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Doubly charged Higgsino-mediated lepton flavor violating decays
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We analyze the supersymmetric contribution to the lepton flavor decays due to the presence of a doubly
charged Higgsino in a general left-right model. We include contributions tol→ l 8g, m-e conversion in nuclei,

muonium-antimuonium decay,l 2→ l 1
2l 2

2l 3
1 and flavor changingZ→ l 1 l̄ 21 l 2 l̄ 1. We present a complete set of

bounds on the couplings and masses of the doubly charged Higgsino and we discuss which of these processes
will be most sensitive to the presence of such an exotic fermion. Lepton-flavor violating decays are shown to
be a promising clue to an extended gauge structure in supersymmetry.

PACS number~s!: 13.35.Bv, 12.60.Jv, 14.60.Ef
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I. INTRODUCTION
The conservation of lepton number and lepton flavor

among the most stringently tested laws of physics. In
standard model all three lepton flavors are exact global s
metries and are conserved separately. However, this is a
sequence of vanishing neutrino masses, which has come
serious question lately@1#. Motivated by the data from Su
perKamiokande, indicating oscillations of atmospheric a
solar neutrinos, there has been a renewed interest in le
flavor violation. This motivation is further enhanced by im
proved experimental upper limits on several interesting
cays, such asm→eg, t→mg, m1→e1e1e2 as well as
m2Ti→e2Ti. Projects are currently underway to improv
several of these upper limits by a few orders of magnitu
Coupled with neutrino masses and oscillations, looking
charged lepton number and flavor violation seems to b
promising signal for looking for physics beyond the stand
model.

On the other hand, the tantalizing existence of neutr
masses is a definite reason to look at scenarios beyond
standard model in order to accommodate small neut
masses. In that regard, the most elegant solution to neu
masses is the generation of such masses through the se
mechanism, present in the left-right symmetric mod
Choosing to break the extended symmetrySU(2)L
3SU(2)R3U(1)B2L to the standard model through a tripl
Higgs representation is the natural way to generate sm
neutrino masses. If, in addition, one would want to prov
solutions to two seemingly unrelated problems of the st
dard model, the stability of the Higgs boson mass and
origin of the electroweak symmetry breaking, one require
supersymmetric extension of that model, the left-right sup
symmetric~LRSUSY! model. A careful analysis of the phe
nomenological consequences of this model reveals that
in fact gets solutions to more than the problems outlin
above, such as exactR-parity conservation in the superpote
tial @2# and a solution to the strong and electroweakCP
problem@3#.

In the supersymmetric version of the left-right model, o
encounters not just triplet Higgs bosons, but their supers
metric partners as well, the Higgsinos. The conditions
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posed on these Higgs bosons to give mass to the neutr
through the seesaw mechanisms therefore introduce four
otic doubly charged Higgsinos which couple to leptons o
and as such are an interesting source of lepton flavor vi
tion. Before examining the problem closer, we want to po
out that extensive analyses have been done regarding do
charged scalar particles@4#, either their production at variou
colliders or their lepton flavor violating interactions. Besid
the complexY562 triplet Higgs representations of the lef
right supersymmetric model, the doubly charged Higgs s
lars appear in many models, either by augmenting the s
dard model with additional Higgs representations or a
natural consequence of extended gauge structures@5#. Any
supersymmetric extensions of such models will contain
otic doubly charged Higgsinos. Of course, in assessing
attractiveness of a particular choice of Higgs represenatio
one must consider the severity of constraints needed to
satisfied. For triplet and higher representations contain
neutral member, limits on the latter’s vacuum expectat
value needed to maintainr51 are generally very restrictive
Even imposingr51 at the tree level requires fine-tuning
maintain this relation at the one loop level. In order to avo
this, one must choose either representations that do not
a neutral member or in which the expectation value of
neutral member is zero, or very small, as is the case of
LRSUSY left-handed Higgs triplet. Another reason to fav
the doubly charged Higgsinos of the LRSUSY model is t
requirement of coupling constant unification. This is qu
difficult to maintain with an arbitrary Higgs structure, but
possible for the LRSUSY model with intermediate sca
comfortably adjusted such that coupling constant unificat
is achieved.

For these reasons, we will concentrate on the study of
doubly charged Higgsinos of the left-right supersymmet
theory. Analyses of some flavor-violating decays appea
earlier@6#. We propose to take a more general point of vie
here, also to combine all sources of lepton flavor violati
and discuss their relative importance. The study has so
general features, in that we attempt to put constraints on
masses and Yukawa couplings of these exotic Higgsinos
assuming the simple one parameter coupling charg
lepton–charged-lepton interaction. Given their exotic qu
tum numbers, the masses and couplings of the dou
charged Higgsinos are free parameters of the model and
©2000 The American Physical Society04-1
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unaffected by interactions in other sector. In that respect
study of their interactions is ‘‘clean’’ and will apply to an
other such objects which couple similarly to two lepto
only.

