
all the terms enter in the mass2 matrix. This mass2 matrix
can be diagonalized by the unitary transformation
~D�yM2

~�
~D� ¼ diagðM2

~�1
; M2

~�2
; M2

~�3
; M2

~�4
; M2

~�5
; M2

~�6
Þ. The

states ~�i, ~�i; i ¼ 1–6 are the slepton and sneutrino mass
eigenstates.
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