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Predictions for lepton flavor violation in Z decays in supersymmetry with left-right symmetry

M. Frank*
Department of Physics, Concordia University, 1455 De Maisonneuve Boulevard West, Montreal, Quebec, Canada H3G 1M

~Received 13 August 2001; published 11 January 2002!

Recent experimental results on neutrino oscillations and the muon anomalous magnetic moment, combined
with radiative lepton decays, set strict limits on fractional slepton and sneutrino flavor violating mixings. We
study the effect of these mixings onZ lepton flavor violating decays and the implications for the observability
of these decays in view of the new GigaZ option at thee1e2 collider, expected to reach a sensitivity of up to
1028 for branching rates. The largest branching ratio predicted is of order 10211–10212 for the decaysZ
→t6m7, therefore precluding observation of a signal at DESY TESLA. The branching ratios forZ→t6e7

andZ→e6m7 are expected to be even smaller.
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I. INTRODUCTION

High precision measurements of the low energy proces
can provide extremely useful probes of physics beyond
standard model. If the recent measurement of the 2.6s de-
viation of the anomalous magnetic moment of the mu
from the expected value in the standard model@1# is inter-
preted as arising from supersymmetry, bounds can be
tained on the fractional flavor splitting in the slepton ma
matrix or on the phase of the dipole operator arising in el
tric dipole moments. The elements entering such analyse
precise constraints on lepton flavor violating~LFV! decays,
such asm→eg,t→mg, m2e conversion, and the electri
dipole moment of the electron. Assuming slepton univers
ity, lepton dipole operators for different generations are
pected to be related by ratios of lepton masses. Howeve
universality is broken, these ratios are modifed by slep
flavor violation in a model-dependent manner. Such analy
have been carried out in the minimal supersymmetric mo
@2# and a supersymmetric model with left-right symme
@3#. The size of the slepton flavor violating masses in sup
symmetry depends on the symmetry of the model. For
ample, in the minimal supersymmetric standard mo
~MSSM! mass splittings of the left-handed sleptons a
thought to dominate mass splittings of the right-handed
mions, which are assumed negligible. In models with le
right symmetry, such as the left-right supersymmetric mo
~LRSUSY! and SO~10!, the fractional splitting of the left-
and right-handed sleptons is of the same order of magni
@3,4#. In addition, new contributions to the muon anomalo
magnetic moment@5# can modify considerably the relation
ship between lepton flavor conserving and lepton flavor v
lating dipole operators@3#.

Motivated by the interest in lepton number violating pr
cesses, we apply the constraints from radiative lepton dec
m2e conversion and the anomalous magnetic moment of
muon to the lepton flavor violating decays of theZ. The best
direct limits on the branching ratios are weak compared
m→eg, m2e conversion andm→3e decays:

*Email address: mfrank@vax2.concordia.ca
0556-2821/2002/65~3!/033011~7!/$20.00 65 0330
es
e

n

b-
s
-
re

l-
-
if
n
es
el

r-
x-
l

e
r-
-
l

de
s

-

ys,
e

o

BR~Z→e6m7!,1.731026 @6# ~1!

BR~Z→e6t7!,9.831026 @6,7# ~2!

BR~Z→m6t7!,1.231025 @6,8#. ~3!

However, these branching ratios are projected to improve
the GigaZ option of the DESY TeV Energy Superconducti
Linear Accelerater~TESLA! to a sensitivity of about 1028

@9#. Older studies of studies of LFV decays of theZ in su-
persymmetry exist@10,11#, as well as recent studies of th
context of massive neutrinos@12# which incorporate data
from neutrino oscillations@13#. However, no predictions ex
ist in a supersymmetric model which incorporates the c
straints on slepton mixing from other LFV decays. In th
work we update our previous work on the lepton favor v
lating decays of theZ boson@14# in the context of a left-right
supersymmetric model. The LRSUSY model incorpora
neutrino masses and oscillations naturally through the s
saw mechanism, while providing a supersymmetric expla
tion for the observed deviation of the anomalous magn
moment of the muon from the standard model value. T
analysis presented here connectsZ lepton flavor violating
decays to other lepton flavor violating decays, incorporat
constraints on mixings from neutrino oscillations andg
22)m . Although this investigation has some mode
dependent features, it has the advantage that definte pr
tions are obtained, which, coupled to a measurement of
branching ratios, can confirm or rule out such a model.