Our paper is organized as follows: we will first presen
brief review of the LRSUSY model, with particular emphas
on the doubly charged Higgsino sector~Sec. II!. We then
proceed to analyze the lepton flavor violating decaysl
→ l 8g ~Sec. III!, m-e conversion~Sec. IV!, l→ l 1l 2l 3 ~Sec.
V!, muonium-antimuonium conversion~Sec. VI! and Z

→ l̄ l 81 l̄ 8l ~Sec. VII!. We analyze these results and com
ment on their relative suitability for investigating lepton fl
vor violation in Sec. VIII, and reach our conclusion in Se
IX.

II. LEFT-RIGHT SUPERSYMMETRIC MODEL
AND DOUBLY CHARGED HIGGSINOS

The LR SUSY 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! @7#. 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 bi-doublets,Fu( 1
2 , 1

2 ,0) andFd( 1
2 , 1

2 ,0),
which are required to give masses to both the up and d
quarks. The phenomenology of the doublet Higgs is sim
to the non-supersymmetric left-right model@8#, except that
the second pair of Higgs doublet fields, which provide n
contributions to the flavor-changing neutral currents, mus
heavy, in the 5–10 TeV range, effectively decoupling fro
the low-energy spectrum@9#. The spontaneous symmetr
breaking of the groupSU(2)R3U(1)B2L to the hypercharge
symmetry groupU(1)Y is accomplished by the vacuum e
pectation values of a pair of Higgs triplet fieldsDL(1,0,2)
andDR(0,1,2), which transform as the adjoint representat
of SU(2)R . The choice of the triplets~versus four doublets!
is preferred because with this choice a large Majorana m
can be generated~through the seesaw mechanism! for the
right-handed neutrino and a small one for the left-hand
neutrino@8#. In addition to the tripletsDL,R , the model must
contain two additional tripletsdL(1,0,22) anddR(0,1,22),
with quantum numberB2L522 to ensure cancellation o
the anomalies that would otherwise occur in the fermio
sector. Given their strange quantum numbers, thedL anddR
do not couple to any of the particles in the theory, so th
contribution is negligible for any phenomenological studi

The superpotential for the LRSUSY model is

W5hq
( i )QTt2F it2Qc1hl

( i )LTt2F it2Lc1 i ~hi j L
iTt2DLL j

1hi j L
icTt2DRL jc!1MD@Tr~DLD̄L1Tr~DRD̄R!#

1m i j Tr~t2F i
Tt2F j !1WNR ~1!

where WNR denotes ~possible! non-renormalizable term
arising from higher scale physics or Planck scale effects@10#.
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The presence of these terms ensures that, when the S
breaking scale is aboveMWR

, the ground state isR-parity
conserving@11#. In writing the superpotential we have a
sumed strict LR symmetry.

As in the standard model, in order to preserveU(1)EM
gauge invariance, only the neutral Higgs fields acquire n
zero vacuum expectation values~VEV’s!. These values are

^DL&5S 0 0

vL 0D , ^ DR&5S 0 0

vR 0D , ^F&5S k 0

0 k8eivD .

^F& causes the mixing ofWL and WR bosons with
CP-violating phasev. In order to simplify, we will take the
VEV’s of the Higgs fields aŝDL&50 and

^DR&5S 0 0

vR 0D , ^Fu&5S ku 0

0 0D , ^Fd&5S 0 0

0 kd
D .

ChoosingvL5k850 satisfies the more loosely required h
erarchyvR@max(k,k8) @ vL and also the required cance
lation of flavor-changing neutral current. The Higgs fiel
acquire nonzero VEV’s to break both parity andSU(2)R . In
the first stage of breaking, the right-handed gauge bosonsWR
andZR acquire masses proportional tovR and become much
heavier than the usual~left-handed! neutral gauge bosonsWL
andZL , which pick up masses proportional toku andkd at
the second stage of breaking.

The supersymmetric sector of the model, while preserv
left-right symmetry, has eight singly charged charginos, c
responding tol̃L ,l̃R ,f̃u , f̃d , D̃L

2 , D̃R
2 , d̃L

2 and d̃R
2 . The

model also has 11 neutralinos, corresponding tol̃Z , l̃Z8 ,
l̃V , f̃1u

0 , f̃2u
0 , f̃1d

0 , f̃2d
0 , D̃L

0 , D̃R
0 , d̃L

0 , and d̃R
0 . Although

DL is not necessary for symmetry breaking@12# and is intro-
duced only for preserving left-right symmetry, bothDL

22 and
its right-handed counterpartDR

22 play very important roles
in phenomenological studies of the LRSUSY model. It h
been shown that these bosons, and possibly their fermi
counterparts, could be light@10#. The production of doubly
charged Higgs and their corresponding Higgsinos has b
studied extensively. It has also been shown in the past
their presence enhances lepton-flavor violating decays, b
complete analysis of their interactions is still lacking. W
propose to remedy this in the present paper.

