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7 — py decay in extensions with a vectorlike generation
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An analysis is given of the decay 7 — @ + 7y 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 ratio B(7 — ) in the range 4.4 X 1078 — 107 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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L. 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 [; — [;y (i # j) are
important probes of new physics. We focus here on the
decay 7 — u + 7y 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~! of data and from the
Belle Collaboration [2] using 535 fb~! of data is

at 90% C.L.(BABAR),
at 90% C.L.(Belle). (1)

Bir—u+y)<44x1078
B(r— pu+7y) <45x1078

At the SuperB factories [3-5] (for a review see Ref. [6]) the
limit is expected to reach B(t— u + y) ~1 X 1077 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
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detectable range. Here we extend this analysis to investigate
the contributions from a vectorlike lepton multiplet to the
flavor changing process 7 — u + <y. 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 7 — w1y 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
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FIG. 1 (color online). A display of the upper limits on the
branching ratio B(7~ — u~y) (andfor 7~ — u "y, u pu u™)
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 SU(3), X
SU(2); X U(1)y the leptons of the three generations trans-
form as follows:

viL 1)
iL = ~\1L2—-3) Iy, ~ (L L 1),
Va (m) (12-3)  m-an
V;IL ~ (]) ]) 0)) l = ]) 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 = 75 + 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 + A interac-
tions. Their quantum numbers are as follows:

XC_<E2) (121) E
= c -~ y &y~ ) L~
N§ 2

Ny ~(1,1,0). 3)

(1,1, -1),

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

lir 1 : 1
iL = ~ 3) 2) e ) bL -~ 3*) 1) e 1}
qlL (bl-L ) ( 6) iL ( 3)
: . 2 :
£, ~ (3*, 1, - 5)’ i=1,23 )

also has a corresponding mirror generation

BS 1 1
€= -~ 3*) 2) I B B -~ 3*’ 1) e
0 (T; ) ( 6) t ( 3)

2
T, ~(31,=) 5
L ( 3> (5)
The MSSM Higgs doublets as usual have the quantum
numbers
H| 1 H) 1
H = ~11,2 —=) H, = ~{L2 =)
' (H%> ( 2) 2 (H§ ( 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 7 — wy. Thus the superpotential
of the model may be written in the form
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W= _Meijl:liﬂé + Eij[fllflti P55+ fES e,
+ LHRINL + [HZEL + H g, A
+ R H L0, ]+ fae RO+ fre R,
+ fiasEp + fi05, Ny (7

where :,Ab . stands for :,Ab3 . and 12/ uL Stands for 1,7/2L.
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 f%, f4 and fL. “The above six mass terms are
responsible for generating lepton flavor changing process
T— uy.”

If we assume a mixing between the mirror generation
and the first lepton generation through an additional set of
parameters f%, f} and fZ, one can have the corresponding
process of u — e7y. However, since the mixings with the
first generation are independent of the mixings with the
second and the third generation, the u — ey decay is not
correlated with the 7 — wy decay. For this reason we limit
our analysis to the 7 — wvy decay. We will focus here on
the supersymmetric sector. Then through the terms f3, f,
fs, f4, f4, f§ one can have a mixing between the third
generation and the second generation leptons which allows
the decay of 7 — w7 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

1 *wW
L= i

-— + H.c.
2 9A0A, fle, ©

where ¢ and A stand for generic two-component fermion
and scalar fields, respectively. After spontaneous breaking
of the electroweak symmetry ((H}) = v,/ V2 and (H3) =

v,/ \/i), we have the following set of mass terms written in
the 4-component spinor notation:
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FIG. 2. The diagrams that allow decay of the 7 into u + 7 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 = (7_-R ER laR)

f1v1/\/E fa 0 TL
X VE fiva/V2 15 Ep
0 fh hov /N2 \ e
+(7r Nr Pug)

ivz/\/E fs 0 VrL
X —f3 fzvl/\/i —f3 Ny
0 1L Rvy /N2 ) \VuL

+ H.c. )

