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Supersymmetry without R parity: Constraints from leptonic phenomenology
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R-parity conservation is anad hocassumption in the most popular version of the supersymmetric standard
model. Most studies of models which do allow forR-parity violation have been restricted to various limiting
scenarios. The single-VEV parametrization used in this paper provides a workable framework to analyze
phenomenology of the most general theory of SUSY withoutR parity. We perform a comprehensive study of
leptonic phenomenology at the tree level. Experimental constraints on various processes are studied individu-
ally and then combined to yield regions of admissible parameter space. In particular, we show that large
R-parity violating bilinear couplings are not ruled out, especially for large tanb.

PACS number~s!: 11.30.Pb, 12.60.Jv
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I. INTRODUCTION

The minimal supersymmetric standard model~MSSM! in-
corporates all of the standard model~SM! gauge symmetries
in its Lagrangian~see @1,2# for reviews!. The MSSM La-
grangian is also constrained by a new discrete symmetrR
parity, defined by

R5~21!3B1L12S ~1.1!

where B,L, and S are respectively baryon number, lepto
number, and spin. ImposingR-parity conservation prohibits
baryon number and lepton number violating terms wh
could otherwise lead to superparticle-mediated proton dec
on a weak interaction time scale, in stark disagreement w
observations~for a review and references, see@3#!. Because
R-parity distinguishes ordinary particles from their sup
symmetric partners, the minimal model gives rise to a d
tinctive phenomenology. Supersymmetric particles can
produced only in pairs, and the lightest supersymmetric p
ner cannot decay. These features drive many, if not m
supersymmetry~SUSY! search strategies.

There is, however, no compelling reason to requ
R-parity conservation. Less restrictive symmetries
conservation of baryon number alone, for example—can
imposed to prohibit unwanted proton decay. FurthermoreR
parity is not gauged or required by dynamics in the SM
MSSM, and hence there is no theoretical justification
requiring its conservation. It is of course possible to dev
extensions of the MSSM in whichR parity is naturally con-
served@4#, but such models remain largelyad hoc.

Recently there has been a surge of interest in SUSY th
ries withoutR parity. It is clear that their phenomenology ca
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differ dramatically from that of the MSSM, and must ther
fore be taken into account in SUSY searches. Introduc
R-parity violating ~RPV! terms into the superpotentials o
these theories complicates any analysis enormously. For
reason, most studies make simplifying but otherwise unm
tivated assumptions that preclude general application of
results. We have adopted a purely phenomenological
proach to supersymmetric theories withoutR parity that pro-
vides the framework necessary to greatly simplify analy
without necessitating so manya priori assumptions. We in-
troduced our approach in@5# and we elaborate on it here.

The most general renormalizable superpotential withouR
parity for a supersymmetric model with the minimal partic
content may be written as

W5«ab@hi j
u Q̂i

aĤu
bÛ j

C1hi j
d Q̂i

aĤd
bD̂ j

C1hi j
e L̂ i

aĤd
bÊj

C

1m0Ĥd
aĤu

b#1l i jk9 D̂ i
CD̂ j

CÛk
C

1«ab@l i jk8 Q̂i
aL̂ j

bD̂k
C1l i jk L̂ i

aL̂ j
bÊk

C1mkL̂k
aĤu

b#,

~1.2!

wherei, j, andk are family~flavor! indices. The coefficients
l and l9 are antisymmetric in the first two indices as r
quired bySU(2)L and SU(3)c product rules, respectively
TheSU(2)L indicesa andb are shown explicitly contracted
with the antisymmetric tensoreab , with e1252e21521, to
generateSU(2)L singlets.R-parity conservation correspond
to settingmk50 and alll5l85l950; for baryon-number
conservation, onlyl950 is required.

We can obtain a more compact form for the superpot
tial W by noting that theSU(2)L doubletsL̂k transform un-
der the same SM gauge group representations asĤd ,
@SU(3)c , SU(2)L U(1)Y 5 ~1, 2, 1

2 )]. ~Here the hyper-
chargeY is normalized such thatQ5T31Y.) In fact, with-
out the assumption of lepton number conservation, ther
nothing to distinguish theĤd superfield from theL̂k super-
fields, and they can mix. Their separate treatment in Eq.~1.2!
©2000 The American Physical Society01-1
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is an artifact of starting with the MSSM superpotential a
addingR-parity violating terms. Therefore a more approp
ate form forW, with extended flavor indicesa andb running
from 0 to 3, is

W5«ab@hi j
u Q̂i

aĤu
bÛ j

C1l ia j8 Q̂i
aL̂a

bD̂ j
C1lab j L̂a

aL̂b
bÊj

C

1maL̂a
aĤu

b#1l i jk9 D̂ i
CD̂ j

CÛk
C . ~1.3!

U(4) flavor rotations can be used to transform betwe
bases of the four superfield doublets.

It is in principle possible for the neutral scalar compone
in eachof these doublets to acquire a non-zero vacuum
pectation value~VEV!. The key to our approach, the singl
VEV parametrization@5,6#, is to rotate the doublets into
basis in whichL̂0 alone bears a non-zero VEV. The remai
ing admissible leptonic flavor rotations are sufficient to dia
onalize the lepton Yukawashik

e 52l i0k522l0ik which are
then given by (A2/v0)diag$m1 ,m2 ,m3%. There is then no
additional freedom to set themk bilinear coefficients equal to
zero; to maintain complete generality they must be left a
trary.

As implied above and discussed in@5,7#, care must be
taken to specify what choice of flavor basis~if any! is im-
plied when a specific set of of RPV parameters is given.
example, if the sneutrino VEV’s andmk bilinear terms are
left arbitrary, then they are not truly physically independe
because of the freedom to rotate between bases. In an
extreme, setting all sneutrino VEV’s andmk bilinears to zero
results in a loss of generality, while still not being sufficie
to uniquely determine the flavor basis. The common
proach of usingR-parity conserving MSSM particle state
with the ad hocaddition of a few RPV trilinear couplings
results in ill-defined RPV parameters~since such parameter
are in general basis-dependent and the flavor basis is
specified!. In principle, that renders the analysis interna
inconsistent. In practice, this approach can reasonably
proximate some regions of parameter space, but an inhe
ambiguity remains. One way out of this quandary would
to construct ‘‘basis-independent’’ observables. This has b
explored with stronga priori restrictions placed on the
sneutrino VEV’s@8#. However, the observables were foun
to be phenomenologically ‘‘messy’’ and impractical for mo
experimental situations even in this limiting case. The alt
native resolution is to carefully choose a convenient ba
that renders the experimental analysis as simple as pos
—the path taken in this work with the single-VE
parametrization.

As we described in@5#, this parametrization has the ad
vantage that the tree-level mass matrices ofall fermions in
the theory are independent of all trilinear RPV couplings.
particular, R-parity-violating contributions to leptonic phe
nomenology at tree level are almost entirely determined
the mk . In this paper, we examine this tree-level lepton
phenomenology in detail within the single VEV paramet
zation, focusing on the constraints that can be obtained f
existing experimental results. The rich variety of releva
data include precision measurements at theZ0 pole, charged
lepton and pion decay rates and branching ratios, neut
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mass bounds, lepton-neutrino scattering cross sections,
limits on neutrinoless double beta decay. A complete list
the measurements we will use can be found in Table I.

In the present analysis, we assume that these processe
mediated by gauge bosons, i.e., on-shell or off-shellZ0’s or
W6’s. Scalar intermediaries are also possible for vario
processes, and these would reintroduce dependence o
trilinear RPV couplings~and other RPV parameters from th
scalar sector! even at the tree level. We assume that con
butions from such scalar modes are negligible due to ki
matic suppression from the presumably much heavier~rela-
tive to the gauge bosons! scalars. It is certainly possible in
principle that relative strengths of the couplings involved a
not-quite-so-heavy scalars may conspire to invalidate our
sumption. However, for these to affect our experimen
bounds~or for that matter, to be larger than the loop corre
tions we omit!, one has to invoke very special and/or u
likely combinations of parameters. Including the addition
parameters needed to accommodate these tiny corners o
rameter space needlessly complicates the analysis and w
avoided here. In what follows we will point out neglecte
scalar modes where appropriate.

We begin our analysis in Sec. II, where we examine
neutral current interactions of the charged fermions~charged
leptons and charginos!; in Sec. III we do the same for the
neutral fermions. We then consider charged current inte
tions in Sec. IV. Having considered the constraints se
rately, we then combine them in Sec. V, where we determ
exclusion regions in the parameter space from both char
and neutral current processes. Finally, we present a summ
of our results and our conclusions in Sec. VI.

II. COLOR-SINGLET CHARGED FERMIONS

The color-singlet charged fermions, the charged lept
and the charginos, are linear combinations of two-compon
Weyl spinor charged winos~written asl6), the spinors of
theÊi superfields, and the spinors for the charged superfie
of the L̂a and Ĥu SU(2)L superdoublets. In terms of Dira
spinors for a theory with spontaneous symmetry breaki
denoting spinors corresponding to the superfields in Eq.~1.3!
by the corresponding lower-case letters~and wherel̃ is the
wino and c̃ is the ‘‘Higgsino’’ built from l 0 and h̃u), the
contributing Lagrangian mass terms are given by

L{2~ i l̄̃ c̄̃ l̄ 1 l̄ 2 l̄ 3!@MC
TPL1MCPR#~2 i l̃c̃ l 1l 2l 3!T,

~2.1!

with MC5S M2
gvu

A2
0 0 0

gvd

A2
m0 0 0 0

0 m1 m1 0 0

0 m2 0 m2 0

0 m3 0 0 m3

D . ~2.2!
1-2
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TABLE I. Summary of phenomenological constraints incorporated in the overall parameter con
plots. The invisibleZ0 width is assumed to include decays to end states composed of neutrinos an
lightest neutralino. Bounds imposed onZ0 decay constraints involving charginos and neutralinos are q
conservative, representing uncertainty in signal detection.

m i combo.
Quantity constrained Experimental bounds@9#

Z0-coupling:
Ubr

em (e-m universality! m1
22m2

2 (0.59664.37)31023

Ubr
et (e-t universality! m1

22m3
2 (0.95564.98)31023

Ubr
mt (m-t universality! m2

22m3
2 (1.5565.60)31023

DAem (e-m L-R asymmetry! m1
22m2

2 (0.34662.54)31022 ~from Ubr
em)