II. THE LEFT-RIGHT SUPERSYMMETRIC MODEL

The LRSUSY model, based onSU(2)L3SU(2)R
3U(1)B2L , has matter doublets for both left- and righ
handed fermions and the corresponding left- and rig
handed scalar partners~sleptons and squarks! @15#. In the
gauge sector, corresponding toSU(2)L and SU(2)R , there
are triplet gauge bosons (W1,2,W0)L , (W1,2,W0)R and a
singlet gauge bosonV corresponding toU(1)B2L , together
with their superpartners. The Higgs sector of this model c

sists of two Higgs bidoublets,Fu( 1
2 , 1

2 ,0) and Fd( 1
2 , 1

2 ,0),
which are required to give masses to both the up and do
quarks. In addition, the spontaneous symmetry breaking
©2002 The American Physical Society11-1



y
-

ne

e

od

si

el
lar

p
and
n,
sses
io-
nd

es

he

sible
t-

M. FRANK PHYSICAL REVIEW D 65 033011
the groupSU(2)R3U(1)B2L to the hypercharge symmetr
groupU(1)Y is accomplished by introducing the Higgs trip
let fieldsDL(1,0,2) andDR(0,1,2). With this choice a large
Majorana mass can be generated for the right-handed
trino and a small one for the left-handed neutrino@16#. In
addition to the tripletsDL,R , the model must contain two
additional tripletsdL(1,0,22) anddR(0,1,22), with quan-
tum number B2L522, to ensure cancellation of th
anomalies in the fermionic sector.

The vacuum expectation values~VEV’s! of the Higgs
fields needed to break the symmetry to the standard m
are taken, for simplification:̂DL&50 and

^DR&5S 0 0

vR 0D , ^Fu&5S ku 0

0 0D
and

^Fd&5S 0 0

0 kd
D .

In the supersymmetric sector of the model there are six
gly charged charginos,

C15~2 ilL
1 ,2 ilR

1 ,F̃u
1 ,F̃d

1 ,d̃L
1 ,d̃R

1!

and

C25~2 ilL
2 ,2 ilR

2 ,F̃u
2 ,F̃d

2 ,D̃L
2 ,D̃R

2!; ~4!

two doubly charged Higgsinos,

C115~ d̃L
11 ,d̃R

11! and C225~D̃L
22 ,D̃R

22!; ~5!

and nine neutralinos,

C05~2 ilB
0 ,2 ilL

0 ,2 ilR
0 ,F̃u

0 ,F̃d
0 ,D̃L

0 ,d̃L
0 ,D̃R

0 ,d̃R
0 !.

~6!
03301
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The sources of flavor violation in the LRSUSY mod
come from either the Yukawa potential or the trilinear sca
coupling. The interaction of fermions with scalar~Higgs!
fields has the following form:

LY5huQ̄LFuQR1hdQ̄LFdQR1hnL̄LFuLR1heL̄LFdLR

1H.c.

LM5 ihLR~LL
TC21t2DLLL1LR

TC21t2DRLR!1H.c. ~7!

wherehu , hd , hn andhe are the Yukawa couplings for the u
and down quarks and neutrino and electron, respectively,
hLR is the coupling for the triplet Higgs bosons. In additio
soft supersymmetry breaking terms which generate ma
for the charged slepton fields also induce lepton flavor v
lation. The SUSY-breaking term for the Higgs bosons a
lepton sector in LRSUSY is given by

Lso f t52@A l
ihl

( i )L̃Tt2F it2L̃c1 iALRhLR

3~ L̃Tt2DLL̃1LcTt2DRL̃c!1mF
( i j )2F i

†F j #

1@~mL
2! i j l̃ Li

† l̃ L j1~mR
2 ! i j l̃ Ri

† l̃ R j1~MN
2 ! i j Ñi* Ñj* #

1MLR
2 @Tr~DRdR!1Tr~DLdL!#1Bm i j F iF j ~8!