The two-component mass terms for the doubly charg
Higgsinos are derived from the superpotential,

Lmass52MLRD̃L
11D̃̄L

222MLRD̃R
11D! R

22 , ~2!

and the Yukawa interaction of these fields is given by

LY522hi j L̄ iL
c D̃̄L

11L̃ jL22hi j L̄ iR
c D̃̄R

11L̃ jR . ~3!

The advantages of studying the lepton-flavor violation w
doubly charged Higgsinos is evident. Their masses and
teractions do not depend on parameters in other gaug
Higgsino sectors. In addition,D̃L

22 and D̃R
22 do not mix

with each other, so the interactions do not give rise to gra
with mixed slepton states, making the interactions free
4-2
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DOUBLY CHARGED HIGGSINO-MEDIATED LEPTON . . . PHYSICAL REVIEW D62 053004
other parameters such as the trilinear couplingAl . The only
parameters are the masses (M D̃L

, M D̃R
) and the coupling

constantshi j .

III. l\ l 8g

The decays of the forml→ l 8g have been long considere
the best channel to search for lepton flavor violation~LFV!.
In particular, the decaym→eg, which proceeds through
simple dipole transition and which is very strongly co
strained experimentally, has been the subject of nume
analyses@13#. The experimental bounds on such proces
are @14,15#

BR~m→eg!,1.2310211 ~4!

BR~t→eg!,2.931026 ~5!

BR~t→mg!,1.131026. ~6!

The amplitude of thel→ l 8g transition can be written in the
form of the usual dipole-type interaction:

Ml→ l 8g5
1

2
c̄ l 8~dLPL1dRPR!smnFmnc l . ~7!

It leads to the branching ratio

G l→ l 8g5
1

16p
t l~ uduL

21uduR
2 !ml

3 . ~8!

Comparing it with the standard decay width,G l

5(1/192p3)GF
2ml

5 , and using the experimental constraint
the branching ratio, we get a limit on the dipole amplitud

udu5A~ udLu21udRu2!/2. ~9!

This process was discussed in@6# for m→eg, where thehi j
couplings were taken to be diagonal and the branching r
was considered as a function of the~unknown! mixings be-
tween the scalar muons and scalar electrons. We will
analyze this process here by not making any assumpt
about slepton mixing~therefore eliminating several unknow
parameters! but considering the Yukawa mixings as no
diagonal. The limits on the couplings will depend only on t
values of the masses of doubly charged Higgsinos and sc
leptons. We include in this analysis the tighter experimen
bound, as well as an analysis of the decayst→eg and t
→mg, which bound a different combination of coupling
The Feynman diagrams that contribute to this process
shown in Fig. 1. We obtain, for the dipole amplitude,

udL,Ru5
hli hil 8

~4p!2

ml

M l̃
2 @ f M~r L,R!22gM~r L,R!# ~10!

wherer L,R5M D̃L,R

2 /M l̃
2 and l̃ is the scalar lepton in the loop

and where thel→ l 81g loop functions are
05300
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f M~r !5
1

6~12r !4
~2r 313r 226r 1126r 2log r ! ~11!

gM~r !5
1

6~12r !4
~r 326r 213r 1216r log r !. ~12!

IV. µ-e CONVERSION

The lepton flavor violating neutrinoless conversion of
bound 1 s muon to electron in the field of a nucleus,

~A,Z!1m2→e21~A,Z!* , ~13!

is known as one of the best probes to search for muon
electron flavor violation. So far the experiments have put
upper bound on the branching ratio for muon-electron c
version relative to the total rate for muon capture:

Rme25G~m2→e2!/G~m2→nm!. ~14!

The upper limits extracted at PSI by the SINDRUM II e
periments are@16,17#

Rme2,6.1310213 for 48Ti target ~15!

Rme2,4.6310211 for 208Pb target. ~16!

At present the planned MECO experiment at Brookhaven
being launched using27Al targets, and the expected sensiti
ity on Rme2 is @18#

Rme2,2310217 for 27Al target, ~17!

which implies an improvement over the existing limits
about four orders of magnitude. If this happens, the bou
from m-e conversion would be stronger than the boun
found from m→eg or m→eee. Therefore, whatever the
mechanisms considered form-e conversion, it can be ex
pected that this process will become the principal test
muon number conservation.