DAte (t-e L-R asymmetry! m3
22m1

2 1 Rt. contrib. 0.004360.104
DAtm (t-m L-R asymmetry! m3

22m2
2 1 Rt. contrib. 0.08260.25

Br(Z0→e6m7) um1m2u ,1.731026

Br(Z0→e6t7) um1m3u ,9.831026

Br(Z0→m6t7) um2m3u ,1.231025

Br(m2→e2e1e2) um1m2u ,1.0310212

Br(t2→e2e1e2) um1m3u ,2.931026

Br(t2→m2e1e2) um2m3u ,1.731026

Br(t2→m1e2e2) um1
2m2m3u ,1.531026

Br(t2→e2m1m2) um1m3u ,1.831026

Br(t2→e1m2m2) um1m2
2m3u ,1.531026

Br(t2→m2m1m2) um2m3u ,1.931026

Br(Z0→x6l 7) m5 ,1.031025

Br(Z0→x6x7) m5 ,1.031025

Br(Z0→x i
0x j

0 ,x j
0n); j Þ1 m5 ,1.031025

GZ ~total Z0-width! m5 2.494860.0075 GeV
GZinv

~invisible Z0 width: m5 500.165.4 MeV

Z0→ncnd ,ncx1
0 ,x1

0x1
0)

W6-coupling:

Ḡme (m→enn) mn5
/m i ratio 0.98360.111

Ḡte (t→enn) mn5
/m i ratio 0.97960.111

Ḡtm (t→mnn) mn5
/m i ratio 0.95460.108

Rpm
pe (p decays!

mn5Ym1

m5
and

m2

m5

(1.23060.012)31024

Rtm
te (t decays! mn5

/m i ratio 1.026560.0222
Rte

me ~decays toe’s! mn5
/m i ratio 1.003860.0219

mn5
uB̃en5

L u2 @(bb)0n#
mn5Ym1

m5

,0.46 eV~only for mn5
,10 MeV!

mass constraints:

n5 mass m3 ,18.2 MeV if n55nt

m5 ,149 MeV if n5Þnt

x6 mass m5 .70 GeV
om

a
al
le
to

ha-
lin-

ices

M,
Here the two vacuum expectation values are in general c
plex, as are thema’s and the soft gaugino massM2. As is
customary, all of the parameters entering the fermion m
matrices will henceforth be assumed to be real. Potenti
very interestingCP-violating effects related to the possib
complex nature of these parameters will be relegated
03500
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future paper. On the other hand, it must be strongly emp
sized that there is no loss of generality concerning the tri
ear RPV terms —these need not be set to zero. They simply
do not appear at the tree level in the fermionic mass matr
in the single-VEV parametrization.

We now wish to find the mass eigenstates. In the MSS
1-3
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BISSET, KONG, MACESANU, AND ORR PHYSICAL REVIEW D62 035001
the Yukawa mass entries,m1 , m2, andm3 (mi5hii
evd in the

single-VEV basis!, are identical to the known physica
charged lepton masses. WithoutR-parity conservation this
correspondence is spoiled by the presence of them i in MC .
Masses of the well-known charged leptons~and in fact the
eigenvectors and mass eigenvalues for all five phys
states! now result from diagonalizing the 535 chiral mass
matrix MC :

UL
†MCUR5diag$M̄ c1 ,M̄ c2 ,m̄1 ,m̄2 ,m̄3%, ~2.3!

where UL and UR are unitary matrices which diagonaliz
MC , and me5m̄1 , mm5m̄2, and mt5m̄3. In general, the
m̄i depend on themi and the m i .

Therefore for non-zerom i the input Yukawa parameter
for MC need to be determined, i.e. for a fixed set ofm i , we
need to find the values ofmi that give the correct physica
massesm̄i . This is done by writing a system of linear di
ferential equations for the infinitesimal change in themi ’s
due to an infinitesimal change in them i ’s. Beginning with all
m i50 ~where the solution of the system of equations
known!, an acceptable solution for a chosen set ofm i ’s is
then obtainable via numerical integration@10#. Note that only
the three ‘‘lepton’’ masses need to be fixed in this way. T
heavier so-called ‘‘chargino’’ massesM̄ c1 andM̄ c2 also de-
pend on them i , but we do not~yet! have experimental con
straints telling us what the physical chargino masses sh
be.

We now consider interactions with theZ0 boson, follow-
ing Ref. @11# but using the single-VEV parametrization. Th
couplings of the five mass eigenstates to theZ0 boson are
given by

L x1x2Z05
g2

2 cosuw
xa

1gm~PLÃab
L 1PRÃab

R !xb
2Zm,

~2.4!

wherex̄a
15xa

25(x1 ,x2 ,l e ,l m ,l t), PR,L5 1
2 (16g5), and

Ãab
L 5UL

1aUL
1b1dab~122 sin2uw!

[dÃab
L 1dab~122 sin2uw!, ~2.5!

Ãab
R 52UR

1aUR
1b1UR

2aUR
2b12dabsin2uw

[dÃab
R 12dabsin2uw ~2.6!

~notation here follows that of@11# except for the ordering o
basis vectors!. The dab terms are the SM expressions, a
deviations from SM expectations originate from non-ze
dÃab

L and dÃab
R . The anomalous coupling of any tw

charged fermions to theZ0 can thus be determined in term
of the UL and UR matrices found numerically from diago
nalizing MC , and this is precisely what we do to obtain th
parameter space plots presented later in this paper. The e
analytic expressions for the eigenvalues and eigenvecto
the 535 MC prove cumbersome and not very illuminatin
and we do not reproduce them here. However, to impr
03500
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our understanding of the results of the exact numerical an
sis, it is very useful to consider a couple of interesting a
lytic approximations.

First, we treat theR-parity violation as a perturbation
taking the limit in which them i are small. If them i were
zero, the~now MSSM! chargino sector, which is the uppe
232 portion of MC , would be orthogonal to the alread
diagonal SM charged lepton sector. So first we introdu
new 232 rotation matricesRL(uL) andRR(uR) such that

RL
†S M2

1

A2
gvu

1

A2
gvd m0

D RR5diag$Mc1 ,Mc2%. ~2.7!

Mc1 and Mc2 are the chargino masses in them i50 MSSM
limit. Applying this rotation toMC we find

MC8[RL
†MCRR

5S Mc1 0 0 0 0

0 Mc2 0 0 0

m1sinuR m1cosuR m1 0 0

m2sinuR m2cosuR 0 m2 0

m3sinuR m3cosuR 0 0 m3

D .

~2.8!

To obtain the general 535 UL and UR matrices from the
MSSM’s 232 RL and RR matrices, we treat the 332 off-
diagonal block containing them i ’s as a perturbation. Then

UL,R
† 5S RL,R

† 2RL,R
† VL,R

†

VL,R I 333
D , ~2.9!

where the elements of the 332 VL and VR matrices are
given by

VL
i15A2

m iMWcosb

M0
2

VR
i15A2

mi

M0

m iMW~M2sinb1m0cosb!

M0
3

VL
i252

m iM2

M0
2

VR
i252

mi

M0

m i~M2
212MW

2 cos2b!

M0
3

, ~2.10!

and where

M0
2[m0M22MW

2 sin2b ~2.11!
1-4
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which is in fact the determinant of the 232 MSSM section
of MC . In the limit of large tanb and/orm0M2@MW

2 , M0
2

tends towardm0M2.
In terms of theVL andVR matrix elements, we can now

write the deviations of the fermions’ coupling coefficients
the Z0 boson from the SM case as

dÃab
L 5VL

i1VL
j 152

m im j

M0
2

MW
2 cos2b

M0
2

~2.12!

and

dÃab
R 52VR

i1VR
j 11VR

i2VR
j 25

mimj

M0
2

m im j

M0
2

1

M0
4 @M2

414MW
2

3~M2
21m0M2sin2b1m0

2cos2b1MW
2 cos4b!#,

~2.13!

for $a,i %,$b, j %5$e,1%,$m,2%,$t,3%.1 This provides us with
simple, quantitative expressions of how the gaugino a
higgsino contents of the charged lepton mass eigens
~i.e., of thee, them, and thet) affect theZ0 leptonic decay
widths. These effects, present when them i are non-zero, can
lead to non-universality among theZ0 leptonic branching
ratios or to mixed-flavorZ0 leptonic decays.

Notice that the deviations of theZ0 coupling coefficients
are in fact proportional tom im j /M0

2, which must be small in
this perturbative approximation~this tells us quantitatively
what it means for them i to be ‘‘small’’!. In addition, the
dÃab

R are suppressed by the factormimj /M0
2 . Thus one

might expect that the effects of thedÃab
L will dominate those

of thedÃab
R . However, thedÃab

L are themselves proportiona
to cos2b which will strongly suppress their values in th
large tanb regime ~for example, cos2b;1023 for tanb

545). Neglecting terms proportional to cosb in the dÃab
R

~recall sin 2b is small when cosb is small!, we find

dÃab
R

dÃab
L

.
1

2
~11tan2b!

mimj

M0
2

M2
2@~M2 /MW!214#

M0
2

.
1

2
~11tan2b!

mimj

m0
2 @~M2 /MW!214# ~2.14!

~where the second expression holds for large tanb or
m0M2@MW

2 ). Thus if M2 is large andum0u is small, the
effect of deviations from the SM for the right-hand comp

1In the formulas above and those that follow, index labelsa andb
are reserved for the physical mass eigenstates,a,b5e,m,t ~or the
heavier charginos!. Index labelsi and j are used for basis stat
parameters in the single-VEV parametrization,i , j 51, 2, or 3. In
the small-m i approximation, a and i ~or b and j ) have a simple
one-to-one correspondence. Hence, equations could be written
just one pair of index labels. However, both pairs will be kept
make clear that this is not true in general.
03500
d
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nent of theZ0-t-t coupling~and even theZ0-t-m coupling!
can be as significant as those for the left-hand compone

The Z0 branching fraction into any pair of colorles
charged fermions~with MZ.Mxa

1Mxb
) is given by

Br~Z0→xa
1xb

2!5

a2 l1/2S 1,
Mxa

2

MZ
2

,
Mxb

2

MZ
2 D

24 cos2uw

MZ

GZ

3F12
Mxa

2 1Mxb

2

2MZ
2

2
~Mxa

2 2Mxb

2 !2

2MZ
4

1
6Mxa

Mxb

MZ
2

Ãab
L Ãab

R

Ã2
ab

G Ã2
ab , ~2.15!

wherea2[g2
2/4p and

Ã2
ab[uÃab

L u21uÃab
R u2. ~2.16!