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

TR Tig TL T,
ER = D;? TQR , EL = D}: TZL R (10)
MR T3, ML T3,
such that
flvl/\/i fa 0
DIl fs fw/V2Z Sy |Di
0 fa hiv, /2
= diag(m, , m,,, m,). (11)
The same holds for the neutrino mass matrix
ivz/\/z fs 0
DIIQT —f3 fzvl/\/z _fé Dy
0 fg hl] Uz/\/j
= diag(m, , m,,, m,,). (12)

In Eq. (11) 7, 75, 75 are the mass eigenstates and we
identify the tau lepton with the eigenstate 1, i.e., 7 = 7,
and we identify 7, with a heavy mirror eigenstate with a
mass in the hundreds of GeV and 75 is identified as the
muon. Similarly v, v,, v3 are the mass eigenstates for the
neutrinos, where we identify v as the light tau neutrino,
v, as the heavier mass eigenstate and v; as the muon
neutrino. The scalar mass’> matrices of the model are
calculated in the Appendix, where we show that they are
6 X 6 Hermitian matrices. If we assume a mixing between
the mirror generation and the three lepton generations, the
lepton mass matrices would be 4 X 4 and the scalar lepton
mass® matrices would be 8 X 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
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diagram of Fig. 2. The relevant part of Lagrangian that
generates this contribution is given by

3 2 6
Lo = 3N 7,[CL,PL+ CRPRIYi7; + He,
a=1i=1j=1

(13)
where

o o ] i
CL, = g[~ Kk, ULDR DY, — x,UDR, DY + Ui D DY,

aij
— * YTk v
knUpLDE: D% ]

CR.. = g[—K,,T ViaDy' DY =k, VioDP: Dy, + Vi Di: DY,

aij

+VuDj: Dt — KEVQD;;E;,], (14)

where D” is the diagonalizing matrix of the scalar 6 X 6
mass? matrix for the scalar neutrino as defined in the
Appendix. Ky, K,, etc., that enter in the equation above

are defined by

(mN’ mg, m,u)

e 0 ) = B cos (15)
(kg K,) = M
\/EMW sinf3

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

UMV~ = diag(m} , m} (16)

X2/

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

3 4 6
TT/\’ zzzf [CaleL+CaleR]X 7; t He,
a=1i=1j=1

7)

where as stated earlier 7 = 7 and pw = 73. In Eq. (17)
C} and C} are defined by, respectively,

Cliy = V2 D, D; = 85:DF, D3, = vDF, DY,
+ BeD;, Dy; + aﬂiD;é,,ng ~ YuiDE,, ng],
Cloﬁ] = \/—[ﬁﬂDT* DT ’)/EZD;; DE} 67’1D Dg,

+ agD}* D}, + B,.Dy DI, — 5MD;j;ang],
(13)

where D7 is the diagonalizing matrix of the 6 X 6 slepton
mass® matrix.
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8mEXZj
adp = ————,
7 2my sin83
BE = eX/~ + g X! (1 - Sinzaw),
J V" cosly, ~ HF\2
i 2
gsin“ Oy gmpXy
= X" — , 0p. = — -
YE, T e cosfy Ei 2myy sinfB
(19)
and
o = ngXSj o gm/.LX3]
7 2my cosB # 2my cosB
- * 8 R -
Brj = Buj eX{] + p— Xél( 5 + sin 0W>,
L2
_ _ gsin“ Oy, (20)
Yei = Yuj = _eXij + cosfy Xéj’
5 gm X5, o gm, Xj;
K 2my cos B # 2myy cosB
where
Xi; = (Xyjcosfy + Xy sinfy), @1

Xé} = (_le Sinew + XZ] COSHW),

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

XM pX = diag(mx(l), M, My, mxﬁ)' (22)

IV. THE ANALYSISOF 71— u + v
BRANCHING RATIO

The decay 7 — p + vy 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 p’, we define the amplitude

(P l7(p))y = i1, (p")T qu(p), (23)

F*(q)io 59" +F§"(q)<fawsqﬁ N
m.+m, m. +m,

To(q) = (24)

with ¢ = p — p’ and where m, denotes the mass of the
fermion f. The branching ratio of 7 — u + 7y is given by

2472
5Gimz(m, + m,)?*

XAIFO)F + [F3# 017}, (25)