FIG. 1. One-loop Feynman graphs generating the effective

tices l l 8g(Z), lÞ l 8. Here l̃ i
6 represents a slepton state of flavori,

i 5e,m,t and D̃22 is the doubly charged Higgsino.
4-3
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M. FRANK PHYSICAL REVIEW D 62 053004
On the theoretical side, many mechanisms of them-e con-
version have been studied. These mechanisms fall into
categories: photonic and non-photonic. The relevant con
sion effective Lagrangian can be expressed as

Le f f5
4pa

q2
j ph
l Jl

ph1
G

A2
(
i , j

~ j i nph
l Jl

i nph1 j m nphJ
m nph!

~18!

where the first term describes photon conversion and the
ond leptonic and hadronic non-photonic conversion. Hereq2

denotes the photon momentum transfer,G the effective cou-
pling constant,j i the vector currents andJi the scalar cur-
rents. The photonic mecahnism is enhanced at smallq2 and
can occur at the one loop level. The non-photonic mec
nism is significant if it can occur at the tree level~which is
not the case here!, or can be enhanced by decoupling
heavy neutral fermions, such as massive neutrinos. If no
general the non-photonic contribution is supressed. The
tonic current for the photonic mechanism can be para
etrized as

j ph
l 5ēF ~ f E01g5f M0!gnS gln2

qlqn

q2 D
1~ f M11g5f E1!isln

qn

mm
G . ~19!

In addition one must calculate coherentm-e conversion
nuclear form factor. We will follow previous approache
@19#. The relevant conversion branching ratio can be writ
as

Rme25C
8pa2

q4
peEe

uF~pe!u2

Gcapt
j0

2 ~20!

where

j0
25u f E01 f M1u21u f E11 f M0u2 ~21!

is the dependence of the matrix element form-e conversion
on the form factors.uF(pe)u2 is the nuclear matrix elemen
squared in the local approximation, andC is the correction
factor to the approximation. We take the latest numeri
values from@20#. The form factors which appear inj0

2 are

f E05
2q2

~4p!2M l̃
2 hm ihje@ f E~r L,R!22gE~r L,R!# ~22!

f M05 f E150 ~23!

f M15
2q2

~4p!2M l̃
2 hm ihje@ f M~r L,R!22gM~r L,R!#

~24!

where the additional loop functions for the conversion ar
05300
o
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l

f E~r !5
1

~12r !4
~218r 3118r 229r 1116r 3log r !

~25!

gE~r !5
1

~12r !4
@27r 3136r 2245r 116

16~223r !log r #. ~26!

Note that this conversion depends on a different com
nation of form factors than the decayl→ l 8g. In particular,
only the form factorf M1 is responsible for the dipole deca
and the form factorf E0 is logarithmically enhanced by a
factor of u ln(ml

2/Ml̃
2)u;O(10) for typical fermion masses

This phenomenum has been discussed previously in the
erature @21# and will play an important role here only i
M l̃ @M D̃ .

V. THREE-BODY LEPTON FLAVOR VIOLATING
DECAYS

These decays are important sources of LFV, especi
the decaym→eee, which is severely constrained experime
tally. The experimental constraints on these decays are@15#

BR~m2→e2e2e1!,1310212 ~27!

BR~t2→e1m2m2!,2.931026 ~28!

BR~t2→e2e2e1!,1.531026 ~29!

BR~t2→e2m2m1!,1.831026 ~30!

BR~t2→e2e2m1!,1.531026 ~31!

BR~t2→m2m2m1!,1.931026 ~32!

BR~t2→m2e2e1!,1.731026. ~33!

The branching ratios for these three body decays can be
pressed as

BR~ l→ l 1l 2l 3!5
~hli hjl 1

!2

~4p!4

ml

G l

mW
4

mD̃
4 uFl l 1l 2l 3

u2. ~34!

The transition amplitude of the decay l (p)
→ l 1(p1) l 2(p2) l̄ 3(p3) receives contributions fromg- and
Z-mediated graphs shown in Fig. 1 and box diagrams gi
in Fig. 2. We distinguish three different cases, depending
the flavors of the final states. These three different am
tudes are conveniently written down as follows:
4-4
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B~ l 2→ l 1
2l 2

2l 3
1 ,l 1Þ l 3 ,l 25 l 3!

5

F (
i , j ,k51,2,3

hll i
hl j l kG2

~4p!4

mW
4

M D̃
4

ml

G l
H uFBox

ll 1l 2l 21FZ
ll 1

22sw
2 ~FZ

ll 12Fg
l l 1!u2 14sw

4 uFZ
ll 12Fg

l l 1u2

18sw
2 R@~FZ

ll 11FBox
ll 1l 2l 2!Gg

l l 1 *#232sw
4 R@~FZ

ll 1

2Fg
l l 1!Gg

l l 1 * #132sw
4 uGg

l l 1u2: F ln
ml

2

ml 2
2

23G J , ~35!

wheresw5sinuw and Fg
l l , Gg

l l 1 are form factors associate
with the functions 2f andg associated with the phton verte
FZ

ll 1 is the form factor associated with theZ vetex, and

FBox
ll 1l 2l 3 is the form factor associated with the box diagra

All these composite form factors are defined explicitly
@22#. The decays in this category aret2→e2m2m1 and
t2→e2m2e1. The second type of decay is

B~ l 2→ l 1
2l 2

2l 3
1 ,l 35 l 15 l 2!