The experimentally determined total decay width of theZ0 is
GZ5(2.494860.0075) GeV@12#. The kinematicl-function
is l(a,b,c)5(a2b2c)224bc. In the smallm i perturba-
tive approximation, and for tanb not too large, we have for
the leptonicZ0 decays,

Ã2
i i .~122 sin2uw!21~4 sin4uw!12~122 sin2uw!dÃii

L

5.502712.148
MW

2 cos2b

M0
2 S m i

M0
D 2

, ~2.17!

and

Ã2
ab5udÃab

L u25
4MW

4 cos4b

M0
4 S m i

M0
D 2S m j

M0
D 2

~a,iÞb, j !.

~2.18!

If tanb is large, then the right-hand component cannot
neglected, as noted above, and theÃ2

tt and Ã2
mt formulas

should be modified to

Ã2
tt.~122 sin2uw!21~4 sin4uw!12~122 sin2uw!dÃtt

L

24 sin2uwdÃtt
R

5.50271F2.148
MW

2 cos2b

M0
2

2.926
m3

2~M2
214MW

2 !M2
2

M0
6 G S m3

M0
D 2

, ~2.19!

and

ith
1-5
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Ã2
mt5udÃmt

L u21udÃmt
R u2

5F4MW
4 cos4b

M0
4

1
m2

2m3
2~M2

214MW
2 !2M2

4

M0
12 G

3S m2

M0
D 2S m3

M0
D 2

. ~2.20!

Note here that the numerical value sin2uw50.2315@12# has
been used. This effective value for sin2uw absorbs the SM
radiative corrections to theZ0l i l i couplings. Note also tha
the two terms inside the bracket in Eq.~2.19! enter with
opposite signs, implying that in some region of the parame
space, the deviation ofG(Z0→t1t2) from the SM predic-
tion could be suppressed by cancellation between these
terms even ifm3 is quite substantial.

We now apply these results for couplings and branch
ratios to specific processes in order to obtain limits on
m i .

A. Mixed-flavor leptonic Z0 decays

For non-zerom i ’s, the Lagrangian of Eq.~2.4! leads to the
tree-level flavor-violatingZ0 decays,Z0→em, et, andmt.
The predicted branching ratios for these decay modes
given by Eq.~2.15!. The experimental bounds from LEP o
these processes are shown in the third column of Table
the small-m i approximation, Eq.~2.18! translates these con
straints into the following bounds:

um im j u

M0
2

<Ki j ~11tan2b!
M0

2

MW
2

~2.21!

K1251.831023 from Z0→e6m7

K1354.331023 from Z0→e6t7

K2354.731023 from Z0→m6t7.

Note that bounds apply to the productsum im j u. That the con-
straints can be cast in such a simple form and in terms o
few RPV input parameters is a key strength of the sing
VEV parametrization. Note also that the constraints beco
weaker as tanb increases.

B. Flavor-violating charged lepton decays

The Z0l i l j couplings can also produce the tree-lev
FCNC decays ofm andt via a virtualZ0. These branching
ratios are given by

Br~ l a
2→ l b

2l c
1l c

2!5
a2

2cos4b

1536p
S ml a

MZ
D 4ml a

G l a

Ãab
2 Ãcc

2

~2.22!
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Br~ l a
2→ l b

1l c
2l c

2!5
a2

2cos4b

1536p
S ml a

MZ
D 4ml a

G l a

~Ãac
2 Ãbc

2

1uÃac
L u2uÃbc

R u21uÃac
R u2uÃbc

L u2!,

~2.23!

whereG l a
is the total decay width andml a

the mass of the

decayingl a ~masses of the daughter leptons are neglected!. It
is assumed the virtual intermediate is an off-shellZ0; pos-
sible slepton-Higgs intermediates are assumed to be he
and therefore to yield negligible contributions. Note fro
Eq. ~2.23! that when the odd-flavored daughter leptonl b has
the charge opposite to the parent lepton, the branching r
is suppressed by an extra factor ofÃab

2 (aÞb) compared to
the case where the odd-flavor daughter lepton has the s
sign as the parent. Actually, the latter case also has a co
bution analogous to Eq.~2.23!; however, this is insignificant
relative to the Eq.~2.22! contribution.

The experimental limits on these decays are again gi
in the third column of Table I. Using Eq.~2.18! along with
the lowest order value forÃcc

2 (50.5027) from Eq.~2.17!,
bounds can be cast in the same form as in Eq.~2.21!, with

K1251.431026 from m2→e2e1e2

K1354.531023 from t2→e2m1m2

K1254.331023 from t2→m2e1e2.

We see that while thet decay constraints are comparable
theZ0→t l ( l 5e or m) constraints, them→eeeconstraint is
much more strict than that forZ0→em due to the much
stronger experimental bound onm→eee. In Fig. 1, pre-
dicted values from the exact numerical calculation of t

FIG. 1. Branching ratio form2→e2e1e2 as a function ofm5

~in GeV!, with M25m05200 GeV and tanb52 ~left! or tanb
545 ~right! for ratios ofm1 :m2 :m3 as marked. The solid horizonta
line is the experimental bound. Ifm3 — here set to zero — is
varied, it affects the curves only viam5, and hence stretches out th
horizontal scale.
1-6
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branching ratio are shown as a function of them i for the
MSSM parametersM25m05200 GeV and tanb52,45. The
constraint is very stringent for small tanb and remains rel-
evant, although much weaker, even for large tanb ~unlike
the other constraints discussed so far!. Plots for Br(Z0

→em) would look very similar except with a much weak
experimental bound. Note that in Fig. 1, the useful RP
parameter

m5[Am1
21m2

21m3
2 ~2.24!

is introduced to permit differentm1 :m2 ratios to be plotted
simultaneously. This parameter will appear repeatedly
subsequent discussions. Interpreted as a constraint onm5,
Fig. 1 shows that them→eeeconstraint can be evaded b
supposing a strong hierarchy among them i ’s ~i.e., m1!m2
!m3), as can also be clearly seen from the approximate
~2.21!.

Figure 2 showsBr(t2→e2m1m2) for tanb52, again
based on exact numerical calculations. There is no mean
ful constraint for tanb545 due to the much weaker exper
mental bound. We need not explicitly show results for t
remaining processes: results forBr(t2→e2e1e2) and
Br(t2→m2m1m2) are almost identical to Fig. 2, as a
those forBr(t2→m2e1e2) andBr(t2→m2m1m2) if the
roles ofm1 andm2 are interchanged. Plots forBr(Z0→et)
andBr(Z0→mt) also yield very similar results. Note that i
using Eq. ~2.21! to obtain constraints ont decays in the
small m i approximation, extra contributions fromÃmt

R have

been neglected. TheseÃmt
R contributions are only significan

at large tanb, where constraints onm i from this process as
given by Eq.~2.21! are superseded by limits from other pr
cesses. This is confirmed by exact numerical results. Fina
note also that fort decays in which the odd-flavored daug

FIG. 2. Branching ratio fort2→e2m1m2 as a function ofm5

~in GeV!, with M25m05200 GeV and tanb52, for ratios of
m1 :m2 :m3 as marked. The solid horizontal line is the experimen
bound. Here,m2 is set to zero; again, varying this stretches t
horizontal scale.
03500
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ter lepton has the flipped charge, the result is proportiona
Ã2

em and thus very strongly limited by constraints fro
Br( l a

2→ l b
2l c

1l c
2) such thatBr(t2→ l b

1l c
2l c

2)&10218.

C. Universality violations at the Z0 peak

Equations~2.17! and~2.19! also produce deviations from
SM predictions forBr(Z0→ l al a) which can break lepton
universality. Figure 3 shows leptonic partial widths as
function ofm5 for several choices ofm1 :m2 :m3, again using
the representative MSSM parameter pointM25m05200
GeV and tanb52. The experimental 3s bounds are only
exceeded form5 values in excess of 50 GeV. As the value
m5 increases, the small-m i approximation loses its validity
The numerical results show that for sufficiently largem i val-
ues, the partial decay widths stop increasing as them i ’s in-
crease and in fact turn over and decrease. This behavio
common to all the decay widths discussed so far~although
the maxima will in general occur at differentm5 values,
sometimes above the upper limits on the plots shown!. This
behavior can be understood via the ‘‘largem i ’’ approxima-
tion employed in subsection E below to derive chargi
masses. Note that if, at some point after reaching its m
mum, the deviation in a partial width again drops below
experimental limit, then the largem5 values above this poin
are again acceptable. Thus it is possible that no upper bou
can be placed onm5 from these processes, but instead eith
only a finite range ofm5 values is excluded or~if the maxi-
mum is too low! no m5 values are excluded at all. For furthe
details, see@13#. In practice, other constraints will rule ou
arbitrarily largem5 values.

Universality constraints onZ0→ l al b decays are quantified
via the observableUbr

( l al b)
@14#:

l

FIG. 3. Leptonic partial decay widths of theZ0 ~in MeV! as a
function of m5 ~in GeV!, with m1 :m2 :m351:1:1 @so that m i

5(1/A3)m5]; M25m05200 GeV, and tanb52. Horizontal lines
at the left edge of the plot are the63s experimental bounds@11#
for the corresponding quantities; they are independent ofm5 and are
truncated at right for clarity. Explicit values for the experimen
bounds on these partial decay widths are found in@12#.
1-7
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Ubr
( l al b)

[
G~Z0→ l a

1l a
2!2G~Z0→ l b

1l b
2!

G~Z0→ l a
1l a

2!1G~Z0→ l b
1l b

2!

5
Ãaa

2 2Ãbb
2

Ãaa
2 1Ãbb

2

52.136
~m i

22m j
2!MW

2 cos2b

M0
4

, ~2.25!

where the first equality follows from Eq.~2.4! and the sec-
ond from Eq.~2.17!. LEP experimental measurements on t
partial widths can now be translated into the restrictions
theUbr

( l al b) listed in the third column of Table I. These are a

compatible with the SM prediction ofUbr
( l al b)

50, and, ne-
glecting the~small! nonzero central values, translate into t
following bounds on them i :

1

M0
2

um i
22m j

2u<K̄i j ~11tan2b!
M0

2

MW
2

. ~2.26!