Blr—ut+y)=

where the form factors F;* and F;* arise from the chargino
and the neutralino contributions, respectively, as follows:
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F3k + Fit,  FiH(0) =

F3#(0)= o FIE +Fh.(26)

The chargino contribution F,*,
2x

m.(m, +m,) . .
Z Z[ 64772m2 {Cgtjcftj + Cgljcllet/

i=1j

is given by

M2 (m, +m,)
X F L)+ I ofn + CRLCL
l(m/Z?Jr) 64772’”)7,.*{ 3ij—1ij 3ij > 1ij

M2
X Fz( = )] (27)
m)?+

where
1
Fl(x) = m{_2x3 - 3)62 +6x—1+ 6.X2 lnx}
(28)
and
1
Fy(x) = ——{3x* —4x + 1 — 2% Inx}.  (29)
(x—=1)

The neutralino contribution F “H, is given by

Z Z[_m’r(m'r + m#){C/L C/LK + C/R C/R*

19277_2m2~0 3ij > 1ij 3ij > 1ij
i=1j Xi

M? (m, +m,)
j IL /R'i< IR (1L
X F3 (m?\?;) 6472 m,, { 3ljcll] C’%zjclt/}

i

M?
X Fyl 2] |. (30)
mf(-“

where
1
Fi(x) = 74{—)63 + 6x> — 3x — 2 — 6x1Inx} 3D
(x—1)
and
1
Fy(x) = ——={—x* + 1 + 2xInx}. (32)
(x—1)

The chargino contribution F ;;: . is given by

(m, +m )m

le 32 2Mg {C3lj 11] C3sz1i>;'
i J D
X Fs M% ) (33)
where
2Inx
F +3+ 34
T 1)2{ * = x} 34
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The neutralino contribution F H is given by

- 4 6 (m,+m )m }
" le 327M, G - CCi)
i=1j
mf.(‘o
<Fol 3 ) (35)
where . -
xInx
F =——— Ix+1+ . 36
T 1)2{x l—x} (36)

If we consider a mixing of the mirror generation with the
three lepton generations, the phenomenologically parallel
quantity B(u — e + ) would be possible. The correspond-
ing expression can be obtained from Eq. (25) by replacing
every u by e and every 7 by u. However, the denominator
does not have the number 5 in it in this case. The reason for
this is that in the case of 7 decay we have three extra possible
channels into u + v, +v,, st+v,+uand d+v, +i
besides the process e + v, + », that is similar to the one
that occurs in the case of u decay e + v, + »,. 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 w — ey is not
directly correlated to the branching ratio 7 — wuy. For this
reason we focus on the decay 7 — w7y without trying to
correlate it with the decay u — evy.

V. ESTIMATE OF SIZE OF B(7 — py)

In this section we give a numerical analysis of
B(r — uy) 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. The mixing matrices between leptons and mirrors
are diagonalized using biunitary transformations with
matrices Dy and D7 . The input parameters for this sector
of the parameter space are m,, mg, m,, f3, fa, f5, fi,
where f3, f4, f} and f} are complex masses with CP
violating phases xi, X4, X3, X4 For the slepton mass?
matrices we need the extra input parameters of the super-
symmetry breaking sector, M7, My, M,, M M M
A, A A o Ay, u, tanB. For the sneutrino mass> matrlces
we have more input parameters, M N> M v, M " A,,#, Ay,
A, , my, fs, f5. The chargino and neutralino sectors need
the extra two parameters 7, fi1,. 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 Ag, Ay, A;, Ay, A,, fs and f{ which
have the phases ag, ay, a,, a, a,,, Xs and x5. To simplify
the analysis we set @, = @, = = (0. Thus the CP
violating phases that would play a role in this analysis are

X3 Xa» X5: X3 X» X5 O, . (37

PHYSICAL REVIEW D 87, 015030 (2013)

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 =my,a=1,E, 7, x,v, u, o, N
and |A;| = |Ayl, i =E,N, 7, v, .