5

F (
i , j ,k51,2,3

hll i
hl j l kG2

~4p!4

mW
4

M D̃
4

ml

G l
H 2u 1

2 FBox
ll 1l 1l 11FZ

ll 1

22sw
2 ~FZ

ll 12Fg
l l 1!u214sw

4 uFZ
ll 12Fg

l l 1u2

116sw
2 R[ ~FZ

ll 11 1
2 FBox

ll 1l 1l 1!Gg
l l 1 * ]

248sw
4 R@~FZ

ll 12Fg
l l 1!Gg

l l 1 * #

132sw
4 uGg

l l 1u2 F ln
ml

2

ml 1
2

2
11

4 G J ~36!

Decays of this type arem2→e2e2e1, t2→m2m2m1 and
t2→e2e2e1. Finally for the third type of decay we have

B~ l 2→ l 1
2l 2

2l 3
1 ,l 2Þ l 3 ,l 1Þ l 3!

5

F (
i , j ,k51,2,3

hll i
hl j l kG2

~4p!4

mW
4

M D̃
4

ml

G l
uFBox

ll 1l 2l 3u2. ~37!

FIG. 2. One-loop Feynman box diagrams contributing to
decays l→ l 1l 2l 3 decays, as well asm1e2→m2e1 conversion.

Here l̃ 8( l̃ 9) represents a slepton state of flavore,m,t; x j
0 , j

51, . . .,11, represents a neutralino state; andD̃22 is the doubly
charged Higgsino.
05300
.

The decays in this category aret2→e2e2m1 and t2

→m2m2e1. We can approximate the branching ratios f
the first two types of decays as

B~ l 2→ l 1
2l 2

2l 3
1 ,l 1Þ l 3 ,l 25 l 3!

5

F (
i , j ,k51,2,3

hll i
hl j l kG2

~4p!4

mW
4

M l̃
4

ml

G l
32sw

4 uGg
l l 1u2 F ln

ml
2

ml 2
2

23G
~38!

and

B~ l 2→ l 1
2l 2

2l 3
1 ,l 35 l 15 l 2!

5

(
i , j ,k51,2,3

hll i
hl j l k

~4p!2

mW
4

M D̃
4

ml

G l
32sw

4 uGg
l l 1u2 F ln

ml
2

ml 1
2

2
11

4 G .

~39!

Decays of the forml 2→ l 1
2l 2

2l 3
1 ,l 2Þ l 3 ,l 1Þ l 3 can occur

through only the box diagram and their contribution is t
small to place any constraints on masses and couplings o
D̃L,R

22 . The most stringent bounds from the three body dec
will come from m2→e2e2e1, and also from t2

→e2e2e1 andt2→m2e2e1.

VI. MUONIUM-ANTIMUONIUM CONVERSION

The effective Lagrangian forM -M̄ conversion comes
from the lepton box amplitude of Fig. 2. Therefore, the stru
ture of the effective Hamiltonian density forM -M̄ has the
same (V2A)3(V2A) as in the original papers@23#:

H5GMM̄c̄mgl~12g5!cec̄mgl~12g5!ce . ~40!

The constantGMM̄ contains information on physics beyon
the standard model. In our case, it contains the box am
tude for the processm1e2→m2e1, forbidden in the stan-
dard model, but which proceeds through the box diagram
Fig. 2:

GMM̄5~ uhemu21hmmhee* !
aZ

M l̃
2 Fbox

meem . ~41!

The quantity measured by experiments is the convers
probability P(M→M̄ ) which is constrained to be

P~M→M̄ !,131029. ~42!

The conversion probability is related to the constantGMM̄ by

P~M→M̄ !5
d2

2Gm
2

~43!

where

e

4-5
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d

2
5^M̄ uHuM &5

16GMM̄

pa3
~44!

is the transition matrix element between muonium and a
muonium,a is the radius of the muonium atom, andGm is the
total decay width of the muon. As in many other extend
gauge structures, theM -M̄ conversion is not a good place t
search for doubly charged Higgsino-mediated lepton-fla
violation. The amplitude for this process depends on the n
diagonal m-e mixing, which is much more strongly con
strained by processesm→eg, m→e conversion andm

→eee. The fact that theM -M̄ conversion can only occu
through the box diagram also decreases its chances of b
the place to look for LVF. If the results of the previous thr
processes are improved by a factor ofn, one needs a compa
rable improvement of factor ofn2 for the muonium conver-
sion to be comparable in searching for LFV.