The K̄i j ’s have values ofK̄1252.0531023, K̄1352.33
31023, and K̄2352.6231023; they are comparable to th
Ki j ’s of Eq. ~2.21! obtained from flavor-violatingZ0 decays
and t decays. For large tanb, deviations from the SM are
highly suppressed; i.e., very high values ofm5 ~well beyond
the range of validity of this approximation! are allowed. Ex-
act numerical studies also confirm that these constraints
ish. Using the above formula from the smallm i approxima-
tion, we find thatm i ’s ~or more precisely their difference i
magnitudes! as large asM0 become allowable for tanb
;20. In fact, for large tanb, Eq. ~2.19! should be used for
the Z0→t1t2 partial width. Cancellation among terms
this equation would further weaken any survivingUbr

( l at)

bound onm3.

D. Leptonic left-right asymmetry

Predictions for left-right asymmetries inZ0 leptonic de-
cays, which are defined by

A a[
uÃaa

L u22uÃaa
R u2

uÃaa
L u21uÃaa

R u2
~2.27!

follow immediately from Eqs.~2.17! and ~2.19!:

Aa5A l
(SM)14.273

MW
2 cos2b

M0
2 S m j

M0
D 2

~2.28!

~wherea5e, j 51 or a5m, j 52),

At5A l
(SM)1F4.273

MW
2 cos2b

M0
2

11.842
m3

2~M2
214MW

2 !M2
2

M0
6 G S m3

M0
D 2

. ~2.29!
03500
n

n-

First note that theum i u ’s enter individually rather than in
products or differences of two distinctum i u ’s. This makes the
left-right asymmetries potentially very useful in distinguis
ing effects from the threem i ’s. Note also that non-zerom i ’s
always increase theAa’s from their SM values, and that th
dÃtt

R contribution now reinforces that ofdÃtt
L . This could

be important if these contributions cancel inÃ2
tt which en-

ters into the previously discussed RPVt effects. Another
immediate consequence is that for the favored case ofm3
.m1 , At.Ae .

Equations~2.28! and ~2.29! and conclusions drawn from
them are valid in the small-m i approximation. In Fig. 4, the
asymmetries are shown using exact numerical calculat
~again forM25m05200 GeV!. For large values ofm5, the
Aa’s cease rising with increasingm5, deviating from the
approximate behavior of Eqs.~2.28! and~2.29!. As with the
Z0 leptonic partial decay widths, a maximum is reached a
then the slope turns negative. For low tanb, this occurs for
m5 values excluded for other reasons. But for high tanb it
may occur in admissible regions of the parameter space. A
notice from Fig. 4 for tanb545 thatAt shows an increase
relative toAe andAm arising from the right-handed contri
bution.

Equations~2.28! and~2.29! requireA l
(SM) as input — this

must be determined independent of the leptonic asymm
measurements. Unfortunately,A l

(SM) depends strongly on
sin2uw ; for instance,A l

(SM) decreases by more than 11
when sin2uw is increased by 1%. The effective value
sin2uw for theZ0l l coupling depends on radiative correctio
@15#; sin2uw50.2315 employed here yieldsA l

(SM)50.147,
but includes only SM corrections and not additional corre
tions depending upon SUSY parameters. Thus uncertaint
the effective value of sin2uw leads to even larger uncertaint

FIG. 4. Leptonic L-R asymmetry: deviations from SM predi
tions as functions ofm5 ~in GeV!, with m1 :m2 :m351:1:1 and
M25m05200 GeV for~a! tanb52 and~b! tanb545. The solid
line approximates the experimental 3s upper bounds for each of th
3 asymmetries.
1-8
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in A l
(SM) , which also includes beyond-SM contributions n

apparent in the simple separations seen in the form
above. In an attempt to reduce such uncertainties, Ref.@11#
~following the idea put forward in Ref.@16#! suggests using

DAab[
Aa2Ab

Aa1Ab
~2.30!

instead of the individualAa’s. DAab50 in the SM. In the
small m i approximation, whereAa2A l

(SM) is also small,

DAab5S 1

A l
(SM)

21D Ubr
( l al b)

~2.31!

~as noted in Ref.@11#!, if dÃaa
R ’s are neglected. If this is

permissible, then theDAab constraints have the same depe
dence on them i ’s as the constraints for theUbr

( l al b) , providing
a compatibility condition for the RPV framework. Th
dÃaa

R ’s may safely be neglected for the first two generatio
meaning the allowed window forDAem given in Table I
follows immediately from that forUbr

(em) ~though perhaps a
small amount of extra widening to reflect the uncertainly
A l

(SM) should be included!. Unfortunately, the present ex
perimental situation is far too imprecise for any incomp
ibility to be seen. As noted previously,dÃtt

R may not be
negligible, especially for larger tanb. Adding these terms to
DAmt and Ubr

( l mt) means that the value of one is no long
determinable given only the value of the other. Furthermo
deviations from Eq.~2.31!, which predictsuDAmtu&0.03,
indicate a substantial contribution fromdÃtt

R ~within the
framework of the small-m i approximation!.

In the t case, then, sinceUbr
( l at) experimental constraint

cannot place bounds on theDAat’s, directAl measurements
must be considered. These are listed in Table II and use
derive the 3s bounds on theDAat’s shown in Table I. The
Ae andAt used in theDAet bounds of Table I are obtaine
03500
t
as

-

,

-

,

to

from LEP measurements oft polarization~note however that
the SLD group at SLAC@17# measuredAe directly with their
polarized electron beam and obtained a substantially hig
value for Ae). The DAmt bounds are obtained from LEP
forward-backward asymmetry measurements~which provide
the bestAm value but larger uncertainty inAt). Note that the
bounds are considerably weaker than the 0.03 value g
above, meaning that substantial deviation ofAt from A l

(SM)

~including a potentially important contribution fromdÃtt
R ) is

possible.

E. Limits on charginos

We now turn to constraints associated with the remain
color-singlet charged fermions, the charginos. The te
‘‘chargino’’ is here applied to the two~heaviest! mass eigen-
states remaining after the other three eigenstates in Eq.~2.3!
are fixed to give the ‘‘leptons’’ with well-known experimen
tally observed masses (m̄15me , m̄25mm , m̄35mt). In the
MSSM, the charginos have masses given byMc1 andMc2 in
Eq. ~2.7!. For nonzero values of them i , the chargino masse
are modified toM̄ c1 and M̄ c2 in Eq. ~2.3!. If the m i are
‘‘small,’’ then M̄ c1.Mc1 and M̄ c2.Mc2; however, larger
values of them i ’s can produce more pronounced effec
From Eq.~2.8!,

TABLE II. Experimental left-right asymmetry results:Ai ob-
tained fromA FB

l ~usingA FB
l 5

3
4 AeAl) measured at LEP and SLD

Pt measured at LEP, and a direct measurement from SLD.

Al Method LEP combined@12# SLD @17#

FB 0.146160.0110 0.1526.012
Ae Pt 0.13996.0073 —

direct — 0.15436.0039
Am FB 0.14886.0170 0.1026.034
At FB 0.17536.0210 0.1956.034

Pt 0.14116.0064 —
MC~MC!†53
g2vu

2

2
1M2

2
gvd

A2
M21

gvu

A2
m0

gvu

A2
m1

gvu

A2
m2

gvu

A2
m3

gvd

A2
M21

gvu

A2
m0

g2vd
2

2
1m0

2 m0m1 m0m2 m0m3

gvu

A2
m1 m0m1 m1

21m1
2 m1m2 m1m3

gvu

A2
m2 m0m2 m1m2 m2

21m2
2 m2m3

gvu

A2
m3 m0m3 m1m3 m2m3 m3

21m3
2

4 . ~2.32!

Now by applying the rotation
1-9
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S I 232 0

0 R5
D where R5

†S m1

m2

m3

D 5S m5

0

0
D

andm5 is given by Eq.~2.24!, MC(MC)† can be rotated into the form

3
g2vu

2

2
1M2

2
gvd

A2
M21

gvu

A2
m0

gvu

A2
m5 0 0

gvd

A2
M21

gvu

A2
m0

g2vd
2

2
1m0

2 m0m5 0 0

gvu

A2
m5 m0m5 m5

2 0 0

0 0 0 0 0

0 0 0 0 0

4 1F 0232 0

0 R5
†S m1

2 0 0

0 m2
2 0

0 0 m3
2
D R5
G . ~2.33!

The matrixR5 will appear again in the next section when the color-singlet neutral fermions are considered. In the limit
m5@m3.mt ~referred to henceforth as the largem i approximation2!, the second matrix of expression~2.33! that is propor-
tional to themi ’s may be dropped. This leads to simple analytic formulas for the chargino mass eigenvalues:

M̄ c1,c2
2 5

1

2
@M2

212MW
2 1m0

21m5
2#6

1

2
@~m0

21m5
22M2

222MW
2 cos 2b!218MW

2 ~M2sinb1m0cosb!2#1/2 ~2.34!

5
1

2
~ ā11ā2!6

1

2
A~ ā12ā2!212~gvuM21gvdm0!2 ~2.35!

5
1

2
@Mc1

2 1Mc2
2 1m5

2#6
1

2
@~Mc2

2 2Mc1
2 2m5

2!224m5
2cos2uR~Mc2

2 2Mc1
2 !2#1/2 ~2.36!
en
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where

ā1[
gvu

2

2
1m0

21m5
2 and ā2[

gvd
2

2
1M2

2 . ~2.37!

Within this approximation the chargino masses only dep
on them i through the single parameterm5. The roles ofm0
andm5 in the mass formulas are very similar. Note from E
~2.36! that the chargino masses reduce to the MS
chargino masses whenm550. Also note that a non-zero
value for m5 increasesthe lighter chargino mass; henc
some region of theM22m0 parameter space that is ruled o
in the MSSM by the chargino mass bound@18# can be re-
instated whenm5Þ0. However, correct chargino mas
bounds for RPV scenarios require analysis of the de
modes. One such analysis was recently performed for a
cific bilinear RPV model@19#; a general analysis in th
single-VEV parametrization, including contributions fro
both bilinear and trilinear RPV couplings, is currently
progress.

