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Charged lepton flavor violation in supersymmetry with bilinear R-parity violation

D. F. Carvalho,* M. E. Gómez,† and J. C. Roma˜o‡
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The simplest unified extension of the minimal supersymmetric standard model with bilinearR-parity viola-
tion naturally predicts a hierarchical neutrino mass spectrum, suitable to explain atmospheric and solar neutrino
fluxes. We study whether the individual violation of the lepton numbersLe,m,t in the charged sector can lead
to measurable rates for BR(m→eg) and BR(t→mg). We find that some of theR-parity violating terms that
are compatible with the observed atmospheric neutrino oscillations could lead to rates form→eg measurable
in projected experiments. However, theDm12

2 obtained for those parameters is too high to be compatible with
the solar neutrino data, excluding therefore the possibility of having measurable rates form→eg in the model.

DOI: 10.1103/PhysRevD.65.093013 PACS number~s!: 14.60.Pq, 12.60.Jv
ci
n
ti
se
rs

uc

r
n
e
th
la
a

n
e

os
ic
an
s

ar
a

s
a
n
re
t i
ra
s

M
rin
m
te

the

ses

r

d
cil-
is-

a-

ese
e
ict
pa-

for
of

x-

es
in

e
el

re
oop
ta
I. INTRODUCTION

In the standard model~SM!, lepton number is exactly
preserved in contradiction with the observed neutrino os
lations @1,2#. Several extensions of the SM include patter
of neutrino masses and mixings which can provide a sa
factory explanation for these flavor oscillations. The con
quences of the individual violation of the lepton numbe
Le,m,t for charged leptons will be manifest in processes s
as m→eg, m→3e, m-e conversion in heavy nuclei,t
→mg and KL→me @3#. The experimental upper bound fo
these processes is quite restrictive, which imposes a sig
cant constraint for the explanation of flavor in models b
yond the SM. However, the mechanisms used to explain
origin of the tiny neutrino masses required to explain so
and atmospheric neutrino oscillations typically imply th
these processes may occur at small rates, motivating a
creasing experimental interest in exploring further charg
lepton flavor violating processes.

The rates for charged lepton flavor violation~LFV! are
extremely small in the SM with right-handed neutrin
(}Dmn

4/MW
4 @4#!. In R-parity conserving supersymmetr

~SUSY! models, such as the minimal supersymmetric st
dard model~MSSM!, the presence of LFV processes is a
sociated with vertices involving leptons and their superp
ners @5#. These processes are sensitive to the scalar m
matrices structure, a nondiagonality of the latter in a basi
which fermions are diagonal leads to a hard violation of fl
vor. The structure of the scalar mass matrices is very se
tive to the SUSY breaking; in particular in models whe
SUSY is softly broken, LFV imposes a severe constrain
the flavor dependence of the soft terms as they are gene
in grand unified theories~GUT’s! and string inspired model
@6#.

The inclusion of a ‘‘seesaw’’ mechanism in the MSS
provides a very attractive scenario to understand neut
oscillations with very small neutrino masses, and at the sa
time gives rates for LFV processes accessible in projec
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experiments@7,8#. The waiving of theR-parity symmetry in
the MSSM provides an alternative scenario to explain
generation of small neutrino masses. In this case theR-parity
violating operators can be constrained by rare proces
@9–12#.

The simplest extension of the MSSM with bilinea
R-parity violation ~BRPV! @13,14# ~allowing B-conserving
but L-violating interactions! can explain neutrino masses an
mixings which can account for the observed neutrino os
lations @15#. The BRPV model has been extensively d
cussed in the literature@16#. It is motivated by the fact that it
provides an effective truncation of models whereR parity
breaksspontaneouslyby singlet sneutrino vacuum expect
tion values~VEV’s! around the weak scale@17#. Moreover, it
allows for the radiative breaking ofR parity, opening also
new ways to unify gauge and Yukawa couplings@18# and
with a potentially slightly lower prediction foras @19#. For
recent papers on phenomenological implications of th
models see Refs.@20,21#. As the parameters involved in th
R-parity violating operator are constrained in order to pred
neutrino masses in the sub-eV range, we address in this
per the question of whether this operator will induce rates
charged LFV processes of experimental interest. Some
them occur at tree level such as doubleb decay@12,22# and
m-e conversion in nuclei@23#. One loop LFV decays asl j
→ l ig become interesting in this framework due to the e
perimental interest in improving the current limits@24#:

BR~m→eg!,1.2310211,

BR~t→mg!,1.131026,

BR~t→eg!,2.731026. ~1!

As we will show, the predictions for the last two process
are much lower than the above limits and will not constra
the BRPV model. Form→eg the predictions are compatibl
with the current limit but could begin to constrain the mod
for the bounds that will be reached in current@25# or planned
experiments@26#, if only the atmospheric neutrino data a
taken in account. However the requirement that the one-l
inducedDm12

2 is in agreement with the solar neutrino da
©2002 The American Physical Society13-1
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implies that the predicted rates form→eg will not be vis-
ible, even in those new experiments.

This paper is organized as follows. In Secs. II, III and
we describe the model, the scalar potential and the ferm
mass matrices, respectively. In Sec. V we derive the exp
sions for the LFV processes. The results are presented in
VI and in Sec. VII we give our conclusions. The more tec
nical questions regarding the mass matrices, couplings
the explicit formulas for the amplitudes are given in the A
pendixes.

II. THE SUPERPOTENTIAL AND THE SOFT BREAKING
TERMS

Using the conventions of Refs.@21,27# we introduce the
model by specifying the superpotential, which includ
BRPV @16# in three generations. It is given by

W5«ab@hU
i j Q̂i

aÛ j Ĥu
b1hD

i j Q̂i
bD̂ j Ĥd

a1hE
i j L̂ i

bR̂j Ĥd
a2mĤd

aĤu
b

1e i L̂ i
aĤu

b# ~2!

where the couplingshU , hD and hE are 333 Yukawa ma-
trices andm and e i are parameters with units of mass. T
second bilinear term in Eq.~2! violates lepton number an
therefore also breaksR parity. The inclusion of theR-parity
violating term, although small, can modify the predictions
the MSSM. The most salient features are that neutrinos
come massive and the lightest neutralino is no longer a d
matter candidate because it is allowed to decay. Furtherm
we can observe that this model implies the mixing of t
leptons with the usual charginos and neutralinos of
MSSM. Lepton Yukawa couplings can be written as diago
matrices without any loss of generality since it is possible
rotate the superfieldsL̂ i

b in the superpotential, Eq.~2!, such
that Yukawa matrixhE becomes diagonal. Conversely,
BRPV models it is possible to apply a similar rotation
reduce the number ofe parameters and provide a nontrivi
structure tohE @28#.