where theA matrices (Au , Ad , An and Ae) are of similar
form to the Yukawa couplings and provide additional sourc
of flavor violation, B is a mass term andÑ is the scalar
component of the right-handed neutrino supermultiplet. T
inter-generational slepton mixing (ẽ, m̃ and t̃) and also left-
right slepton mixing (ẽL ,ẽR ,m̃L ,m̃R ,t̃L ,t̃R) cause the off-
diagonal nature of the matrices, and therefore are respon
for flavor violation. The slepton mass matrix is, incorpora
ing some elements of the left-right symmetry@17#:
~ml̃
2
!e f f5S m̃L

21DL ~m̃L!21
2 ~m̃L!31

2 Ae 0 0

~m̃L!21
2 m̃L

21DL ~m̃L!32
2 0 Am 0

~m̃L!31
2 ~m̃L!32

2 m̃L
21DL 0 0 At

Ae 0 0 m̃R
21DR ~m̃R!21

2 ~m̃R!31
2

0 Am 0 ~m̃R!21
2 m̃R

21DR ~m̃R!32
2

0 0 At ~m̃R!31
2 ~m̃R!32

2 m̃R
21DR

D , ~9!
,

where

Al5Alml1mlmtanb, ~ l 5e,m,t!,

DL5MZL

2 ~T3/21sin2uW!cos 2b

1MZR

2 sin2uW /sin 2uWsin 2b,
and

DR52MZL

2 sin2uW cos 2b1MZR

2 ~T3/22sin2uW /cos 2uW!

3sin 2b.

From the point of view ofZ lepton flavor violating decays
1-2
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PREDICTIONS FOR LEPTON FLAVOR VIOLATION IN . . . PHYSICAL REVIEW D65 033011
only the left-left and right-right mixing will be important
and we can approximate the slepton mixing matrix as bl
diagonal, expressed asSL,R

l̃ aL,R5Sa i
L,Rl̃ i

L,R ~10!

with a5e,m,t and i 51,2,3. This approximation allows th
ca
s

ft-
a
th
ni
in
b

er
th
th
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k
left-right mixings to be proportional to the values of the t
linear parametersAl .

The full mass for left- and right-handed sneutrino has,
general, a complicated 12312 matrix structure, but is pos
sible to construct an effective 636 matrix for the light
sneutrinos using the seesaw mechanism@18#:
~mñ
2
!e f f5S mL

22A n8~An22AN!~mDM 22mD
† ! A n8* ~mDM 21mD

† !

A n8~mDM 21mD
† !* mL

22A n8~An22AN!~mDM 22mD
† !

D ~11!
u-
e
ra-
an-

el-
ons
uch
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the
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whereA n8;2An1AN12m cotb. In the LRSUSY model, the
left-handed neutrino mass is allowed to be nonzero, but
be made small through the seesaw mechanism, as long a
right-handed neutrino is very heavy~masses of order 1010

TeV or so are consistent with the 1 eV limit on the le
handed neutrino mass!. Despite the presence of the two sc
lar neutrinos, the mixing between the right-handed and
left-handed sneutrinos is small, due to the seesaw mecha
in the sfermion sector: the left-right elements of the sneutr
mass matrix are proportional to the Dirac neutrino mass,
the right-right element of the sneutrino mass matrix is v
heavy, so the mixing of sneutrino will be supressed by
inverseMN

2 , the right-handed neutrino mass. We denote
light sneutrino mixing matrix byK and express their mixing
as

ña5Ka i ñ i ~12!

with a5ne ,nm ,nt and i 51,2,3.

III. LEPTON FLAVOR VIOLATING DECAYS OF THE Z

The cross section for the processZ→ l̄ 1l 21 l 1 l̄ 2 arises at
the one-loop level through the decay amplitude

M52
igaW

4p
emūl 2

~p2!Gmul 1
~2p1! ~13!

with
n
the

-
e
sm
o
ut
y
e
e

Gm5gm~ f V2 f Ag5!1
qn

MW
~ i f M1 f Eg5!smn ~14!