2Note that this isnot the converse of the smallm i approximation,
which requiresm i!M0.
03500
d

.

y
e-

FIG. 5. Chargino masses. Contours show minimum values ofm5

~in GeV! necessary to push the lighter chargino mass above 90 G
for ~a! tanb52 and~b! tanb545. The region above or outside

given contour hasM̄ c1.90 GeV form5 at or above the designate
value.
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It is possible to simultaneously havem5@mt and m i
!M0, meaning that both the ‘‘large-m i ’’ and the ‘‘small-
m i ’’ approximations will yield quite accurate results. In fac
results from the two methods agree well with each other
with the exact numerical results in most relevant regions
the parameter space. Using the exact numerical calcula
the region in MSSM parameter space that would be exclu
by a 90 GeV chargino mass bound is plotted in Fig. 5, fr
which it is clear that constraints based on such an anal
will be significant if M2 and/orm0 are small.

Bounds fromZ0 decays into two charginos or a chargin
and a lepton follow from the general formula forZ0 decays
into a pair of charged fermions, Eq.~2.4!. However, deter-
mining the exact values for these bounds requires deta
information about chargino decays from detector simulati
which is beyond the scope of this work. Therefore, only
conservative bound is applied:Z0 decays involving at leas
one~on-shell! chargino are required to have branching rat
of less than 1025 ~as noted in Table I!.

Turning to the lepton sector, we see that in the limit whe
mi

250, the matrixMC(MC)† of Eq. ~2.32! @or Eq. ~2.33!#
has three zero eigenvalues. Thus, in this approximation,
masses of the physical leptons are zero. Despite this de
el

lo

e

03500
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eracy, the correct eigenvectors can be found by requiring
they do not differ significantly from the exact massive eige
states obtained when the non-zeromi are retainedif m5

2 is
large. Three such massless eigenvectors forMC(MC)† with
mi

250 are given by

u l 18&5S gvd

A2
m1 ,2M2m1,M0

2 ,0,0D TY D1

u l 28&5S gvd

A2
m2 ,2M2m2 ,0,M0

2 ,0D TY D2

u l 38&5S gvd

A2
m3 ,2M2m3 ,0,0,M0

2D TY D3

~2.38!

~the D i[AM0
41ā2m i

2 are normalization constants!. Since
these are degenerate states, any linear combination o
three will be a massless eigenstate. The natural hierarch
the mi values (m3.m2.m1) requires the following choice
of orthogonal eigenvectors:
u l e&}u l 18&5S gvd

A2
m1 ,2M2m1 ,M0

2,0,0D TY De

u l m&}u l 28&2u l 18&^ l 18u l 28&5S gvd

A2
m2 ,2M2m2 ,2ā2m2m1 /M0

2 ,De
2/M0

2 ,0D T

M0
2Y ~DeDm!

u l t&}u l 38&2u l 18&^ l 18u l 38&2u l 28&^ l 28u l 38&5S gvd

A2
m3 ,2M2m3 ,2ā2m3m1 /M0

2 ,2ā2m3m2 /M0
2 ,Dm

2 /M0
2D T

M0
2Y ~DmDt!

~2.39!
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where the normalization constants are

De[AM0
41ā2m1

2, Dm[AM0
41ā2~m1

21m2
2!,

Dt[AM0
41ā2~m1

21m2
21m3

2!. ~2.40!

The first components of these three vectors are the
mentsUL

a1 of the left rotation matrix in Eq.~2.3!:

UL
e15

gvd

A2

m1

De
; UL

m15
gvd

A2

m2M0
2

DeDm
; UL

t15
gvd

A2

m3M0
2

DmDt
.

~2.41!

These quantities appear in the expression for the anoma
coupling coefficientsdÃab

L of Eq. ~2.5!. Note that in the limit
m i→0, Da→M0

2 and we recover the ‘‘smallm i ’’ approxima-
tion results given by Eqs.~2.10!. The dependence of th
normalization constants~the Da’s! on them i ’s indicates that
e-

us

the decay widths willdecrease~for m and t) as them i ’s
increase, and exposes the reason behind the maxima se
Figs. 3 and 4. Thus if an experimental bound actually allo
the maximum value~for instance at large tanb where there
is strong suppression!, then that bound may provide no con
straint onm5 ~or equivalently on them i ’s! at all. Even if the
maximum is excluded, a window of large~possibly very
large! m i ’s may be allowed. However, this region of the RP
parameter space is largely ruled out by limits on neutr
masses and bounds from neutrino scattering and charged
rent processes. Therefore we do not consider very largem i
values further at present and instead proceed to a discus
of these additional constraints.

III. COLOR-SINGLET NEUTRAL FERMIONS

In the single-VEV parametrization, the Lagrangian term
contributing to the color-singlet neutral fermion~neutrino
and neutralino! masses may be written as
1-11
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L{2~ il0
C il3

C
h̃u

0 C h̃d
0 C n1

C n2
C n3

C
!

3MN~2 il0 2 il3 h̃u
0 h̃d

0 n1 n2 n3!T

1c.c., ~3.1!

whereh̃u
0 , h̃d

0 , andn i ( i 5123) are the Dirac spinors assoc

ated with the neutral superfields inĤu , L̂0, andL̂ i , respec-
liz
rs
ve

b

ns

m
gn

p
h-

rm
to
n

03500
tively, of Eq.~1.3! and2 il0 and2 il3 are, respectively, the
B-ino andw-ino components.C refers to charge conjugatio
acting on each spinor. Since neutrinos are assumed to
zero Yukawa masses, the sameR5 rotation that was used
when the Yukawa masses for the charged leptons were
glected is also applicable toMN . Now there is no approxi-
mation, no Yukawa part to throw away; two massless n
trino states decouple@20#, leaving a 535 matrix:
MN51
M1 0

g8vu

2
2

g8vd

2
0 0 0

0 M2 2
gvu

2

gvd

2
0 0 0

g8vu

2
2

gvu

2
0 2m0 2m1 2m2 2m3

2
g8vd

2

gvd

2
2m0 0 0 0 0

0 0 2m1 0 0 0 0

0 0 2m2 0 0 0 0

0 0 2m3 0 0 0 0

2 ⇒
R51

M1 0
g8vu

2
2

g8vd

2
0

0 M2 2
gvu

2

gvd

2
0

g8vu

2
2

gvu

2
0 2m0 2m5

2
g8vd

2

gvd

2
2m0 0 0

0 0 2m5 0 0

2 .

~3.2!
all

fea-
act
M

ere-
en-
A. Neutrino mass „tree level…

The single massive neutrino that results from diagona
ing this tree-level mixing matrix was discussed in the fi
paper in this series@5#. Here again we denote the massi
state by un5&5(m1 /m5)un1&1(m2 /m5)un2&1(m3 /m5)un3&.
Approximate analytic formulas for its mass were found to

mn5
52

1

2

m5
2v2cos2b~xg21g82!

m0@2xM2m02~xg21g82!v2sinb cosb#
~3.3!

~where v2[vu
21vd

2 and M15xM2 ; x5 5
3 tan2uw assuming

gaugino unification, as is done in all numerical calculatio!
from a ‘‘seesaw’’ approximation in whichm5 is taken to be
small and

mn5
52

1

4

m5
2v2cos2b~xg21g82!

~m0
21m5

2!xM2

~3.4!

from a perturbative treatment in which the electroweak sy
metry breaking terms are regarded as small but the ma
tude ofm5 is not restricted. Key features to note are:

The mass has a simple dependence on only one RPV
rameter,m5. This is to be contrasted with results found wit
out using the single-VEV parametrization@21#. The formulas
above are also quite general. In particular, the trilinear te
havenot been set to zero—they simply do not contribute
the tree-level mass formulas. They will reappear at the o
-
t

e

-
i-

a-

s

e-

loop level; however, loop effects are expected to be sm
compared to those at the tree level@22#.

The approximate expressions, Eqs.~3.3! and ~3.4!, indi-
cate that the neutrino mass is proportional tom5

2 if m5

!m0. Equation~3.4! also shows that form5@m0, the neu-
trino mass approaches a constant asymptotic value. The
tures of these approximate formulas are confirmed by ex
numerical calculations, as shown in Fig. 6 for the MSS
parametersM25m05200 GeV and tanb52,45. Note in
particular the linear rise in logmn5

seen in the log-log inserts

for low logm5 values, as expected ifmn5
}m5

2. Note also that

there is no decrease inmn5
for high m5 values, in contrast to

the case of several constraints in the previous section. Th
fore, unless the asymptotic value falls below the experim
tal bound, them5 upper limit frommn5

will close any large-

m5 window.
There is strong suppression both at high tanb due to the

cos2b factor3 and at highM2. Inverting Eq.~3.4! yields a
bound onm5:

m5
2,

4xm0
2M2mn(bound)

v2cos2b~xg21g82!24xM2mn(bound)

, ~3.5!

3This factor was also obtained in@23#, but additional assumptions
led to compensating factors that canceled the suppression.
1-12
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clearly demonstrating the high tanb suppression. The exac
numerical results in both Figs. 6a and 6b and Figs. 7b and
also illustrate that the asymptotic limit is much lower f
large tanb. In addition, asM2 increases, the denominato
goes to zero, beyond whichm5 is unconstrained.

If we assumem55m3⇔(m1 :m2 :m3)5(0:0:1), then the
recently improved mass bound onnt from LEP, nt,18.2
MeV @24# ~shown by solid horizontal lines in Figs. 6,ab!,
implies that, for tanb545, there is nomnt

constraint onm5

whenM2*280 GeV~Fig. 7b!. Analogous arguments can b
made form55m1 and m55m2 using mne

,5 eV @25# and

mnm
,170 keV @26#, respectively. Due to the much tighte

bounds these constraints exclude all interesting region
parameter spacewith such(m1 :m2 :m3) ratios.

FIG. 6. Neutrino massmn5
as a function ofm5 ~in GeV!, with

M25m05200 GeV and~a! tanb52, ~b! tanb545. The lower
horizontal line is the 18.2 MeV machine bound for a purent ; the
upper horizontal line is the 149 MeV bound for a genericn5 .
(M15xM2, with x5

5
3 tan2uw .) Insets: Lowm5 portion of curve on

log-log scale.
03500
d

of

The negative sign for the neutrino mass in Eqs.~3.3! and
~3.4! can be removed by redefining the fields in Eq.~3.1!
~see@27# for more details!.