Supersymmetry breaking is parametrized with a set of
supersymmetry breaking terms. In the MSSM these are g
by

Lsoft52Vsoft
MSSM1F1

2
Mslsls1

1

2
Mll1

1

2
M 8l8l81H.c.G

~3!

where

Vsoft
MSSM5MQ

i j 2Q̃i
a* Q̃j

a1MU
i j 2Ũ i Ũ j* 1MD

i j 2D̃ i D̃ j* 1ML
i j 2L̃ i

a* L̃ j
a

1MR
i j 2R̃i R̃j* 1mHd

2 Hd
a* Hd

a1mHu

2 Hu
a* Hu

a

1«ab@AU
i j Q̃i

aŨ jHu
b1AD

i j Q̃i
bD̃ jHd

a1AE
i j L̃ i

bR̃jHd
a

2BmHd
aHu

b#. ~4!

In addition to the MSSM soft SUSY breaking terms
Vsoft

MSSM the BRPV model contains the following extra term
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Vsoft
BRPV52Bie i«abL̃ i

aHu
b , ~5!

where theBi have units of mass.
The electroweak symmetry is broken when the two Hig

doubletsHd andHu and the neutral component of the slept
doubletsL̃ i acquire vacuum expectation values. We intr
duce the notation:

Hd5S Hd
0

Hd
2D , Hu5S Hu

1

Hu
0 D , L̃ i5S L̃ i

0

l̃ i
2D , ~6!

where we shift the neutral fields with nonzero VEV’s as

Hd
0[

sd
01vd1 iwd

0

A2
, Hu

0[
su

01vu1 iwu
0

A2
,

L̃ i
0[

ñ i
R1v i1 i ñ i

I

A2
. ~7!

Note that theW boson acquires a massmW
2 5 1

4 g2v2, where
v2[vd

21vu
21v1

21v2
21v3

2.(246 GeV)2.
In addition to the above MSSM parameters, our mo

contains nine new parameters,e i , v i andBi . The minimiza-
tion of the scalar potential allows us to relate some of th
free parameters. The values ofe i ,v i are directly related to
the neutrino masses and mixings as we will discuss belo

III. THE SCALAR POTENTIAL

The electroweak symmetry is broken when the neu
Higgs bosons and the neutral slepton fields acquire non
VEV’s. These are calculated via the minimization of the e
fective potential or, in the diagrammatic method, via the ta
pole equations. The full scalar potential at tree level is

Vtotal
0 5(

i
U]W

]zi
U2

1VD1Vsoft
MSSM1Vsoft

BRPV ~8!

wherezi is any one of the scalar components of the sup
fields in the superpotential in Eq.~2!, VD are theD terms,
andVsoft

BRPV is given in Eq.~5!.
The tree level scalar potential contains the following li

ear terms:

Vlinear
0 5td

0sd
01tu

0su
01t1

0ñ1
R1t2

0ñ2
R1t3

0ñ3
R, ~9!

where the differentt0 are the tadpoles at tree level; the
explicit expressions can be found in Ref.@15#. The five tree
level tadpolesta

0 are equal to zero at the minimum of the tre
level potential, and therefore we can use them to express
parameters

m,B,B1 ,B2 ,B3 ~10!

in terms of

vu ,vd , e i ,v i ,MLi j
2 ,mHu

2 ,mHd

2 . ~11!
3-2
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We have two possible solutions form:

m5
2b6Ab224ac

2a
~12!

wherea5vu
22vd

2 , b52vd( i 51
3 e iv i , and

c5vu
2S (

i 51

3

e i
21mHu

2 D 2vd
2mHd

2 2S (
i 51

3

e iv i D 2

2Dv2

2
1

2 (
i 51

3

(
j 51

3

v iv j~MLi j
2 1ML ji

2 !, ~13!

where we have definedD5 1
8 (g21g82)(v1

21v2
21v3

21vd
2

2vu
2).

As one can easily verify, the above relations lead to
MSSM relation form2 in the limit of vanishinge i and v i .
The uncertainty of the sign in the MSSM is translated h
into two possible values for them term. However for the
values ofe i and v i relevant to our work both solutions ar
close in modulus and of opposite sign. The values forB and
Bi can be expressed in terms ofm as

B5
1

vu
Fvd

m
~mHd

2 1m21D !2(
i 51

3

e iv i G , ~14!

Bi5
1

vu
Fvdm2(

j 51

3

e jv j2
1

e i
S Dv i

1
1

2 (
j 51

3

v j~MLi j
2 1ML ji

2 !D G . ~15!

The equivalent equations for the MSSM equations are
tained by settinge i ,v i equal to zero.

IV. FERMION MASSES WITH BRPV

As we discussed in the previous section the presenc
BRPV terms in the superpotential, Eq.~2!, induces nonzero
VEV’s for the sneutrinos and enables the neutrinos to hav
mass, with a value related to the size ofe i ,v i and the SUSY
parameters involved in the electroweak symmetry break
Furthermore, the nonconservation of theR parity allows the
SUSY partners to mix with the SM particles. In this secti
we describe in detail the resulting neutralino-neutrino a
chargino-charged-lepton mass matrices, since they are
most directly related to our problem. The complete set
mass matrices for the BRPV model can be found in R
@15#.

A. Neutralino-neutrino mass matrix

The range of values of thee parameters is indirectly as
sociated with the size of the neutrino masses predicted by
model. To explore this relation we describe next the m
mixings among neutralinos and neutrinos. In the basisc0T

5(2 il8,2 il3,H̃d
0 ,H̃u

0 ,ne ,nm ,nt) the neutral fermion mas
matrix MN is given by
09301
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MN5FM x0 mT

m 0 G ~16!

where

M x053
M1 0 2

1

2
g8vd

1

2
g8vu

0 M2
1

2
gvd 2

1

2
gvu

2
1

2
g8vd

1

2
gvd 0 2m

1

2
g8vu 2

1

2
gvu 2m 0

4
~17!

is the standard MSSM neutralino mass matrix and

m5F 2
1

2
g8v1

1

2
gv1 0 e1

2
1

2
g8v2

1

2
gv2 0 e2

2
1

2
g8v3

1

2
gv3 0 e3

G ~18!

characterizes the breaking ofR parity.
The mass matrixMN is diagonalized by

N* MNN215diag~mx
i
0,mn j

!, ~19!

where (i 51, . . . ,4) for theneutralinos, and (j 51, . . . ,3)
for the neutrinos.

Sincemn!mx0 the mass matrixMN is similar to the ‘‘see-
saw’’ mass matrices and takes approximately the fo
diag(M x0,me f f), with

me f f52mM x0
21mT

5
M1g21M2g82

4 det~M x0! S Le
2 LeLm LeLt

LeLm Lm
2 LmLt

LeLt LmLt Lt
2
D ,

~20!

where theL i parameters in Eq.~20! are defined as

L i[mv i1vde i . ~21!