where f V and f A stand for the vector and axial vector co
plings and f M and f E for the magnetic and electric dipol
moments of the final fermions. For on-shell photons, the
diative decays of leptons are due exclusively to dipole tr
sitions, while the LFV decays of theZ will depend in prin-
ciple on all four form factors. These form factors are mod
dependent: however, in the limit of massless external lept
there is only one independent form factor in each case, s
that f M

g 5 f E
g and f A

Z5 f V
Z , f M

Z 5 f E
Z50. The branching ratio for

the lepton flavor violatingZ decay becomes

BR~Z→ l̄ 1l 21 l 1 l̄ 2!5
MZ

GZ
@ uG l 1l 2

L u21uG l 1l 2
R u2#, ~15!

where the nonoblique functionsG l 1l 2
L andG l 1l 2

R depend on the

V2A or V1A character of the theory. We list below th
supersymmetric contributions to the amplitude for the de
Z→ l̄ 1l 21 l 1 l̄ 2, including the mixing of scalar leptons an
scalar neutrinos and of the charginos and neutralinos in
model ~and including the self-energy graphs!. The contribu-
tions from the LRSUSY model to the decayZ→ l̄ 1l 21 l 1 l̄ 2
fall into three categories: chargino-sneutrino, neutralin
slepton and doubly charged Higgsinos-sleptons@19#.

The chargino-sneutrino contribution is
G l 1 l̄ 2

L
~c!5

2 ig3

32p2cosuW
(
k51

3

Kn1kKn2kH (
i 51

4

~ uVi1u2!l̃nk
[C24~ l̃ i

2 ,l̃nk
,l̃nk

!1B1~0,l̃ i
2 ,l̃nk

!]

12(
i 51

4

(
j 51

4

~Vi1* Vj 1!$Oi j
L8@2C24~ l̃nk

,l̃ i
2 ,l̃ j

1!2 1
2 2lZC23~ l̃nk

,l̃ i
2 ,l̃ j

1!#2Oi j
R8l̃ i j

6C0~ l̃nk
,l̃ i

2 ,l̃ j
1!%J . ~16!

The neutralino-left slepton contribution is
1-3
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G l 1 l̄ 2

L
~n!5

2 ig3

64p2cosuW
(
k51

3

Sl 1k
L Sl 2k

L H (
i 51

4

~ utanuWNi11Ni2u2!cos 2uWl̃kL
@C24~ l̃ i

0 ,l̃kL
,l̃kL

!1 1
2 B1~0,l̃ i

0 ,l̃kL
!#

12(
i 51

4

(
j 51

4

~ tanuWNi1* 1Ni2* !~ tanuWNj 11Nj 2!3$Oi j
L9@2C24~ l̃kL

,l̃ i
0 ,l̃ j

0!2 1
2 2lZC23~ l̃kL

,l̃ i
0 ,l̃ j

0!#

2Oi j
R9l̃ i j

0 C0~ l̃kL
,l̃ i

0 ,l̃ j
0!%J . ~17!

The neutralino-right slepton contribution is

G l 1 l̄ 2

R
~n!5

2 ig3

64p2cosuW
(
k51

3

Sl 1k
R Sl 2k

R H (
i 51

4

~ u22 tanuWNi11Ni3u2!cos 2uWl̃kR
@C24~ l̃ i

0 ,l̃kR
,l̃kR

!1 1
2 B1~0,l̃ i

0 ,l̃kR
!#

12(
i 51

4

(
j 51

4

~22 tanuWNi1* 1Ni3* !~22 tanuWNj 11Nj 3!$Oi j
R9@2C24~ l̃ l kR

,l̃ i
0 ,l̃ j

0!2 1
2 2lZC23~ l̃ l kR

,l̃ i
0 ,l̃ j

0!#

2Oi j
L9l̃ i j

0 C0~ l̃ l kR
,l̃ i

0 ,l̃ j
0!%J ~18!

and the doubly charged Higgsino contribution is

G l 1 l̄ 2

R
~C!5

2 ig

64p2cosuW
(
k51

3

Sl 1k
R Sl 2k

R ~hLR! l 1k~hLR! l 2ksin2uW$l̃kR
@C24~ l̃d

22 ,l̃kR
,l̃kR

!2 1
2 B1~0,l̃d ,l̃kR

#

1 1
2 @2C24~ l̃kR

,l̃d ,l̃d!2 1
2 2lZC23~ l̃kR

,l̃d ,l̃d!#% ~19!
er
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where lkL,R
5ml̃ k(L,R)