If more than one of them i ’s is non-zero, then the massiv
neutrino will be an admixture of the three neutrino ba
states plus~especially for largem i ’s! the two gaugino and
two Higgsino states. Using the matrixU0 to diagonalize
MN , the eigenvalues are

U0
†MNU05diag$Mn1 ,Mn2 ,Mn3 ,Mn4 ,0,0,mn5

%, ~3.6!

where the massive neutrino is defined to be the lightest of
massive states and the four heavier states are ter
neutralinos.4 Further, note that there is no reason to exp
alignment between the neutrino eigenstates and the cha
lepton mass eigenstates (e, m, and t). Neutrino mass
bounds in this more general case are more complicated,
better constraints are in fact obtainable from analysis
charged current processes~to be discussed in detail in th
next section! than from direct mass bounds onnt ~or nm)
@30#. Based on such an analysis, Bottiniet al. @31# gave a
general neutrino mass bound of 149 MeV for a massive n
trino that was an admixture ofne , nm , andnt . The present

4Going beyond the tree level will give small masses to the t
zero mass neutrino eigenstates found here. Trilinear RPV terms
contribute to these corrections. Attempts to fit sub-eV mass ne
nos such as suggested by results of the Super-Kamiokande ex
ment@28# into the RPV framework will require knowledge of thes
corrections. This is beyond the scope of the present work. See@29#
for more details.

FIG. 7. Maximum allowed values ofm5 ~in GeV! consistent
with neutrino mass bounds: machine boundmnt

,18.2 MeV~appli-
cable form1 :m2 :m350:0:1) for ~a! tanb52 and ~b! tanb545;
the absolute boundmn5

,149 MeV for ~c! tanb52 and~d! tanb
545. The region below or inside of a given contour is excluded
m5’s above the indicated value.
1-13
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case differs from theirs since in the RPV framework the m
sive neutrino can also have gaugino and Higgsino contr
tions. Nonetheless, the 149 MeV mass bound is in fact
plicable as will be justified in the following section treatin
charged current interactions. This bound is shown in Fig.
as the upper horizontal line, but not shown for the tanb
545 case depicted in Fig. 6b since the bound is ne
reached.

Cosmological neutrino mass bounds also exist. These
usually far more stringent than the neutrino mass bou
discussed thus far, and upper limits ofmn&35 eV have been
given @32#. However, additional assumptions about cosm
ogy enter when determining these values, which are a
sensitive to the decay modes of the massive neutrino, w
is expected to be unstable. Due to these loopholes, a M
neutrino is not cosmologically taboo@33#.

Upper bounds onm5 ~obtained from exact numerical ca
culations! throughout them0-M2 MSSM parameter space ar
shown for tanb52,45 in Fig. 7. Figures 7a,b show resu
assuming a mass bound of 18.2 MeV—i.e., assum
(m1 :m2 :m3)5(0:0:1) ~these update the plots of@5# which
assumed a mass bound of 24 MeV fornt); and Figs. 7c,d
show results with the more general bound of 149 Me
Bounds onm5 weaken as eitherM2 and/orum0u increase. As
noted in @5#, for high tanb, m5 values in the hundreds o
GeV are permitted by thent mass bound.

B. Invisible Z0 width

The couplings of the seven Majorana mass eigenstate
the Z0 boson are given by

L x0x0Z052
g2

4 cosuw
xc

0gm~ i Im C̃cd2g5ReC̃cd!xd
0Zm,

~3.7!

where C̃cd5C̃cd
† 5(U0TZU0

†)cd and TZ5diag(0, 0,21, 1,
1, 1, 1) ~again adopting the notation of@11#!. The partialZ0

decay width into a pair of neutral fermions~with MZ.Mxc

1Mxd
) is then given by

G~Z0→x̄c
0xd

0!5

a2 l1/2S 1,
Mxc

2

MZ
2

,
Mxd

2

MZ
2 D

12 cosw
2u F122

Mxc

2 1Mxd

2

2MZ
2

2
~Mxc

2 2Mxd

2 !2

2MZ
4

2
3Mxc

Mxd

MZ
2 G uC̃cdu2.

~3.8!

In the SM, the invisibleZ0 width, GZinv

SM , is given by the

sum of the partial decay widths of theZ0 into the massless
neutrinos. From this width, the number of SM neutrino fl
vors has been measured to be 3.0960.13 @25#. In the
R-parity conserving MSSM, the decay of theZ0 into a pair of
the stable lightest neutralinos~taken as the LSP’s! should
03500
-
-

p-

a

r

re
s

-
o

ch
V

g

.

to

-

also be included5, meaning that GZinv

MSSM>GZinv

SM . When

R-parity violation is permitted, the situation becomes mo
complicated.G(Z0→n5n5) is suppressed by kinematic fac
tors for the now massive neutrino. TheZ0 coupling may also
change due to gaugino and Higgsino contributions ton5.
Further, whether or not the partial decay width to the m
sive neutrino or to any of the more massive neutralin
should be included inGZinv

RPV will depend on how these par

ticles decay.6 As a result,GZinv

RPV need not be larger than

GZinv

SM . An example of this is shown in Fig. 8, whereGZinv

RPV is

plotted for the generic parameter space pointM25m05200
GeV and tanb52 assuming contributions from the tw
massless neutrinos andn5 ~dotted curve! and from the two
massless neutrinos,n5, and the lightest of the neutralino
~dashed curve!. Since the LEP measurement ofGZinv

given in
Table I is slightly below the SM value, the RPV framewo
can actually give better agreement. The solid horizontal li
in Fig. 8 give the 3s bounds for the LEP measuremen
These do not pose a strong constraint onm5, allowing values

5Other contributions may also have to be included — such asZ0

decays to the second lightest neutralino which in turn decays to
lightest neutralino and a pair of neutrinos; orZ0 decays to sparticles
which are close in mass to the LSP and thus produce decay prod
too soft to detect when they in turn decay to the LSP. These eff
will always increaseGZinv

MSSM.
6Light scalar states might also contribute to theGZinv

RPV, either di-
rectly or as virtual propagators. This further complicates the sit
tion due to the larger number of free parameters in the RPV sc
sector. We make the reasonable assumption here that such s
states are too heavy to make meaningful contributions.

FIG. 8. The invisibleZ0-width ~in MeV! as a function ofm5 ~in
GeV!, with M25m05200 GeV and tanb52. The solid horizontal
lines are the upper and lower experimental bounds.GZinv

RPV is as-
sumed to be G(Z0→ncnd) ~dotted curve! or G(Z0

→ncnd ,ncx1
0 ,x1

0x1
0) ~dashed curve! wherex1

0 is the lightest neu-
tralino (4th lightest neutral color-singlet fermion!.
1-14
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up to ;100 GeV in this case, as compared to the neutr
mass constraint which from Fig. 7c demandsm5&21.5 GeV
for mn5

,149 MeV. A thorough study of the decay modes
the massive neutrino as well as the other particle states in
model is necessary to make more definitive predictions. S
input will also be required if we wish to constrain this min
mal RPV model using the fullZ0 width and the searches fo
anomalous Z0 decays, such as to neutralinos (Z0

→x i
0x j

0 ,x j
0n; j Þ1).

IV. CHARGED CURRENT INTERACTIONS

Up to this point, color-singlet fermion interactions wit
on- and off-shellZ0 bosons have been analyzed. Importa
constraints can also be obtained from charged-current
cesses such as the decays of pions, leptons, and heavy
trinos. The relevantW6 interactions may be written~again
following notation from@11#! as

L int
Wx2x0

[2
g2

A2
W2mx̄a

2gm~PLB̃ac
L 1PRB̃ac

R !xc
01H.c.,

~4.1!

in four-component mass eigenbasis notation. TheB̃L,R ma-
trices giving the effective coupling strength among the m
eigenstates can be obtained from the diagonalizing matr
of the charged and neutral fermions:

B̃L5UL
†TLU0 and B̃R5UR

†TRU0 , ~4.2!

where

TL5S 0 A2 0 0

0 0 0 I 434
D

and

TR5S 0 2A2 0 0

0 0 1 0434
D . ~4.3!

Of particular interest are pion and lepton decays. Here
cussion is limited to tree-level decays mediated by a virt
W boson. (Z0 exchange in lepton decays is negligible for t
cases we consider below, the corresponding amplitude b
proportional to the product of twom i ’s.! An exhaustive dis-
cussion would in principle also require consideration of p
sible virtual scalar intermediate states. These~together with
radiative corrections! would re-introduce trilinear RPV
terms; however, as already noted, since supersymmetric
lar particles must be considerably more massive than
gauge bosons, their contributions can be expected to be
small. Partial decay widths for these processes are then g
by

G~p→ l n̄ l !5
G2f p

2 uVCKM
ud u2mp

3

8p
Rp l (

c51

3

B̃lnc

2 Pc
p l ~4.4!

and
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G~ l 8→ l n̄ ln l 8!5
G2ml 8

5

192p3
Rl 8 (

c,d51

3

B̃l 8nc

2 B̃lnd

2 Pcd
l 8 l , ~4.5!

where

B̃ac
2 [uB̃ac

L u21uB̃ac
R u2. ~4.6!

Standard parameters are the Fermi constantG ~see@31# for
minor subtleties!, the pion decay constantf p , and VCKM

ud

5 the ud-component of the CKM quark-sector mixing ma
trix. Rp l and Rl 8 are leading radiative corrections to th
processes. The former depends on the pion and charged
ton masses; the latter depends only on the mass of the
caying lepton~See @25,34# for more details.!. Finally, the

functionsPc
p l andPcd

l 8 l include the entire phase space facto
for the decays as well as parts of the matrix element
including all dependence on neutrino masses. Explicit f
mulas from these functions are given in@31#; for use below,
Pc

p l is

Pc
p l5u~mp2ml2mnc

!@d lp
2 1dncp

2

2~d lp
2 2dncp

2 !2#l1/2~1,d lp
2 ,dncp

2 !;

d lp5
ml

mp
, dncp5

mnc

mp
. ~4.7!