One of the neutrino species acquire a tree level nonz
mass, given by

mn3
5Tr~me f f!5

M1g21M2g82

4 det~M x0!
uLW u2, ~22!

where uLW u2[( i 51
3 L i

2 . The two other neutrinos can ge
masses at one loop as discussed in Refs.@15,29,30#. For our
purposes it will be important to have an estimate of the v
3-3



n

e
-e
ci

in
-

,
e

f
a.

l,
ng
th
in

la
.

L

le
ne

t
o

t
r-

By
es-
ss
o-

of
e

e

on-

be
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ues ofDm12
2 5mn2

2 2mn1

2 . We will use the results of Ref.@31#

where it was found that, to a very good approximatio
mn1

50 and

mn2
5

3

16p2
mb sin 2ub

hb
2

m2
log

mb̃2

2

mb̃1

2

~eW3LW !2

uLW u2
. ~23!

The explanation of the data on neutrino oscillations giv
in Ref. @15# requires the neutrino masses to be in the sub
range in order to fit the data on atmospheric neutrino os
lations. In our examples we takemn3

50.1 eV, which leads

to values ofuLW u in the range of 0.1–1 GeV2, for the values
of the SUSY parameters that we will consider. Consider
that we take positive values form we should also take nega
tive values for the producte iv i to avoid our analysis being
constrained to small values ofe i . However, as we will see
for the values of the SUSY parameters that give the larg
BR(m→eg), the values ofue i u have to be below 0.1 GeV, i
Dm12

2 ,1024 (eV)2, as required by the solar neutrino dat

B. Chargino–charged-lepton mass matrix

Due to theR-parity violating terms in the superpotentia
Eq. ~2!, the charginos mix with the charged leptons, linki
therefore the problem of the masses of the neutrinos with
problem of charged lepton flavor violation. We describe
this subsection the chargino-lepton mass matrix to exp
how the flavor mixing on the charged lepton sector arises
a basis where

c1T5~2 il1,H̃u
1 ,eR

1 ,mR
1 ,tR

1!,

c2T5~2 il2,H̃d
2 ,eL

2 ,mL
2 ,tL

2!, ~24!

the corresponding charged fermion mass terms in the
grangian are

Lm52
1

2
~c1T,c2T!S 0 MC

T

MC 0
D S c1

c2D 1H.c. ~25!

where the chargino–charged-lepton mass matrixMC is given
in Appendix A. As in the MSSM,MC is diagonalized by two
rotation matrices, and we include the physical charged
tons and charginos into a set of five charged fermions defi
as

Fi
25Ui j c j

2 , Fi
15Vi j c j

1 , ~26!

such that

U* MCV215MCD ~27!

whereMCD is the diagonal charged fermion mass matrix.
In the previous expressions theFi

6 are two componen
spinors. We construct the four component Dirac spinors
of the two component spinors with the conventions~here we
09301
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depart from the conventions of Ref.@27# because we wan
the e2, m2 and t2 to be the particles and not the antipa
ticles!

x i
25S Fi

2

Fi
1D . ~28!

The parametrization of the matricesV and U given in
Appendix A, which was introduced in Refs.@22,32#, pro-
vides a very accurate representation of the exact result.
comparing the numerical results with the analytical expr
sions shown in Appendix A, we found discrepancies of le
than 1%. To obtain this level of accuracy we had to intr
duce corrections in the definitions ofVL , VR , andVR with
respect to the formulas of Ref.@22#. These arise mainly from
including the submatrixE8 in our derivation~see Appendix
A!. Although the matrix elements ofE8 are smaller than the
other components ofMC , it must be taken into account in
order to match the results of the smaller elements ofU andV
found in the exact diagonalization. Our definition ofVL and
VR leads to the correct form for the lower right 333 subma-
trices of U and V. We will make use of it to explain the
details of our results. The inclusion of the matrixE8 in the
determination ofVR allows us to display the dependence
the matrix elements on theL parameters, rather than th
explicit dependence on thee ’s as quoted in Ref.@22#.

Also, we must observe that the elements ofVL exceed the
ones ofVR by several orders of magnitude. Therefore w
can anticipate that the couplings containing the matrixV in
Appendix C will be suppressed with respect to the ones c
taining the elements ofU.

V. l j\ l ig FLAVOR VIOLATING PROCESSES AND THE µ
ANOMALOUS MAGNETIC MOMENT

A. Effective Lagrangian and diagrams

The effective operators that generate the decaysl j
2

→ l i
2g and the lepton anomalous magnetic moment can

written as

Le f f5e
ml j

2
l̄ ismnFmn~ALi j PL1ARi jPR!l j . ~29!

The one-loop contributions toAL,R in the model under con-
sideration arise from the diagrams of Figs. 1–3:

ALi j 5ALi j
S 1ALi j

G 1ALi j
Q , ~30!

ARi j5ARi j
S 1ARi j

G 1ARi j
Q . ~31!

FIG. 1. Generic Feynman diagrams forAL,Ri j
G .
3-4
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The partial contributions in the above expressions co
spond to the addition of the sets of diagrams represente
each figure:

AL,Ri j
G 5AL,Ri j

N02W6
1AL,Ri j

C62Z0
, ~32!

AL,Ri j
S 5AL,Ri j

N02S6
1AL,Ri j

C62S0
1AL,Ri j

C62P0
, ~33!

AL,Ri j
Q 5AL,Ri j

dg2ũ1AL,Ri j
d2ũg1AL,Ri j

ug2d̃1AL,Ri j
u2d̃g . ~34!

The superscripts in each contribution on the right denote
fermion and boson internal lines of the corresponding d
gram. For the quarks-squarks diagrams we include the s
bol g to indicate whether the photon is attached to the f
mion or the boson line. We follow the notation of@15#
indicating byS6 the eigenstates of the charged scalar m
matrix, by S0 and P0 the eigenstates for the sneutrino
Higgs-boson scalar mass matrices,CP even andCP odd,
respectively.

The contributions toAL,Ri j
G arise from the diagrams in Fig

1. The indexA51, . . . ,5 corresponds to the eigenstates
the chargino-lepton mass matrix, while the indicesi , j
51,2,3 correspond to the lepton generation indices in
limit of the MSSM with R-parity conservation. These dia
grams will become the SM contribution toLe f f , Eq. ~29!, in
the limit e i50. In the case of the SM this provides the ma
contribution toam , no contribution for charged LFV pro
cesses when neutrinos are considered massless and a
suppressed contribution for the values ofmn i

compatible
with the experimental limits@4#.

The contributions toAL/R
S,i j arise from the three diagrams o

Fig. 2, where the indexX refers to the eigenstates of scal
mass matrices.S6 are the eigenstates of the 838 charged
Higgs-boson–slepton mass matrix andS0,P0 represent the
eigenstates of the 535 neutral Higgs boson–sneutrino sca
and pseudoscalar mass matrices, respectively. In the
where R parity is conserved these three diagrams will
combined in the two supersymmetric diagrams contribut
to the AL/R in the MSSM. In this limit, these diagrams a

FIG. 2. Generic Feynman diagrams forAL/R
S,i j .