2 /Mx0
2 , lnk

5mñk

2 /Mx2
2 , l i j

0,65Mx
i
0,6 /

Mx
j
0,6, lZ5MZ

2/Mx0
2 ; the functionsCi j (l i ,l j ,lk) are the

three-point functions, andB1(0,l i ,l j ) is a two-point func-
tion associated with the self-energy graphs. We follow h
the notation and conventions of Ref.@20#. The matrix ele-
mentsOi j8 andNi j arise from neutralino interaction and mix
ing at the vertices;Oi j and Vi j , Ui j arise from chargino
interaction and mixing at the vertices and are given by

Oi j
L 5Vi2* Vj 21

1

2
Vi3* Vj 31

1

2
Vi4* Vj 42sin2uWd i j ~20!

Oi j
R5Ui2* U j 21

1

2
Ui3* U j 31

1

2
Ui4* U j 42sin2uWd i j ~21!

Oi j
L852

1

2
Ni4* Nj 41

1

2
Ni5* Nj 52

1

2
Ni8* Nj 81

1

2
Ni9* Nj 9

~22!

Oi j
R852Oi j

L8* . ~23!

IV. RESULTS AND DISCUSSION

We base our estimates for chargino and neutralino ma
and mixing matrices on previous work done on the sub
@21#. Both chargino and neutralino masses, as well as t
03301
e

es
t
ir

mixing matrices, depend on the following parameters:ML
~we takeMB2L50.5ML), the left-handed gaugino mass p
rameter,MR , the right-handed gaugino mass parameter,umu
and sgn(m), the Higgsino mass parameter, and tanb
5ku /kd . In addition, the branching ratio will depend on th
mass and off-diagonal Yukawa coupling (hLR) i j of the D̃R

22 :
restrictions on the former have appeared before@22#, the lat-
ter will be taken as light as phenomenologically allow
@14#. ~For simplicity, we only consider the contribution of th
right-handed doubly charged Higgsino.! The branching ratio
also depends on the fractional slepton and sneutrino m
splittings, as well as their mixing. From the study of rad
tive leptonic decays and (g22)m these fractional splittings
were found to be@3#

dmñeñm

2 /mñ
2
,1.531025 ~24!

dmñeñt

2 /mñ
2
,4.231022 ~25!

dmñtñm

2 /mñ
2
,2.731022 ~26!

for the sneutrinos, and

dmẽm̃
2 /ml̃

2
,6.231023 ~27!

dmẽt̃
2 /ml̃

2
,1.631023 ~28!
1-4
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FIG. 1. The branching ratio

BR(Z→ l̄ 1l 21 l 1 l̄ 2) as a function
of the left-handed gaugino mas
parameterML , for m05100 GeV,
ML /m'1, m.0 and tanb53.
We takeMR510 TeV andM D̃22

5120 GeV. HerelL5ML
2/MWL

2 .
The curves represent:~solid line!
Z→e6m7 branching ratio;~dot-
dashed line! Z→e6t7 branching
ratio; and ~dashed line! Z
→m6t7 branching ratio.
ha

ft
s

d
ak

o

u-
s
ses

n-
alar
dmm̃t̃
2 /ml̃

2
,1021 ~29!

for the sleptons. The relative mass splittings are larger t
the ones obtained in the MSSM.

We analyze the branching ratio as a function of the le
handed gaugino mass,ML , and the universal scalar mas
m0, for sgn(m).0, ML /m'1, which are values preferre
by the anomalous magnetic moment of the muon. We t
tanb53 andMR510 TeV in all our considerations.

In Fig. 1 we plot the dependence of the branching ratio
03301
n

-

e

f

Z→em, et and mt, respectively, on the chargino and ne
tralino mass parameterML for fixed universal scalar mas
m05100 GeV. As expected, the branching ratio decrea
with increasinglL5ML

2/MWL

2 and BR(Z→m6t7) could

reach at most 2310212 for low ML'200 GeV. The same
branching ratio can reach 1.4310211 for ML5100 GeV and
m05150 GeV, as shown in Fig. 2, where we plot the depe
dence of the same branching ratios on the universal sc

mass throughl05m̃0
2/MWL

2 . Again, the largest contribution
-

FIG. 2. The branching ratio

BR(Z→ l̄ 1l 21 l 1 l̄ 2) as a function
of the universal scalar mass pa
rameter m0, for ML5100 GeV,
ML /m'1, m.0 and tanb53.