VII. Z\L 1 l̄ 2¿L 2 l̄ 1

In addition to the low-energy constraints discussed in
previous sections, the doubly charged Higgsino will give r
to sizable lepton flavor violating decays of theZ boson. In
particular, it was found in@24# that the non-observation o
such signals may impose constraints on the supersymm
spectrum. The analysis in@24# took the point of view that the
Yuakawa couplingshi j were all diagonal and of order unity
This would allow one to put stringent bounds on the mas
of the doubly charged Higgsinos. We will consider here,
in previous sections, that the masses and couplings are
parameters, the couplings nondiagonal, and attempt to bo
them from theZ decays. The experimental limits onZ
→ l 1 l̄ 21 l 2 l̄ 1 are @15#

BR~Z→e2m11m2e1!,1.731026 ~45!

BR~Z→e2t11t2e1!,9.831026 ~46!

BR~Z→t2m11m2t1!,1.231025. ~47!

The amplitude of the decayZ→ l l 8 proceeding through a
doubly charged Higgsino can be parametrized as

T~Z→ l 1l 2!5
igwhl 1ihil 2

2~4p!2cw

F Z
l 1l 2eZ

mūl 2
gm~12g5!v l 2

~48!

wherecw5cosuw . The form factor is induced by the Feyn
man diagrams of Fig. 1. The branching ratio for this dec
mode is

BR~Z→ l̄ 1l 21 l̄ 1l 2!5
aW

3 cosuW
2

~hl 1ihil 2
!2

~4p!3

MZ

GZ
u f Z

l 1l 2u2

~49!

whereGZ52.490 GeV is the experimental value of the to
Z width. The form factor is
05300
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f Z
l 1l 25r F f 1~r !

2
1

f 2~r !

4
2

r Zf 3~r !

4
1

1

8G ~50!

where

f 1~r !5E
0

1E
0

1 ydxdy

~12y!r 1y@12r Zxy~12x!#
~51!

f 2~r !5
r

2~12r !
1

r 2lnr

2~12r !2
~52!

f 3~r !5E
0

1E
0

1 xy3~12x!dxdy

~12y!r 1y@12r Zxy~12x!#
~53!

with r 5mD̃
2 /ml̃

2 andr Z5mZ
2/ml̃

2 . The bounds obtained from
the LFV decays of theZ boson are weaker than those fro
m→eg, but comparable to some of the three-body decay

VIII. NUMERICAL ANALYSIS AND DISCUSSION

We proceed now to investigate quantitatively the pred
tions of doubly charged Higgsino-mediated lepton violati
decays. We set as parameters the diagonal and non-diag
couplingshi j and the mass of the doubly charged Higgsin
M D̃L,R

. We assume that the strength of the coupling is
same for the left and right sectors; also we assume for s
plicity that the masses of the doubly charged HiggsinosD̃L

22

and D̃R
22 are the same. The first assumption is consist

with left-right symmetry. With regards to the masses, vario
scenarios are possible. The authors of@12# neglect the left-
handedD̃L since it is not absolutely necessary for symme
breaking to the standard model. A different point of view
taken by@25#, who find the existence ofD̃L essential for the
study of spontaneous parity andR parity breaking. We shall
adopt this latter point of view and take, for simplicity,M D̃L

'M D̃R
5M D̃ . The doubly charged components of the Hig

bosons do not acquire masses of ordervR , but their masses
arise through the non-renormalizable operators and are
ordervR

2/M Planck. It is not unreasonable to expect therefo
that their masses could be of the same order of magnit
and light, and the same would be the case for their fermio
partners.~If one allows a coefficient of proportionality, rathe
than approximate equality between the masses, one in
duces an extra parameter into the results which will unn
essarily, given the level of precision in the masses, com
cate the bounds!. In addition to the couplings and masses
the doubly charged Higgsinos, the results will depend on
mass~scale! of the scalar lepton massM l̃ . In fact, we find
that the LFVs are sensitive to the ratioM D̃

2 /M l̃
2 . The explicit

constraints obtained from the LVF processes discusse
previous sections are

hm ihie* ,
2.29310210M D̃

2

r f D~r !
from m→eg ~54!
4-6
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ht ihie* ,
1.0931028M D̃

2

r f D~r !
from t→eg

~55!

ht ihim* ,
1.1531028M D̃

2

r f D~r !
from t→mg

~56!

where we put

f D~r ![ f M~r !22gM~r !5
1

6~12r !4
@15r 2212r 23

26r ~r 12!ln r # ~57!

andr 5M D̃
2 /M l̃

2 . The constraints obtained fromm-e conver-
sion are

hm ihie* ,
2.85310211M D̃

2

rF D~r !
for 27Al target ~58!

hm ihie* ,
3.6831029M D̃

2

rF D~r !
for 48Ti target,

~59!

hm ihie* ,
2.2331028M D̃

2

rF D~r !
for 208Pb target

~60!

where

FD~x,r ![ f E~r !22gE~r !1 f D~r !