FIG. 3. Generic Feynman diagrams forAL/R
Q,i j .
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flavor conserving when the soft terms are universal as gi
by the minimal supergravity version of the MSSM.

AL/R
Q,i j arise from the four diagrams of Fig. 3, where th

indicesX51, . . . ,6 refer to the eigenstates of 636 squark
mass matrices and indicesa51,2,3 are the quark generatio
indices. These diagrams are not present whenR parity is
conserved.

B. BR„ l j\ l ig… for flavor violating processes

The branching ratio for the rare lepton decaysl j→ l ig is
given in the literature@7# and we do not repeat the derivatio
here. The result is

BR~ l j
2→ l i

2g!5
48p3a

GF
2 ~ uALi j u21uARi ju2! ~35!

where the amplitudesALi j andARi j were defined in Eq.~30!.
The complete expressions for the amplitudes correspon
to these processes in the BRPV model are given in Appen
C. In their derivation we have neglected the mass of
outgoing fermion.

C. The muon anomalous magnetic moment

The expression for the muon anomalous magnetic m
ment can be obtained from the Lagrangian given in Eq.~29!.
One obtains@33#,

am5
~gm22!

2
52mm

2 ~AL
mm1AR

mm!. ~36!

The amplitudesAL/R
mm can also be obtained from the formula

of Appendix C by including the effect ofmm in both external
lines of the diagrams. To do that we just have to include
factor of 2 in the part of the amplitude containing the fun
tion f P , P5N,C,W,Z:

AL/R
am 5AL/R

22 @ f P~x!→2 f P~x!#. ~37!

VI. RESULTS

A. The parameter space

The BRPV model that we consider adds more free para
eters to the ones already present in the MSSM. Howeve
we consider the phenomenological constraints imposed
the MSSM by the limits on the mass of the lightest neut
CP-even Higgs bosonmh , by the BR(b→sg) and by the
value of theam, as well as those derived from neutrino phy
ics on the BRPV parameters, we can narrow the space
parameters such that generic predictions for BR(m→eg)
and BR(t→mg) can be made.

We assume the parameter space of the MSSM with u
versal soft terms and GUT unification,

aG ,MGUT ,m0 ,M1/2,tanb,m,B,hE ,hU ,hD ,A0 , ~38!

with the addition of the BRPV parameters,

e i ,Bi ,v i , i 51,2,3. ~39!
3-5
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A0 is defined such thatAI(GUT)5A0•hI , I 5U,D,E. The
quantitiesaG5gG

2 /4p (gG being the GUT gauge couplin
constant! and MGUT are evaluated consistently with the e
perimental values ofae.m., as , and sin2uW at mZ . We inte-
grate numerically the RGE’s for the BRPV model, at tw
loops in the gauge and Yukawa couplings and at one loo
the soft terms, fromMGUT down to a common supersymme
ric thresholdMS;Amt̃ 1

mt̃ 2
. From this energy tomZ , the

renormalization group equations~RGE’s! of the SM are
used.

As we explained before, the minimum conditions of t
effective scalar potential allow us to express the values
m,B,B1 ,B2 ,B3 in terms of tanb,e i ,v i . These are evaluate
at the scaleMS . The value ofm obtained at this scale i
similar to the one obtained by minimizing the effective p
tential with the complete 1-loop MSSM contributions@34#.
The 1-loop contributions arising from RP-violating terms f
these parameters are comparatively much smaller.

We fix the elements of the quark Yukawa matrices at
GUT scale, consistently with the experimental values of
quark masses and the absolute values of the Cabi
Kobayashi-Maskawa~CKM! matrix elements. In the case o
the charged leptons we have to make sure that the t
lightest eigenvalues of the chargino–charged-lepton ma
are consistent with the experimental values of the char
lepton masses.

The values ofm0 andm1/2 are chosen in the region of th
parameter space favored by the considerations present
Ref. @33#, so that we can compare our results with typic
predictions for the BR(m→eg) in the MSSM with a seesaw
mechanism, as discussed in Ref.@8#. Obviously, since our
model breaksR parity, the lightest supersymmetric partic
~LSP! is not a dark matter candidate and therefore the c
mological preferred areas of Ref.@33# do not apply to our
study. However, the restriction of considering points in t
m0-m1/2 plane such thatmh.113 GeV is the most restric
tive. The SUSY contribution toam @35# favors the sign ofm
to be positive for the choice of SUSY parameters given
low. We found that the upper bound of Eq.~47! ~see below!
on dam is less restrictive than the one imposed bymh
.113 GeV. We analyze three sets of SUSY parameters

~a! tanb510, m1/25400 GeV, m05200 GeV, A050,
mn50.1 eV,

~b! tanb530, m1/25400 GeV, m05300 GeV, A050,
mn50.1 eV,

~c! tanb530, m1/25600 GeV, m05300 GeV, A050,
mn50.1 eV.

The six free BRPV parameterse i ,v i reduce to three if we
take into account the constraints imposed by the predict
for neutrino oscillations in this model, as given in Ref.@15#.
By setting the atmospheric neutrino anomaly scale to
magnitude of the tree level nonzero value of one of the n
trinos, Eq.~22!, we fix the value( iL i

2 for each SUSY point,
where theL i were defined in Eq.~21!. We then follow the
discussion of Ref.@15#, where it was shown that the cond
tions L3.L2.53L1 satisfy both the atmospheric neutrin
anomaly mixings and the CHOOZ result@2#. We then obtain
a linear relationship between each couplee i ,v i .
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Therefore we study the dependence of the process u
consideration on the values ofe1 ,e2 ,e3 for a neutrino mass
of mn3

50.1 eV, on the upper limit of the allowed range fo
the atmospheric neutrino anomaly. For comparison purpo
we also present some results formn3

50.05 eV in the middle

of that range, and formn3
51 eV.

We will assign random values toe1 ande2 in the range

2231023 GeV>e1 ,e2>260 GeV. ~40!

However, the requirement thatmn2
,0.01 eV will exclude

values of ue i u.0.1 GeV. This will be explicitly shown in
our results. The value ofe3 is kept fixed since our results ar
not altered when it varies in the above range.