As noted previously, Ref.@31# analyzed three-neutrino mix
ing. The present case differs since mixing of neutrinos w
neutralinos~and charged leptons with charginos! is also pos-
sible. However, the above formulas remain valid since
new states would be too heavy to contribute to these GeV
sub-GeV decays.

The experimental inputs are the following decay rates

G~p→en̄e!, G~p→mn̄m!,

G~m→en̄enm!, G~t→en̄ent!, G~t→mn̄mnt!.

Here, byne ,nm ,nt we mean the states produced alongs
the e,m,t leptons in the corresponding decays. To elimina
the uncertainty in some of the common factors and thus
ter isolate the effects of non-SM leptonic masses and m
ings, it is preferable to work with ratios@31,11#. For pion
decays, we will use

Rpm
pe [

G~p→en̄e!

G~p→mn̄m!
5

Rpe(
i

B̃en i

2 Pi
pe

Rpm(
i

B̃mn i

2 Pi
pm

. ~4.8!

For the lepton decays, reduced decay widths are defined

Ḡ l 8 l[
192p3

G2ml 8
5 G~ l 8→ l n̄ ln l 8!5Rl 8 (

c,d51

3

B̃l 8nc

2 B̃lnd

2 Pcd
l 8 l ,

~4.9!
1-15
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which conveniently allows us to define the ratios:

Rte
me[

Ḡme

Ḡte
5

Rm(
c,d

B̃mnc

2 B̃end

2 Pcd
me

Rt(
c,d

B̃tnc

2 B̃end

2 Pcd
te

~4.10!

and

Rtm
te [

Ḡte

Ḡtm
5

(
c,d

B̃tnc

2 B̃end

2 Pcd
te

(
c,d

B̃tnc

2 B̃mnd

2 Pcd
tm

.

Barring some miraculous alignment, the physical neutr
mass eigenstates will not be the partners of the char
leptons—then l ’s above. Nor will they be basis states in th
single-VEV parametrization — then i ’s of Eq. ~3.1!. The
physical eigenstate which acquires a mass at the tree lev
denoted byn5; we will denote the other two massless dege
erate states bynz1 andnz2. Note that these two light eigen
states are not uniquely defined at tree-level; any linear c
bination between them is another massless neut
eigenstate. This indeterminacy will not affect physical
sults; moreover, the degeneracy will be lifted by radiat
corrections.

In the rest of this section, we will discuss implications
experimental constraints on the ratios~4.8! and~4.10!. Exact
numerical values for rotation matricesUL ,UR , andU0 will
be used to compute the charged current couplingsB̃L and
B̃R. However, in order to be able to understand the qual
tive features of our numerical results, we find it worthwh
to derive and use approximate analytical expressions
these couplings. To this end, we will use the following a
proximation. We split the diagonalizing rotation matric
into separate ‘‘quasi-MSSM’’ and ‘‘quasi-SM’’ blocks:

UL5diag$RL ,I 333%, UR5diag$RR ,I 333%,

and

U05diag$U4 ,R5%,

whereU4 diagonalizes the first 434 block ofMN andR5 is
again the 333 CKM-like neutrino mixing matrix. Note that
while this approximation is valid in the smallm i limit, it is
not the same as the approximation used in Sec. II. In
case, all first order terms in them i were kept; here, we kee
only those terms of the formm i /m5. This will be the mean-
ing of the ‘‘small m approximation’’ in this section.

The SM components of then5 eigenstate are then give
by

R5
i35

m i

m5
, ~4.11!

and, by unitarity, the quasi-SM components of the other t
eigenstates obey the sum rule
03500
o
ed

l is
-

-
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-
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o

uR5
i1u21uR5

i2u2512S m i

m5
D 2

. ~4.12!

Using Eqs.~4.11! and~4.12! together with the assumption o
no right-handed neutrino fields, the quasi-SM sector char
current couplings become

B̃l mnn

R 50, B̃l mnn

L 5R5
mn⇒B̃l mnn

2 5uR5
mnu2. ~4.13!

A. Pion decays

Inserting the small-m i approximate expressions from Eq
~4.11!, ~4.12!, and ~4.13! into Eq. ~4.8!, and disregarding
B̃l mxn

2 contributions involving the more massive quas

MSSM neutral states~as justified earlier!, yields ~using Pz1
p l

5Pz2
p l for the massless states!:

Rpm
pe 5

Rpe

Rpm

F12S m1

m5
D 2GPz1

pe1S m1

m5
D 2

P5
pe

F12S m2

m5
D 2GPz1

pm1S m2

m5
D 2

P5
pm

5KSM

11S m1

m5
D 2

P pe

11S m2

m5
D 2

P pm

, ~4.14!

where

KSM5
Rpe

Rpm

Pz1
pe

Pz1
pm

5
Rpe

Rpm
S me

mm
D 2F mp

2 2me
2

mp
2 2mm

2 G 2

51.23331024

~4.15!

is the SM prediction~with Rpe /Rpm50.96103), andP p l

5P5
p l /Pz1

p l21.
The behavior of theRpm

pe ratio as a function ofm5 can be
understood by analyzing the dependence of the kinem
functionsP5

p l on the neutrino mass. Indeed, for a given set
m i ratios, the only dependence onm5 in Rpm

pe comes viamn5

in P5
p l . Small changes inmn5

affect P5
pe and P5

pm differ-

ently. P5
pe increases quite rapidly with increasingmn5

, as a
consequence of matrix element dependence on the mass
decay products in pion decay@for mm5

,80 MeV, P5
pe

5(mn5
/mp)2 is a very good approximation#. In contrast,

P5
pm decreases, albeit more slowly, because of the ph

space factor. As a result, their ratioRpm
pe increases withmn5

,

and this effect is further enhanced the largerm1 /m5 is with
respect tom2 /m5.

Looking in more detail at various mass ranges, we fi
that formn5

&20 MeV, the kinematic functionP5
pm is nearly

the same as the constantPz1
pm (P pm.0). In this case, the

experimental constraints on the ratioRpm
pe can be put in a
1-16
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simple form in terms of the RPV parameters. Using thes
bounds from Table I, we obtain

for mn5
&20 MeV:

m1

m5
,A 1

137

me

mn5

. ~4.16!

Beyond the threshold value ofmn5
5mp2mm533.91 MeV,

the p decay into a muon and the massive neutrino can
longer proceed;P5

pm50 and the denominator of Eq.~4.14!
becomes constant. Then we have the following constrain
the m2 /m5 ratio:

for 34 MeV ,mn5
,139 MeV:
ll
e
v
de
g

-
h
th

w

n

-
n-
-
e
-

s

03500
o

n

m2

m5
,A 1

137
~m150!. ~4.17!

Upper limits on them1 /m5 ratio in this region are given in
Fig. 9.

For values ofmn5
of order 100 MeV, the increase inP5

pe

due to the amplitude contribution are offset by the decre
due to the phase space factor, andRpm

pe begins to decrease. A
the thresholdmn5

5mp2me5139.057 MeV, thep cannot

decay intoen5 either. Above this threshold, theRpm
pe ratio is

constant~in the approximation used here!, and the following
constraints can be derived:
mn5
.139 MeV: 5 for m2.m1 :

m2
2

m5
2

2
m1

2

m5
2
,

1

137
~upper experimental bound!,

for m1.m2 :
m1

2

m5
2

2
m2

2

m5
2
,

1

82
~ lower experimental bound!.

~4.18!
-

l
e

r

ds
It must be mentioned that large neutrino masses ofO(100
MeV! may be beyond the range of validity of the small-m i
approximation unless tanb is ‘‘small.’’ For tanb52 and for
the MSSM parametersM25250 GeV andm05100 GeV,
Eq. ~3.4! gives mn5

5149 MeV when m5513.9 GeV, in

rough agreement with the see-saw prediction ofm5511.4
GeV from Eq.~3.3!, and thus arguably still within the sma
m5 domain. In addition, radiative corrections to this tre
level calculation may alter the numerical values given abo

Using exact numerical calculations, Fig. 10 shows the
pendence ofRpm

pe on m5 for some illustrative ratios amon
the m i ’s and for the generic MSSM parameter pointM2
5m05200 GeV and tanb52,45. The solid horizontal line
denotes a 3s positive deviation from the experimentally de
termined central value. The qualitative attributes of t
curves agree well with the predictions made above on
basis of the analytic expression~4.14!. Note that for large
tanb, high values ofmn5

are unattainable no matter ho

largem5 is. In this case, values ofm5 in the hundreds of GeV
are allowed.

B. Decays of charged leptons

Equation ~4.5! shows thatW* -mediated charged lepto
decays are proportional to twoB̃l anc

2 factors. This along with

the more complicatedPcd
l 8 l function ~which gives the depen

dence on the neutrino mass! makes analytic expressions u
wieldy, even in the small-m i approximation. Hence only re
sults from the exact numerical calculations will be discuss

Rte
me of Eqs. ~4.10! provides the most interesting con

straint, tightening the bound onm2 /m5 in some regions
where Rpm

pe is less effective. A similar conclusion wa
-
e.
-

e
e

d.

reached in@31#. For tanb52 andm1 set to zero, exact nu
merical results at the generic MSSM pointM25m05200
GeV showRte

me to be more restrictive thanRpm
pe for m2 /m3

< 1
12 and 1

4 <m2 /m3<1 ~echoing Fig. 6 of@31#!. Figure 11a
depicts the actual behavior ofRte

me vs m5 at thisM2-m0 point
for tanb52 and assortedm i ratios. The solid horizonta
lines represent 3s deviations above and below th
experimentally-determined central value~which is consistent

FIG. 9. Constraints onm1 /m5 and m2 /m5 ratios. Solid lines:
pion decay@cf. Eq. ~4.14!#; in the upper half of the figure, the lowe
solid line corresponds tom2 /m551/12, while the upper line to
m2 /m550; in the lower half of the figure, the solid line correspon
to m1 /m550. Dotted lines: the WA66 experiment~cf. @35#!.
Dashed line: neutrinoless double beta decay@cf. Eq. ~5.2!#.
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with the SM prediction of 1). Form2 /m3 closer to one (15
&m2 /m3,1) and smaller values ofm5 (m5&10 GeV!, Rte

me

may dip below the experimentally-allowed band; howev
for any m2 /m3,1, Rte

me eventually goes above the accep
able band asm5 is increased. The upper bound onm5 only
runs from 19.5 GeV down to 17.5 GeV asm2 /m3 is changed
from 1

12 to 0 ~values below; 1
50 are indistinguishable from

0). However, the neutrino decay constraints from the WA
and CHARM experiments described in the next subsec
may surpass the constraint fromRte

me for these somewha
largerm5 values.