Figure 3 gives an analysis of B(7 — w7y) as a function of
my for values of tanB = 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
F3*(0) and F3"(0) defined in Eq. (26) which depend on
m through the slepton masses that enter the loops. Figure 3
exhibits a sharp dependence on tanB which enters F,"(0)
and F ; #(0) also via the slepton masses as well as through the
chargino and neutralino mass matrices. Further, the couplings
CLR and C'E-R are also affected by variations in 712, and tan 3.
The analysis of Fig. 3 shows that there is a significant part
of the parameter space where B(7 — wy) lies in the range
0(107%) consistent with the upper limit of Eq. (1). Figure 4
gives an analysis of B(7 — uy) as a function of |f3], where
f3 is an off diagonal term in the mass matrix of Eq. (9), for
tanB 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 tanB. This dependence of | f5| arises since it enters
in the matrix elements diagonalizing matrices D] p 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 on B(r — uy).
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

3.0x10°®

branching ratioof tto p+y

1.0x1078

1.0x1071
300 400 500 600 700 800 900

m, (GeV)

1000 1100 1200 1300

FIG. 3 (color online). An exhibition of the dependence of
B(r — wy) on my when my = 120, mg = 150, |f3] = |f}| =
90, If4l = |41 = 100, 5] = 1 £5] = 80, 14| = 150, i, = 50,
my =100, u =150, 3= x4 =006, x4 =x, =04, xs=
x5 =06, ap =05, ay =0.8, and tanB = 5, 10, 15, 20 (in
ascending order at my = 300). Here and in Figs. 4-7 masses are
in GeV and angles are in rad.

015030-5



TAREK IBRAHIM AND PRAN NATH
2.0x10°¢

1.5x107®

1.0x1078 -

5.0x107°

branching ratioof T top+7y

\

e

100 150 200 250 300 350 400 450
If5] (GeV)

0

FIG. 4 (color online). An exhibition of the dependence of
B(r — wy) on |f3] when my =900, my = 150, my = 180,
|51 =100, |f4l = If,| =100, |fs| = |f5l =70, |Aol = 100,
my =50, 1, =100, u =150, y;= x4 =06, x4=x,=
0.4, xs = xt=0.6, ay = 0.5, ay =038, and tanB =5, 10,
15, 20 (in ascending order at |f3| = 100).

phenomena related to the second and the third generation
leptons. Figure 5 gives a display of B(r — wy) as a
function of y3 for values of my = 900, 800, 700, 600,
500 GeV (in ascending order) when tan8 = 10 and the
other inputs are as shown in the caption of Fig. 5. Here one
finds that B(7 — wy) has a significant dependence on ys;.
Thus, for instance, for the case my = 500 GeV (top curve)
one finds that B(r — u7y) can vary in the range
(1 X 10784 X 1078) as y; varies in the range (0, 7).
Again B(r — wv) displayed in this analysis is consistent
with the upper limit of Eq. (1) over the entire range of
parameters exhibited.

4.1x1078
3.6x10°®
>
+ -8
5 3.1x10
o
S
e 2.6x107°
Y
9]
o
S 2.1x10°®
©
1
%" 1.6x10°8
L
2 "
S 11x10
g
o
6.0x107°
1.0x107° :
0.5 1 15 2 25 3
X5 (rad)

FIG. 5 (color online). An exhibition of the dependence of
B(r— my) on y; when tan8 = 10, my = 170, mg = 200,
If31 = |51 = 250, | f4l = | f4] = 400, |fs| = |f5] = 90, |Ao] =
130, m; = 90, m, = 80, w = 120, x4 = 0.8, x4, = x, = 0.9,
Xs = x5 = 1.6, ap = 1.0, ay = 0.9, and m, = 900, 800, 700,
600, 500 (in ascending order at y3; = 0.0).
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Another analysis on the dependence of B(7 — uvy)
on CP phases is exhibited in Fig. 6 where a plot of B(r —
uy) as a function of y, is given for the case when |f;| =
(300, 250, 200, 150) GeV (in ascending order), tan8 = 15
and other inputs are as given in the caption of Fig. 6. Again
a very significant variation in B(7 — wvy) is seen as y,
varies in the range (0, ). Specifically one finds that for the
case |f;] = 150, B(r — uy) varies in the range (8 X
107°-3 X 10~%). Further, over the entire parameter space
analyzed in Fig. 6 B(7 — wy) is consistent with the upper
limit of Eq. (1). Finally, in Fig. 7 we exhibit the depen-
dence of B(7 — wy) on tanB when y; = 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 B(7 — u7y) on
tanf can be seen. Specifically one finds that for the case
x3 = 0.1 (the top curve) B(r — u7y) varies in the range
(1 X10710-3 X 1078) which is more than an order of
magnitude variation as tanf varies in the range (5-30).