B. The branching ratio for l j
À\ l i

Àg

We perform a full numerical analysis with the exact d
agonalization of matrices involved in the computation
branching ratios. The main contribution for BR(m→eg), Eq.
~35!, comes from the amplitudesAR . The partial contribu-
tions from the various diagrams listed in Eqs.~32!–~34! are
displayed in Fig. 4, for the set of parameters~b!. We have
found that they are all independent ofe3 and that they dis-
play a linear behavior as a function of the producte1•e2,
when this product is larger than 0.1 GeV except for the c

cellation observed inAR
C5AR

C62S0
1AR

C62P0
. The values of

the amplitudes arising from the diagrams of Fig. 1 depend
the e ’s through theL ’s which are kept fixed, and therefor
remain constant. We also found the contributions of the d
grams of Fig. 3 to be of the same order of magnitude. As
can see, the sum of all of them,AR

Q , is almost a linear func-
tion of e1•e2. The amplitudes arising from the diagrams
Fig. 2 are the dominant ones. The one mediated by the n

FIG. 4. Partial amplitudesAR corresponding to the choice o
parameters~b! of Sec. VI A for e1525 GeV ~solid! and e15

20.1 GeV~dash!. The values ofAR
C change sign on each branch o

the curve; the left one corresponds to positive values.
3-6
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tralino (AR
N) is smaller than the dominant chargino exchan

(AR
C), except in the range where the cancellation takes pl
We can also observe in Fig. 4 that the cancellation t

appears in theAR
C depends on the value ofe1. The values that

we show correspond to two different choices ofe1 ~note that
if we allowede1 to change randomly, as we have done w
the other amplitudes, the values forAR

C would be a distribu-
tion of dots!. The behavior ofAR

C cannot be attributed to a
accidental cancellation between the scalar and pseudos
parts as one may naively expect; on the contrary both p
add constructively and almost vanish simultaneously. T
behavior of that amplitude can be explained when we id
tify which are the particles running in the loops of Fig. 2 th
are responsible for the main contributions:X51, A51 and
X54, A51,2. Then we can obtain an accurate approxim
tion for the amplitude by using the formulas given in Appe

dixes A, B and C. Let us considerAR
C62S0

since the contri-
bution of the corresponding pseudoscalar exchange is alm
identical. We get from Eq.~C4! for the dominant contribu-
tions

AR34
C62S0

'2
1

32p2 F 1

mS
1
0

2 hC~x11!
mx

1
6

mm
VR311

ccs VL411
ccs*

1
1

mS
4
0

2 (
A51

2

hC~xA4!
mx

A
6

mm
VR3A4

ccs VL4A4
ccs* G . ~41!

Using the definitions of Appendix B we find,

VR311
ccs VL411

ccs* '2
ghm

A2
U32U14,

VR3A4
ccs VL4A4

ccs* '
ghm

A2
U34VA1UA2 , ~42!

wherehm is the Yukawa coupling of the muon. We can th
write

AR34
C62S0

'F1 U32U141F2U34 ~43!

where

F15
ghm

32A2 p2

1

mS
1
0

2 hC~x11!
mx

1
6

mm
,

F252
ghm

32A2 p2

1

mS
4
0

2 (
A51

2

hC~xA4!
mx

A
6

mm
VA1UA2 . ~44!

The quantitiesF1 andF2 are independent of the BRPV pa
rameterse i and can be evaluated given the SUSY para

eters. The dependence of the amplitudeAR34
C62S0

on e i comes
from the matrix elementsU32, U14 andU34. Using Appen-
dix A we can find approximate expressions for these ma
elements that display this dependence explicitly. We get
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U34'2
e1e2

m2
1

e1L2

vdm2
, U32'

e1

m
, U14'2U12

L e2

m
. ~45!

Hence we can find the value ofe2 at whichAR
C.0,

e2'
L2F2 /vd

F21F1U12
L

. ~46!

The position of the cancellation changes, with the value
the SUSY parameters and also with the value ofL2, as we
can see from Eq.~46!. This explains the qualitative change
we find in Figs. 5–10.

Some of the amplitudes contributing to the BR(m→eg)
presented above have been previously discussed in R
@9,11#. We agree with Ref.@11# in that the main contribution
arises fromAR

C except for the values of parameters affect

FIG. 5. BR(m→eg) vs 2e2 for e1520.1,21,25 GeV for
case~b!.

FIG. 6. Contour plot for BR(m→eg) in e1-e2 plane for case
~b!. The dash lines correspond tomn2

50.01 eV.
3-7
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by the cancellation mentioned above. However we fi
smaller values forAR

Q than the ones quoted in@9#.
The contribution ofAL to the branching ratio is negligible

compared withAR , due to the fact that the matrixU is re-
placed byV with suppressed mixings. This holds even for t
elementV34. As we can see in Appendix A this element
determined byVR which is obtained in a similar way asVL
for the matrixU. However, we observe that the main cont
bution toV34 is suppressed by a factorme /mm with respect
to the corresponding one inU34.

Figure 5 shows the impact of the cancellation inAR
C on the

predictions of BR(m→eg) for the choice of parameters~b!.
As we can deduce from Eq.~46! the value of thee2 at which
the cancellation inAR

C takes place depends on the values
the SUSY parameters. This determines the shape of
curves of constant BR in Figs. 6–10. Since the main con
bution comes from the chargino mediated diagram of Fig

FIG. 7. Contour plot for BR(m→eg) in e1-e2 plane for case~c!.
The dashed lines correspond tomn2

50.01 eV.

FIG. 8. Same as Fig. 6 for case~a!.
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we can expect that the BR increases with tanb and decreases
asm1/2 grows. The increase ofm0 produces the same qual
tative effect as the increase ofm1/2; however, it has a lower
impact on the BR than the changes inm1/2.

Our results can be compared with the predictions o
model based on the MSSM with a seesaw mechanism
sented in Ref.@8#, where the results for BR(m→eg) are of
order 10213 for case~a! and between 10212 and 10213 for ~b!
and~c!. If we observe our predictions for case~b!, Fig. 6, we
can see that the model predicts ratios of 10211–10213 for
values ofue1u and ue2u ranging from 1 to 10 GeV~indepen-
dently of the value ofe3). Values in the range of 0.1 to 1
GeV would lead to rates of order 10214–10216, still interest-
ing for the next generation experiments@25,26#. Similarly,
the window of 0.1,2e1 ,2e2,1 GeV is crossed only by
the 10216 line in case~c! and by lines below this value fo
case~a!. Such values ofue i u are however excluded if one
takes into account the constraint coming from the solar n

FIG. 9. Same as Fig. 6, case~b! for mn3
51 eV.

FIG. 10. Same as Fig. 6, case~b! for mn3
50.05 eV.
3-8
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TABLE I. Contributions toam from the graphs in Figs. 1–3~in units of 10210). Cases~a!–~c! refer to the
choices of parameters given in Sec. VI A. See Sec. V for details of the notation.

am
x̃1

am
x̃0 am

q
dam

x̃1

(RPV) dam
x̃0

(RPV) dam
Z(RPV) dam

W(RPV)

~a! 9.6 0.45 21.531024 7.531022 6.131023 -0.25 0.51
~b! 25.8 -1.1 21.531023 0.35 2.531022 -0.28 0.52
~c! 13.8 0.19 24.131024 0.11 1.931022 -0.14 0.28
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trino mass scale. This is shown in Figs. 6, 7 and 8, where
dashed line gives the upper limit onue i u as obtained from Eq
~23! for the requirement thatmn2

,0.01 eV.