Here l05m̃0
2/MWL

2 . The curves
represent:~solid line! Z→e6m7

branching ratio;~dot-dashed line!
Z→e6t7 branching ratio; and
~dashed line! Z→m6t7 branch-
ing ratio.
1-5



s
r

;

M. FRANK PHYSICAL REVIEW D 65 033011
FIG. 3. Relative contributions
to the branching ratios ofBR(Z
→t1m21m1t2) from the
chargino, neutralino and doubly
charged Higgsino components a
a function of the universal scala
mass parameterm0, for ML5100
GeV, ML /m'1, m.0 and tanb

53. As before,l05m̃0
2/MWL

2 . The
curves represent:~solid line! 103

times the chargino contribution
~dot-dashed line! the neutralino
contribution; and ~dashed line!
103 times the doubly charged
Higgsino contribution.
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to lepton flavor violating decays of theZ comes from its
branching ratio tomt, and that should be true in any mod
with slepton mixings in agreement with our understanding
neutrino oscillations. Finally in Fig. 3 we plot~for Z
→m6t7) the relative contributions of the chargino, ne
tralino and doubly charged Higgsino to the branching ra
as functions ofm0. Some of the general features emergi
from the graphs are as follows.

The branching ratio forZ→m6t7 is the largest of the
three lepton flavor violating branching ratios, but still is le
than 10211, and more likelyO(10212) for gaugino mass val-
ues favored by the anomalous magnetic moment of
muon. This value is 2–3 orders of magnitude below w
could be observed at GigaZ. We expect this ratio to be e
smaller in MSSM, where slepton mixings are more restric
than in LRSUSY@2#.

In the approximation used, the branching ratios are p
portional to the relative slepton mass splittings, such tha

BR~Z→m6t7!:BR~Z→e6t7!:BR~Z→e6m7!

'
dm̃t̃

2

m̃2
:
d ẽt̃

2

m̃2
:
d ẽm̃

2

m̃2
. ~30!

As in the case of the dipole transitions, inZ lepton flavor
decays the neutralino contribution dominates all proces
and the chargino contribution is much smaller. The dou
charged Higgsino contribution is most important forZ
→m6t7 @because of the weaker constraints on (hLR)mt#, but
is still O(1023) smaller than the neutralino. Thus, the resu
are not too sensitive to the particular Higgs structure of
model and are more sensitive to its left-right symmetry.
03301
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We do not expect the results to be significantly altered
large values of tanb. The left-right mass splitting of the
sleptons is proportional to tanb and thus expected to in
crease. This increase will affect both the muon magnetic m
ment and the lepton flavor violating decays, which will b
dominated by slepton-neutralino graphs. The fractional sl
ton mass, which depends on the ratio of the decay amplit
for m→eg and the anomalous magnetic moment of t
muon, will remain fairly constant against variations in tanb.
In this scenario, although the doubly charged Higgsino c
tribution will increase, the lepton flavor violating decays
the Z will be dominated by the neutralino-slepton contrib
tions, and will be fairly independent of tanb.

In conclusion, we have shown that, including the co
straints from radiative lepton decays, lepton flavor violati
decays of theZ bosons in the left-right supersymmetr
model are expected to be at most in the 10212210211 range.
The prospective high-energye1e2 linear collider TESLA is
being designed to operate on top of theZ-boson resonance
Given the high luminosity and the cross section, ab
23109 Z events could be generated in an operational yea
107 s. The signal predicted here is below the experimen
sensitivity of the new planned GigaZ experiment at TESL
A signal of lepton flavor violation inZ decays is not expecte
in LRSUSY and, if seen, it would be an indication of oth
models, such as models with heavy Majorana neutrinos@12#,
or of a new mechanism responsible for the decay@23#.
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@23# D. Delépine and F. Vissani, Phys. Lett. B522, 95 ~2001!.
1-7