In summary in the analyses presented in Figs. 3-7, one
finds that B(7 — wy) 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 B(r — wy) as low as 107°. 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 7 parameters.
However, the S and T constraints are not very stringent

3.1x10°®
2.6x10°®
2.1x10°®
1.6x10°

1.1x10®

branching ratio of tto p +y

6.0x107°

1.0x107
0 0.5 1 15 2 2.5 3

X4 (rad)

FIG. 6 (color online). An exhibition of the dependence of
B(r— my) on x, when my = 800, tan8 = 15, my = 160,
mp =220, |f5] = 150, |£4l = |£4] = 200, Ifs| = If4] = 100,
|Agl = 160, m; =100, m, =90, u =150, x; = x} = 0.6,
Xy =08, xs=x5=10, ap =04, ay =08, and |f3] =
300, 250, 200, 150 (in ascending order at y, = 0.0).

015030-6



7— uy DECAY IN EXTENSIONS WITH ...

3.01x1078
2.51x10°% |
2.01x1078
1.51x10°8

1.01x1078 -

branching ratio of tto pu+y

5.10x107°

1.00x107%°
5 10 15 20 25 30

tan

FIG. 7 (color online). An exhibition of the dependence of
B(7 — wy) on tanB when my = 700, my = 200, mg = 300,
15l =1l =180, Ifal = If5] = 100, Ifs] = |4l = 150,
|Agl = 360, m; =120, my =80, u =140, x; = x} =07,
Xe =X, =09, ys=xL =06, ar =09, ay =04, and y; =
1.2, 0.8, 0.5, 0.1 (in ascending order at tanf = 30).

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 7 — u + vy 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, fy, f5 and f%, fi, f§ 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
|
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4.4 %1078 — 1072, where 4.4 X 1078 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 — 77, W W™, 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* + X with Z* — E¢ + E¢ with
E¢ + E° decaying into 77. Thus one should see an excess
of 77 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 mass? 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 L5 and Lp:

—Lp=(m%+1f31*+ |f§|2)ERE7e + (m% + | f312 + |f§|2)]\7RN7e + (m% + | f4l* + |f4/1|2)ELE2
+(m3, + 1 fs1? H AN LNG + (m2 + | f4|) FrFr + (m3, +fsI) o Pig + (mZ+|f31)7L7;
+ (my, + | f4P) gy + (mp + 131 a7+ (ms + | f319) 0, 97 + (mxzj# 1A DL T,
+(m;, + |f51P) 87 +{—m p* tanBF 7 — myp*tan BN, Ny — m,, " cotBi,; vip —m, u*tanB iy fi
—m, pCotBY, Ul — mpu* ctBEL Eg + (mpfi +m f)E T + (mpfs+mof3)Erp + (mpfy +m, f)E ]

+ (mpfly+m, f5)Erfiy + (m, fs—myfNy 7o+ (myfs—m, f3)Ngiip+ (m,, f5— myf3)Ny 7oL

+ (meg - mV#

SINRD, g + Af3RLTL + faf s BrTR + [3S30unPr + f5fSPurPrg + Hoe).