In these figures we can appreciate that the parameters
enhance the ratios also makemn2

larger. From Eq.~23! we

can observe thatmn2
increases with tanb ~through the de-

pendence onhb) and decreases as them term increases~i.e.
with m1/2 andm0). Furthermore, since we have chosen theL
parameters to be related,mn2

is proportional to a combina

tion of e i
2 with no accidental cancellation among them

Therefore we cannot find suitable values for tanb, m1/2 and
m0, such that we can find an overlapping of areas withmn2

,0.01 eV and BR(m→eg).10216.
In Figs. 9 and 10 we considermn3

50.05 eV andmn3

51 eV both for case~b!. This decreases~increases! the val-
ues of theL ’s by about a factor ofA2 (A10), respectively.
By looking at the parametrization of the matrixU in Appen-
dix A we can infer that these changes in theL ’s do not have
a decisive impact on them→eg rates. The reason for this i

that the dominant contributions toAR34
C62S0,P0

are determined
by the matrixVL and its elements that depend explicitly o
thee ’s are much larger than the ones containingL ’s ~at least
for values ofe ’s leading to relevant ratios!. However, the

position of the cancellation onAR34
C62S0

depends onL2 as we
can see in Eq.~46! and it therefore determines the changes
the figures. The changes in theL ’s have only a direct impac
on the smaller contributions, such as the ones arising f
the diagrams of Fig. 1 and on theAL , whose size is con-
trolled by the elements ofVR , which, as we have said, ar
several orders of magnitude below the main contribut
coming fromVL .

The predictions for BR(t→mg) that we obtain with this
model are of the same order as those for BR(m→eg), the
reason being that we have assumed theL ’s to be of the same
order of magnitude, as is required to explain neutrino os
lations. The results in this case are independent ofe1. If we
consider values fore2 ande3 in the same range as in Fig.
we obtain similar curves. This result contrasts with the L
results on the framework of theR-parity conserving MSSM,
where BR(m→eg) is typically suppressed by several orde
of magnitude with respect to BR(t→mg). In this case the
hierarchy of Yukawa couplings makes a distinction betwe
the two processes.

We conclude therefore that the values of the parameter
the BRPV model that successfully explain the solar and
mospheric neutrino data@15# predict rates form→eg, t
09301
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→mg and t→eg that are well below the current limits a
well as those of planned experiments.

C. The muon anomalous magnetic moment

The difference in the value of the muon anomalous m
netic moment found in the BNL E821 measurement@36#
with respect to the SM prediction, which originally was co
sidered to be 2.6s, is now reduced to 1.6s after a theoretical
error was corrected@37#. When the 2s range is considered
the allowed values for contributions beyond the SM beco

26310210<dam[am
expt2am

SM<58310210. ~47!

Several studies@33# indicate that the MSSM extension o
the SM can account for this discrepancy. WhenR parity is
broken the SUSY particles are allowed to enter in the S
diagrams~Fig. 1! and conversely the SM particles run in th
SUSY loops~Figs. 2 and 3!.

The contribution due to theR-parity violating operators to
dam is obtained by subtracting from the amplitudes arisi
from Fig. 1 @dam

Z(RPV),dam
W(RPV)# and Fig. 2

@dam
x̃6

(RPV),dam
x̃0

(RPV)# the contribution of the SM and
the MSSM, respectively~which are obtained in the limit of
vanishing e i ’s!. The contribution from Fig. 3 (am

q ) is not
present in the MSSM. All these contributions are found to
small when theR-parity violating terms are associated wi
neutrino masses of experimental interest.

In Table I we show the different contributions todam for
the selected values ofm0 , m1/2 and tanb discussed in Sec
VI A. The main contributions todam arise basically from the

MSSM components of the diagrams in Fig. 2 (am
x̃1

,am
x̃0

). The
contribution from BRPV operators just adds a small perce
age to the total values arising from physics beyond the S
The values that we show correspond to the maximum va
obtained in the conditions for thee parameters described i
Sec. VI A, when we allowue1u,ue2u to range from 0 to
60 GeV ~the result is almost independent of the value
e3).

VII. CONCLUSIONS

We studied the LFV in one-loop induced rare proces
l j→ l ig, iÞ j , in SUSY models with bilinearR-parity viola-
tion. In this context, theR-parity violating interactions can
explain the neutrino masses and mixings without adding n
fields to the particle content of the MSSM which represe
an appealing alternative to the seesaw mechanism. In
work we addressed the question of whether neutrino ma
in the sub-eV range can be compatible with rates for char
3-9
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LFV processes of experimental interest.
We have performed an exhaustive study of the inter

tions and of the SUSY parameters involved in the proces
l j→ l ig, iÞ j , and contributing to the muon anomalous ma
netic moment. For the case of rare decays we find the
gram mediated by the Higgs-boson–sneutrino scalars to
dominant. Contributions arising from diagrams includi
lepton-squark and lepton-gauge-boson vertices, possibl
this model, are very suppressed in the range of neut
masses considered in this work. Regardingam , the addi-
tional contributions introduced by theR-parity violating in-
teractions modify by a small percentage the value obtaine
the MSSM limit.

As in a previous analysis@11# we find BR(m→eg) to be
very sensitive to the producte1•e2. However, the presenc
of a cancellation in the main amplitude contributing to th
process~which we have analyzed in detail through an acc
rate parametrization of the matricesU,V), makes our con-
tour plots sensitive to the values ofe1 ande2 in most of our
examples. The rate increases with tanb as it is the case in the
MSSM with ‘‘seesaw’’ mechanism. However as the one-lo
induced neutrino masses will also grow with tanb, the re-
quirement thatDm12

2 is compatible with the solar neutrin
data excludes the region in parameter space where
BR(m→eg) could be of experimental interest. On the oth
hand the rates fort→mg found in our study are of the sam
order as the ones form→eg, and therefore also out of th
experimental range.

Unlike the situation in these models, the rates fort
→mg found in our study are of the same order as the o
for m→eg, and therefore out of the experimental range.

To conclude, we must say that the obtained results fom
→eg show us that if the BRPV model is the explanation f
both the solar and atmospheric neutrino oscillations, the
dicted LFV will not be testable at PSI@25# or at PRISM@26#.
The correlations of the BRPV parameters with the neutra
decays, as proposed in Ref.@38#, will remain the main test of
the model.
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APPENDIX A: CHARGINO –CHARGED-LEPTON MASS
MATRIX

The chargino–charged-lepton mass matrix, in the basi
of Eq. ~24!, takes the form

MC5FMx6 E8

E ME
G , ~A1!

whereME5(1/A2)vdhE is the charged lepton mass matr
andMx6 is the usual MSSM chargino mass matrix,
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Mx65F M2 ~1/A2!gvu

~1/A2!gvd m
G . ~A2!