5
1

2~12r !4
@28r 32103r 21158r 261

12~12r 32r 2136r 226!ln r # ~61!

with r 5M D̃
2 /M l̃

2 . Similarly we get the following bounds
from l→ l 1l 2l 3:

hmehee* ,
4.731029M D̃

2

r f D~r !
from m→e1e2e2 ~62!

htehee* ,
4.431026M D̃

2

r f D~r !
from t→e1e2e2

~63!

htmhmm* ,
1.0731025M D̃

2

r f D~r !
from t→m1m2m2

~64!

R@htehem* 1htmhee* #
05300
,
4.7331026M D̃

2

r f D~r !
from t→e1e2m2

~65!

R@htmhme* 1htehmm* #

,
1.0931025M D̃

2

r f D~r !
from t1→m1e2m2 .

~66!

Finally the bounds from theZ lepton flavor violating decays
are

R@hm ihie* #,
8.931026M D̃

2

f Z
ll 8

from Z→e2m11e1m2

~67!

R@ht ihie* #,
2.1631025M D̃

2

f Z
ll 8

from Z→e2t11e1t2

~68!

R@ht ihim* #,
2.3931025M D̃

2

f Z
ll 8

from Z→t2m11t1m2.

~69!

Exactly which process dominates will be determined by
ratio M D̃

2 /M l̃
2 . In Table I below we present bounds on co

pling constants obtained for some typical mass ratios.
A general feature of these bounds is that the most imp

tant ones experimentally come fromm-e conversion,m
→eg, t→eg and t→mg. The rest are only of somewha
academic importance, in particular the three body deca
although they bound different specific products. Compa
to them→eg, the branching ratio ofm1→e1e1e2 is

G~m1→e1e1e2!

G~m→eg!
'631023 ~70!

compared to an improvement of only 1021 in the measured
branching ratios. That does not necessarily mean thatm1

→e1e1e2 is uninteresting experimentally, because the e
perimental detection and background are very different
the two decays. Also, the reactionm1→e1e1e2 has a much
richer structure than them→eg decay and can take place i
cases in whichm→eg is forbidden. That is, the pengui
diagrams with an intermediate off-shell photon, which a
dominant in this case, might be forbidden.

For them-e conversion the rough estimate ratio

R~m1Ti→e1Ti!

BR~m→eg!
'

a

3p

Eepe

mm
2

ZF2

Gcapt
'5.631023, ~71!

which shows a relative suppression of about two orders
magnitude@26#, is not universal and in fact them-e conver-
sion, when taking the loop functions correctly into accou
dominates overm→eg throughout the parameter space u
4-7
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TABLE I. Constraints on the couplings of the doubly charged Higgsinos from lepton flavor viola
decays

M D̃5100 GeV M D̃5100 GeV M D̃5100 GeV M D̃5200 GeV
Coupling M l̃ 51 TeV M l̃ 5200 GeV M l̃ 5100 GeV M l̃ 5100 GeV Process

hm ihie* ,5.1531024 ,4.5331025 ,6.1831027 ,1.0531024 m→eg
ht ihie* ,2.4531022 ,2.1531023 ,2.931025 ,4.8931023 t→eg
ht ihim* ,2.5931022 ,2.331023 ,3.131025 ,5.2631023 t→mg
hm ihie* ,3.131027 ,3.831028 ,4310220 ,1.9231027 m2e in Al
ht ihie* ,431025 ,4.931026 ,5.25310218 ,2.4731025 m2e in Ti
hmehee* ,1.0631022 ,9.331024 ,1.2731024 ,2.1531023 m→3e
htehee* ,9.9 ,8.731021 ,1.1931022 ,2.01 t→3e
htmhmm* ,24.06 ,2.1 ,2.8931021 ,4.9 t→3m
R@htehem* ,10.63 ,9.3431021 ,1.2831022 ,2.16 t→mee
1htmhee* ]
R@htmhme* ,24.51 ,2.15 ,2.9431022 ,4.9931022 t→emm
1htehmm* ]
hm ihie* ,1.5931021 ,1.9331021 ,2.2331021 ,9.33 Z→m6e7

ht ihie* ,3.8531021 ,4.6831021 ,5.431021 ,22.7 Z→t6e7

ht ihim* ,4.2631021 ,5.1731021 ,631021 ,25.1 Z→t6m7
t
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der consideration. Note that the strength of the bounds on
Yukawa couplings of the doubly charged Higgsinos atM D̃

5M l̃ in m-e conversion is due to the fact thatFD(x) is
singular atx51. In the case ofZ→ l 6l 87, this graph is de-
termined entirely by the penguin graph with the photon
placed by theZ boson. The bounds are much weaker th
those coming froml→ l 8g, but the loop function is different
In fact theZ branching ratios are more predictive~less pa-
rameter dependent! because of the slow variation of the fun

tion f Z
ll 8 with M D̃

2 /M l̃
2 .