(A
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Similarly the mass terms arising from the D term are given by

-L L 20 28{p. P, —F 7 D P
D = 5MzC08" Oy COS2P\D, U7y — T T + Dy,

2
— pp i} + EgEy — NgNy}

1 . ~ o~ ~ o~k ~ ~%
+ Em%smzﬁw COS2B{ P Uy + FLF) + D
+ gy — ExEp — NgNy + 2E E} — 27375
— 2fig ik} (A2)

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

Viott = M2, i by + M g7 + MiL lll;Llqu.L
+ M3 05 pe, + M3, 55 05, + MEFTR
+ M2 S + MREJE, + MYN; N,
+ €,1f1A-H; Wl 7~ fiAvTHQ‘Z/;Lﬁ?L
+ hlA;LHi ‘Z,LLlli - h/lAV#Hé JJLLTJ;L
+ fLAVHI YN, — fFLApHSRE, + Hel. (A3)

From L, and by giving the neutral Higgs their vacuum
expectation values in V. we can produce the the mass®
matrix M2 in the basis (7, E;, g, Eg, i, fig)-
We label the matrix elements of these as (M32);; = Mj,
where

~ 1
M2, = W2, + m? + | f]2 — m2 coszﬁ(5 - sinzew),

M3, = M7+ m% + | f4]* + | f4]> + m% cos2 Bsin 6y,

MZ, = M2+ m2 + | f4]> — mZ cos2 Bsin® 6y,
N 1
M3, = M5+ m + | f5 + | f417 + m%cos2,8(§ - s1n20W),

Mi = M2, +ml + |57 - m%cosZB(% - sinZHW),
M2 = M2 + m2 + | f4]> — m% cos2Bsin’ 6y,

M, = M5} = mgf5 +m,f,,

My =M3; =m,(A; — panpB), M}, =M =0,
M= M3 = fif5, Mig=Mg =0,

M3y =Mz, =0, M3, =My =mg(A; — pcotp),
M3s=MZ = mgfy+m,fy, Ms=MZ%=0,
M3, = M35 =mgfy+m.f5,  M35=M3;=0,
Mg = Mg, = fufi,  Mis= M3, =0,

MG = Mgy = mgfi +m,f5,

M2, =M% = m,, (A%, — ptanp). (A4)
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Here the terms M3,, M3, M3,, M3, arise from soft break-
ing in the sector 7, 7, the terms M2, M2, M2, M2, arise
from soft breaking in the sector fi;, fig, and the terms M3,,
M3,, M3%,, M3, arise from soft breaking in the sector
E;, Eg. 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 mass” matrix. We diagonalize this Hermitian mass?
matrix by the unitary transformation D™TMZDT =
diag(M?, M7, M2, M3, M?, Mz ). There is a similar
mass’> matrix in the sneutrino sector. In the basis
(Pr1, Np, Pog Ng, P, ) We can write the sneutrino
mass® matrix in the form (M3);; = m?,, where

ij>
2 72 2 2 1 2
miy = M7 +my +|f3]° + 5m7 cos2p,
m3, = My + my, + |fsI* + 1f5
myy =M. +m’ +|fs|%
~ 1
miy = M3 + my + 1f31* + 1317 — 5mzcos2p,
~ 1
mis = My, +my +|f51° + zm% cos2,
+1£51%
2 2%

my, = my; = m, fs — myf3,

miy = m3; = m, (A, — pcotp),

2 2 2
m66—M,,M-i-m,,M

A 2%k
my, = my; =0,

2 2% o] r% 2 — 2% __

mis = ms) = f3f3, mie = mg; = 0,

m3, = m3; =0 m3, = m3; = my(Ay — wtanf)
23 Ep) ) 24 ) NANy T MK ’
2w / P 2 2w

mys = ms, = —myf3 + mvﬂfs’ mae = mg, =0,
2 2% _ * 2 — 2% __

m3, = mj; = myfs m,,Tf3, m3s = Ms3 = 0,

2 2w 1 2 2%
mys = mgy = f5f5, mys = msy =0,

S S / i
mis = mgy = —my, f3 + myfs,

mi, = mii = m,,M(A’f,H — ucotf). (A5)

As in the charged slepton sector here also the terms
m?,, m3;, m3,, m3, arise from soft breaking in the sector
Do, Drg, the terms mis, m2., mis, m% arise from soft
breaking in the sector #,;, 7,,, and the terms m3,, m3,,
m3,, m?, arise from soft breaking in the sector N, Ng. 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 mass? matrix. This mass® matrix
can be diagonalized by the unitary transformation
D"'MID¥ = diag(M}, M3, M3, M}, M3, M3 ). The
states 7;, ¥;; i = 1-6 are the slepton and sneutrino mass
eigenstates.
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