The submatrixE is

E5F ~1/A2!gv1 2e1

~1/A2!gv2 2e2

~1/A2!gv3 2e3

G ~A3!

andE8 can be written asE852v•hE , wherev is defined as

v5F 0 0 0

v1 /A2 v2 /A2 v3 /A2
G . ~A4!

As the R-parity breaking parameters are small compa
with the SUSY scale, it is possible to have an approxim
diagonalization ofMC . This will be very useful in under-
standing the numerical results as we can have approxim
analytical formulas. This approximate diagonalization is o
tained by using the following parametrization, introduced
Refs.@22,32#, for U* andV†:

U* 5FUL* 0

0 VL
GF 12

1

2
VL

†VL VL
†

2VL 12
1

2
VLVL

†
G , ~A5!

V†5F 12
1

2
VR

†VR 2VR
†

VR 12
1

2
VRVR

†
G FUR

† 0

0 VR
† G ,

~A6!

whereUL,R are the MSSM rotation matrices,

UL* Mx6UR
†5Mx6

diag . ~A7!

The matricesVL,R and VL,R are to be determined from th
unitarity of U andV, and from the defining condition

U* MCV†5FMx6
diag 0

0 ME
diagG . ~A8!

In the literature@22,32#, the matricesVL,R andVL,R were
obtained in the approximationE850. However we discov-
ered that this approximation was not good enough to exp
our numerical results. So we rederived the expressions
these matrices without neglectingE8. We get the following
expressions forVL,R :
3-10
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VL5EMx6
21

5
1

det~Mx6!

33
g

A2
L1 2

1

m Fe1det~Mx6!1
1

2
g2vuL1G

g

A2
L2 2

1

m Fe2det~Mx6!1
1

2
g2vuL2G

g

A2
L3 2

1

m Fe3det~Mx6!1
1

2
g2vuL3G 4 , ~A9!

VR5~E8†1Me
†EMx6

21
!~Mx6

21
!T

5hE
†S 2v†1

1

A2
vdVLD ~Mx6

21
!T

5
1

det~Mx6!
33

g

A2
~ME! i1L i 2

M2

vd
~ME! i1L i

g

A2
~ME! i2L i 2

M2

vd
~ME! i2L i

g

A2
~ME! i3L i 2

M2

vd
~ME! i3L i

4
3~Mx6

21
!T, ~A10!

where summation overi 51,2,3 is implied in each matrix
element. The expression forVL coincides with the one found
in the literature but the expression forVR is different. For
VL,R we found that instead of the relation@22,32#

VLMEVR
†5ME

diag ~A11!

they should satisfy

VLS ME2VLE82
1

2
VLVL

TMEDVR
†5ME

diag . ~A12!

For a general form of the matrixME it will be difficult to
have an explicit form forVL,R . However, for the case tha
we consider, where the matrixME is diagonal, we can obtain
an analytical approximate expression for these matrices,

VL,R.F 1 h12
L,R h13

L,R

2h12*
L,R 1 h23

L,R

2h13*
L,R 2h23*

L,R 1
G ~A13!

where
09301
h i j
L 5

e ie j

2m2

mi
21mj

2

mi
22mj

2

1
e iL j

m2vd
F g2vuvd

2 det~Mx6!
2

mj
2

mi
22mj

2G
1

e jL i

m2vd
F2

g2vuvd

2 det~Mx6!
2

mi
2

mi
22mj

2G
2

L iL j

det~Mx6! m2

g2vu

vd

mi
21mj

2

mi
22mj

2
, ~A14!

h i j
R5

e ie j

m2

mimj

mi
22mj

2
2

e iL j

m2vd

mimj

mi
22mj

2
2

e jL i

m2vd

mimj

mi
22mj

2

2
L iL j

det~Mx6!m2

2 g2vu

vd

mimj

mi
22mj

2
, ~A15!

andmi are the charged lepton physical masses.
Putting everything together we can find analytical expr

sions for the matrixU that will be useful in explaining our
results. We get

U21 i ,1* .2
g

A2

L i

det~Mx6!
, ~A16!

U21 i ,2* .2VLi2.
e i

m
, ~A17!

U1,21 i* .UL12* VLi2.2UL12*
e i

m
, ~A18!

U2,21 i* .UL22* VLi2.2UL22*
e i

m
, ~A19!

U21 i ,21 j* .S VL2
1

2
VLVL

TD
i j

. ~A20!

For further reference we give the approximate expression
U3,4* . We get

U34* .2
e1e2

m2
1

e1L2

m2vd

2
gvue2L1

det~Mx6!m2

.2
e1e2

m2
1

e1L2

m2vd

~A21!

where we have assumed that the parameters are in the ra
described in Sec. VI A.

APPENDIX B: THE COUPLINGS

The relevant part of the Lagrangian, using four comp
nent spinor notation, is
3-11
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L51x i
2~VLiAX

ccs PL1VRiAX
ccs PR!xA

2SX
01x i

2~VLiAX
ccp PL1VRiAX

ccp PR!xA
2PX

01x i
2gm~VLiA

ccZPL1VRiA
ccZPR!xA

2Zm
0

1@x i
2~VLiAX

cns PL1VRiAX
cns PR!xA

0SX
21x i

2~VLiAX
cdũ PL1VRiAX

cdũ PR!dAũX* 1x i
1~VLiAX

cud̃ PL1VRiAX
cud̃ PR!uAd̃X*

1x i
2gm~VLiA

cnWPL1VRiA
cnWPR!xA

0Wm
21H.c.#. ~B1!
g

ri-

to
s of
The definition of these couplings is given in the followin
sections. These definitions extend those of Ref.@15#, whose
conventions we follow.

1. Chargino-neutralino charged scalars

VLiAX
cns 52rAFgRX2

S6S 1

A2
NA2* Vi2* 1NA4* Vi1* D

1
g8

A2
~RX2

S6
NA1* Vi2* 12RX51a

S6
Vi21a* NA1* !

1~RX21a
S6

hE
abNA3* 2RX1

S6
NA41a* hE

ab!Vi21b* G , ~B2!

VRiAX
cns 5h iFgRX1

S6S 1

A2
NA2Ui22NA3Ui1D

1gRX21a
S6 S 1

A2
Ui21aNA22NA41aUi1D

1
g8

A2
~RX1

S6
NA1Ui21RX21a

S6
Ui21aNA1!

1~Ui2NA41a2NA3Ui21a!hE
abRX51b

S6 G ~B3!

where the indices have the following ranges:A51, . . . ,7, i
51, . . . ,5, a,b51, . . . ,3 andrA (h i) are the signs of the
neutralinos~charginos! as they are obtained from the nume
cal evaluation of the eigenvalues@15#.