Lepton-flavor violating processes have been studied in
context of a ~non-supersymmetric! left-right theory. We
present in Table II, for comparison, the bounds on
Yukawa couplingshi j of the tripletDL,R bosons.

Some of these bounds are based on old experimental
however, some processes such asm→eee and the corre-
sponding three bodyt decays with Higgs bosons can occ
at the tree level, and they benefit from having light fermio
in the loop. In view of this, the bounds obtained from t
doubly charged Higgsinos are very good.

If we assume that the off-diagonal couplingshi j , iÞ j ,
are much smaller than the diagonal couplingshii , we can

TABLE II. Previous constraints on the couplings of the doub
charged Higgs bosons from lepton flavor violating decays forMD

5100 GeV@4#.

Coupling Bound Process

hmehmm ,231026 m→eg
htehtm ,531026 m→eg
hmehee ,3.231027 m→3e
htehme ,5.531023 t→2em
htehee ,4.331023 t→3e
htehee ,5.531023 t→e2m
05300
he

-
n

e

e

ta;

s

obtain better bounds on specific products of couplings ra
than on the sum of products. This assumption is supporte
bounds obtained from lepton flavor conserving process
such asDam which restrictshmm<5.931023/( f D)1/2M D̃ . If
in addition we suppose thathmehee'hmmhme@hmthte , we
can obtain bounds onheehem as a function of scalar lepton
and doubly charged Higgsino masses.

Figure 3 shows the variation of the couplings ln(hmehee) as
a function of the doubly charged Higgsino massM D̃ for the
heavy squark scenario,M l̃ 51 TeV. In this parameter spac
there is a local minimum of the functionf D(x) at M l̃ 5725

FIG. 3. ln(hmehee) as a function ofM D̃ for M l̃ 51 TeV in the
case in which the off-diagonal couplings are smaller than the d
onal couplings. The solid curve represents the restriction com
from m→eg, the dashed the restrictions from the expected se
tivity of m-e conversion in27Al, and the dot-dashed curve from th
present sensitivity ofm2e conversion in48Ti.
4-8
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GeV. One could see that the bound fromm-e conversion is
dominant over the bound fromm→eg not just for the ex-
pected sensitivity reached for27Al, but even for the presen
sensitivity in 48Ti experiments. In both these cases the bou
from m→e2e2e1 is tighter by at least one order of magn
tude.

In Fig. 4 we present the variation of the couplin
ln(hmehee) for a light doubly charged Higgsino,M D̃5100
GeV, as a function of the slepton massM l̃ . The bounds from

FIG. 4. ln(hmehee) as a function ofM l̃ for M D̃5100 GeV in the
case in which the off-diagonal couplings are smaller than the d
onal couplings. The solid curve represents the restriction com
from m→eg, the dashed the restrictions from the expected se
tivity of m-e conversion in27Al, and the dot-dashed curve from th
present sensitivity ofm-e conversion in48Ti.
s
.

o
5,

05300
d

m-e conversion dominate the whole parameter space.
threshold effects are seen here as well forM D̃'M l̃ .

IX. CONCLUSION

Doubly charged Higgsinos, which are present in sup
symmetric theories with exotic Higgs representations, a
occur naturally in left-right supersymmetric models, c
have lepton flavor violating couplingshi j . Since the super-
symmetric left-right theory accommodates naturally neutr
masses and mixings, it is natural to look at the consequen
of such mixing phenomena in the charged lepton sector.
possible, and indeed expected in most versions of the the
that the doubly charged Higgsinos will be light. Charg
lepton flavor violation induced by these Higgsinos will
that case be important and possibly provide a clear signa
exotic particles and physics beyond the standard model.
have studied the bounds on the couplings imposed by a
riety of lepton flavor violating decays and found that t
most stringent bounds come fromm-e conversion~for all
explored values of charged slepton and doubly char
Higgsino mases!. Bounds on products of the formhemhme
can be restricted to as low as 102721028 for M D̃'100
GeV. The bounds obtained are as good and often better
for the lepton flavor violating decays of the correspondi
bosons in left-right theories. We might conclude that eith
these off-diagonal couplings are extremely small, or the d
bly charged Higgsinos are heavier than presently believ
Either way, the lepton flavor violating decays are an intere
ing and very restrictive window into an extended gau
structure.
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