2. Chargino-chargino CP even neutral scalars

VLiAX
ccs 52hA

1

A2
@g~RX1

S0
UA2* Vi1* 1RX2

S0
UA1* Vi2*

1RX21a
S0

UA21a* Vi1* !1~RX1
S0

UA21a*

2UA2* RX21a
S0

!hE
abVi21b* #, ~B4!

VRiAX
ccs 5VLAiX

ccs* . ~B5!
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3. Chargino-chargino CP odd neutral scalars

VLiAX
ccp 5 ihA

1

A2
@g~RX1

P0
UA2* Vi1* 1RX2

P0
UA1* Vi2*

1RX21a
P0

UA21a* Vi1* !1~UA2* RX21a
P0

2RX1
S0

UA21a* !hE
abVi21b* #, ~B6!

VRiAX
ccp 5VLAiX

ccp* . ~B7!

4. Chargino-neutralino-WÁ

VLiA
cnW52h irAgFNA2* Ui11

1

A2
~NA3* Ui21NA41a* Ui21a!G ,

~B8!

VRiA
cnW5gF 1

A2
NA4Vi2* 2NA2Vi1* G . ~B9!

5. Chargino-chargino-Z0

VLiA
ccZ5h ihA

g

cosuW
F1

2
Ui1UA1* 1S 1

2
2sin2uWD d iAG ,

~B10!

VRiA
ccZ5

g

cosuW
FVi1* VA11

1

2
Vi2* VA22sin2uWd iAG .

~B11!

6. Chargino–quark down–squark up

VLiAX
cdũ 5hA

d@2gVi1* RXa
ũ RLAa

d* 1Vi2* RLAa
d* hU

abRX31b
ũ #,

~B12!

VRiAX
cdũ 5h i@Ui2RXa

ũ hD
abRRAb

d #. ~B13!

7. Chargino–quark up –squark down

VLiAX
cud̃ 5h ihA

u@2gUi1* RXa
d̃ RLAa

u* 1Ui2* RLAa
u* hD

abRX31b
d̃ #,

~B14!

VRiAX
cud̃ 5Vi2RXa

d̃ hU
abRRAb

u* . ~B15!

APPENDIX C: AMPLITUDES

We collect here the various amplitudes corresponding
the diagrams of Figs. 1–3. In these amplitudes the mas
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the outgoing fermion was neglected. We give only the a
plitudesAL because theAR can be obtained from these wit
the substitution rule

ARi j5ALi j ~L/R→R/L !. ~C1!

1. Neutralinos–charged-scalars

ALi j
N0-S6

5 (
A51

5

(
X51

8
1

32p2

1

mS
X
6

2 F f N~xAX!VLiAX
cns VL jAX

cns*

1hN~xAX!
mx

A
0

ml j

VLiAX
cns VR jAX

cns* G ~C2!

with xAX5(mx
A
0 /mS

X
6)2 and the functionsf N ,hN given by

f N~x!5
126x13x212x326x2ln x

6~12x!4
,

hN~x!5
12x212x ln x

~12x!3
. ~C3!

2. Charginos–CP even neutral scalars

ALi j
C6-S0

5 (
A51

5

(
X51

5

2
1

32p2

1

mS
X
0

2 F f C~xAX!VLiAX
ccs VL jAX

ccs*

1hC~xAX!
mx

A
6

ml j

VLiAX
ccs VR jAX

ccs* G ~C4!

with xAX5(mx
A
6 /mS

X
0)2 and the functionsf C ,hC given by

f C~x!5
213x26x21x316x ln x

6~12x!4
,

hC~x!5
2314x2x222 lnx

~12x!3
. ~C5!

3. Charginos–CP odd neutral scalars

ALi j
C6-P0

5 (
A51

5

(
X51

5

2
1

32p2

1

mP
X
0

2 F f C~xAX!VLiAX
ccp VL jAX

ccp*

1hC~xAX!
mx

A
6

ml j

VLiAX
ccp VR jAX

ccp* G ~C6!

with xAX5(mx
A
6 /mP

X
0)2.
09301
- 4. Quarks-squarks

ALi j
dg-ũ5 (

A51

3

(
X51

6

3S 2
1

3D 1

32p2mũX

2 F f C~xAX!VLiAX
cdũ VL jAX

cdũ*

1hC~xAX!
mdA

ml j

VLiAX
cdũ VR jAX

cdũ* G ~C7!

with xAX5(mdA
/mũX

)2.

ALi j
ug-d̃5 (

A51

3

(
X51

6

3S 2

3D 1

32p2md̃X

2 F f C~xAX!VRiAX
cud̃ VR jAX

cud̃*

1hC~xAX!
muA

ml j

VRiAX
cud̃ VL jAX

cud̃* G ~C8!

with xAX5(muA
/md̃X

)2.

ALi j
d-ũg5 (

A51

3

(
X51

6

3S 2

3D 1

32p2mũX

2 F f N~xAX!VLiAX
cdũ VL jAX

cdũ*

1hN~xAX!
mdA

ml j

VLiAX
cdũ VR jAX

cdũ* G ~C9!

with xAX5(mdA
/mũX

)2.

ALi j
u-d̃g5 (

A51

3

(
X51

6

3S 2
1

3D 1

32p2md̃X

2 F f N~xAX!VRiAX
cud̃ VR jAX

cud̃*

1hN~xAX!
muA

ml j

VRiAX
cud̃ VL jAX

cud̃* G ~C10!

with xAX5(muA
/md̃X

)2.

5. W-neutralinos

For W-neutralinos the amplitude in the unitary gaugej
→1`) is

ALi j
N0-W6

5 (
A51

5

2
1

32p2

1

mW
2 F f W~xA!VRiA

cnWVR jA
cnW*

1hW~xA!
mx

A
0

ml j

VRiA
cnWVL jA

cnW* G ~C11!

with xA5(mx
A
0 /mW)2 and the functionsf W ,hW given by

f W~x!5
10243x178x2249x314x4118x3ln x

6~12x!4

~C12!

hW~x!5
24115x212x21x316x2ln x

~12x!3
.
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6. Z-charginos

For Z-charginos the amplitude in the unitary gauge (j→
1`) is

ALi j
C62Z0

5 (
A51

5
1

32p2

1

mZ
2 F f Z~xA!VRiA

ccZVR jA
ccZ*

1hZ~xA!
mx

A
6

ml j

VRiA
ccZVL jA

ccZ* G ~C13!
.

o,

.

gy

. D
d

.

n

ett

09301
with xA5(mx
A
6 /mZ)2 and the functionsf Z ,hZ given by

f Z~x!5
8238x139x2214x315x4218x2lnx

6~12x!4
,

~C14!

hZ~x!5
2413x1x326x ln x

~12x!3
.
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