For high tanb, the behavior ofRte
me vs m5 is decidedly

different, as seen in Fig. 11b for tanb545. Here the value of
Rte

me always drops below the experimentally-allowed regi
as m5 is increased irrespective of them2 :m3 ratio. The be-

FIG. 10. Rpm
pe as a function ofm5 ~in GeV! for variousm i ratios,

with M25m05200 GeV and~a! tanb52, ~b! tanb545. In ~a! the
m i ratios are 1:1:1~long-dashed line!; 1:10:110~dot-dashed line;
appears twice in the figure!; 0:1:1 ~open-spaced dotted line!; 0:1:11
~closely-spaced dotted line!; 1:0:110~short-dashed line!.
03500
,

6
n

havior is qualitatively reminiscent of that for them2 /m351
curve for tanb52 even if nowm2 /m3 is set to zero. Quan-
titatively though, the upper limit placed onm5 becomes quite
large asm2 /m3 drops to zero. This bound is nevertheless s
more stringent than that fromRpm

pe if m1.0, again irrespec-
tive of m2 /m3.

The experimentally-derived values forḠme, Ḡte, andḠtm

can also be applied individually without taking ratios. Th
3s bounds on these quantities are also given in Table
However, these restrictions were always found to be wea
than the constraints from the ratios~in contrast to Ref.@31#!.

C. Decays of a massive neutrino

Assuming the decay of the massive neutrino is media

by a virtual W-boson, the expected decay modes aren
~2!

5

→W* 6l 7; W* 6→ l 86 n
~2!

l 8 ,(q̄q8⇒p6).
A crucial experiment restricting this process was p

formed by the CERN WA66 Collaboration@35# using the

FIG. 11. Rte
me vs m5 for assortedm i ratios and~a! tanb52, ~b!

tanb545. Horizontal lines denote 3s deviations from the mea-
sured central value as given in@31#.
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BEBC bubble chamber placed in a neutrino beam resul
from dumping protons on a high density target. The neutr
beam is mainly composed of ‘‘prompt’’ neutrinos from
charmed meson decays which can include massive neut
up to ;1.8 GeV. WA66 is sensitive to massive neutrin
decays into electrons, muons, and pions. From the absen
any excess of such events, limits can be placed on mixin
the massive neutrino state with either thene or nm weak-
flavor eigenstate. In the small-m i approximation,n l[n i and
this mixing is simply uR5

mnu25(m i /m5)2. Therefore, the
WA66 results can be used to restrict these ratiosif the small-
m i approximation is valid; formn5

;O(100 MeV!, this
would demand that tanb is small.

The WA66 results can be summarized as follows~results
from CHARM @36# are similar in the parameter regions
interest here!. For neutrino mass values of order 100 Me
and above, the mixing parameterm1 /m5 has to be smaller
than 1023 (,1024, for mn5

;149 MeV!. The constraint on
m2 /m5 is a little bit weaker: atmn5

5149 MeV, m2 /m5

,1023. These limits as a function ofmn5
are presented in

Fig. 9. Note that formn5
less thanO(802100) MeV, the

constraint onm1 /m5 coming fromp decay is stronger than
that from WA66, while for mn5

.O(802100) MeV, the
WA66 constraint is stronger. Thus, these two inputs p
complementary roles in setting limits on neutrino flavor-st
mixings.

The WA66 neutrino decay limits are also used in est
lishing for the present RPV scenario the 149 MeV absol
upper mass bound on a neutrino which is not a purent .7 As
seen above, a neutrino with a mass of 149 MeV is ab
99.9% n3 which is now extremely well aligned with thet
lepton. In this case the tighter LEP bound ofmnt

,18.2 MeV
is applicable; therefore, the upper mass limit on a mix
massive neutrino state is;149 MeV as adopted here.

There are other experiments on neutrino interacti
which constrain the mixing among the three generations~for
example, the CHARM II experiment@37# on nm- e scatter-
ing, and LAMPF@38# on ne-e scattering!. Some of the re-
sulting constraints are stronger than the WA66 results. H
ever, the interpretation of these data in our curr
framework ~constraints on the RPV parametersm i) is
straightforward only in the approximation used in this se
tion; otherwise, mixing between the neutrino and neutral
contributions should also be taken into account. For this r
son, we have discussed only the WA66 results~for purposes
of illustration!, leaving a more detailed analysis to a futu
paper.

V. NEUTRINOLESS DOUBLE-BETA DECAY

Neutrinoless double beta decay (0nbb) places very strin-
gent bounds on trilinear RPV parameters, as demonstrate

7This result from Ref.@31# is based on a charged current analy

of Rpm
pe , Rtm

te , Rte
me , Ḡme, Ḡte, andḠtm. As mentioned earlier, Ref

@31# only includes 3-flavor mixing, not possible mixing with gaug
nos and Higgsinos. It should also be noted that this value is give
@31# as a 1s bound whereas more conservative 3s bounds are used
throughout the present work.
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Ref. @39#. The bilinearm i RPV couplings can also mediat
0nbb; therefore, this process warrants serious considera
here. First, however, features unique to this process mus
carefully noted. As with pion decay, this process involv
~valence! quarks rather than leptons in the initial state. Ho
ever, unlike pion decay, for 0nbb the decay products are no
all colorless. Thus transitions can be mediated byW bosons
and a Majorana neutrino with mixing tone or by scalars
~squarks and/or sleptons! and sfermions~gluinos or neutrali-
nos! @40,39#. Tree-level diagrams involving the former pa
can derive the neutrino couplings from the RPV biline
m i ’s, while those involving the latter pair will be propor
tional to trilinear RPV couplings. For leptonic decays, po
sible tree-level trilinear RPVl coupling dependence due t
scalar intermediates was neglected on the grounds that
would be kinematically suppressed since sleptons and H
bosons are more massive than the gauge bosons~and the
trilinear couplings are expected to also be small!. In contrast,
with 0nbb there are strongly-interacting sparticle interme
ates which could perhaps off-set the simple kinematic s
pression; thus, trilinear RPV couplings might play a sign
cant role at the tree level for this process. It should
stressed that this is not the case for the previous section
there the trilinear RPV couplings havenot been set to zero
by hand, they simply do not yield any significant contrib
tions to those processes at the tree level within the sin
VEV parametrization augmented by the reasonable assu
tion of sufficiently heavy scalars. For 0nbb, in order to
concentrate on the bilinear RPVm i ’s, the l8 couplings can
be assumedto be negligible and/or the squark and gluin
masses can beassumedto be very large to kill these contri
butions. Alternatively, to set conservative bounds on them i ’s
it is sufficient toassumethat there is no destructive interfe
ence between the two types of diagrams. A more thoro
analysis including the scalar intermediates is underway.

With these caveats, the effective constraint from 0nbb
becomes@41#

mn5
uB̃en5

L u2,0.46 eV for mn5
,10 MeV. ~5.1!

Applying the small-m i approximation, this translates into

m1

m5
,A0.46

mn5

31023 ~with mn5
in MeV!. ~5.2!

An alternative approximation is to consider only the leadi
mixing effect between the sole vev-bearingY5 1

2 superfield
basis state and the otherY5 1

2 superfield basis states. Th
yields the approximate expression@cf. Eq. ~4.13!#

B̃l mn5

L 5
Am5

21m0
2

m0

m i

m5
,

and thus

uB̃l mnz1

L u21uB̃l mnz2

L u2.12
m i

2~m5
21m0

2!

m5
2m0

2
. ~5.3!

in
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This approximation should hold even for large values ofm5.
Using this approximation along with Eq.~3.4! for mn5

, the

0nbb constraint is

m1

m0
,

4.2931025

v cosb A xM2

~xg2
21g1

2!

.2.1531027A~11tan2b!M2 ~5.4!

~with mass parameters in GeV!. For the low neutrino mass
region in which it is effective, the 0nbb constraint onm1 ~or
m1 /m5) is much stronger than that from pion decay, as
seen in Fig. 9. At the generic MSSM parameter point (M2
5m05200 GeV!, Eqs. ~5.2! and ~5.4! requirem1 /m5& 1

100

for MeV scale neutrino masses andm1 :m0 of around
1:150 000 (1:15000) for tanb52 (45)—setting m1 /m5
; 1

100 allows m5 values of only tenths of a GeV for tanb
52 and a couple GeV for tanb545.

The limitation from 0nbb is only applicable ifmn5
,10

MeV. Thus the 0nbb injunction is turned off ifm5 is large
enough to pushmn5

above this threshold. This means that

any given point in MSSM parameter space, and form1Þ0,
there will be at least two allowed ranges form5 :m5

<m5
b,max andm5

(10)<m5<m5
max, wherem5

b,max is the upper
bound from 0nbb, m5

(10) is the m5 value at whichmn5

reaches 10 MeV, andm5
max is the cut-off value due to the

strongest constraint aside from 0nbb ~typically this is from
Rpm

pe for low to moderate tanb values and fromRte
me for high

tanb). This of course assumesm5
b,max,m5

(10),m5
max as is

almost universally true.

VI. OVERALL COMBINED CONSTRAINTS

Here we pull together all the constraints addressed in
vidually in the preceding sections. These are combined
merically in a comprehensive program to yield a maximu
allowed m5 for any given point in MSSM parameter spa
for a specifiedm1 :m2 :m3 set. Table I lists all the experimen
tal constraints applied. Note that constraints resulting fr
the WA66 and CHARM neutrino decay experiments as w
as those from neutrinoless double beta decay experiment
not implemented except to rule out potentially admissi
largem5 regions beyond the first cutoff point for individua
constraints~a thorough implementation awaits a more co
plete analysis including scalar intermediates!.

A few details associated with the numerical studies
serve mention. First,~electroweak! gaugino unification is as
sumed; i.e.,M15xM2 with x5 5

3 tan2uw . Second, running
parameters are evaluated at the scale appropriate to each
ticular process. Thus for instanceZ0 decays use sin2uw(MZ)
while t decays have sin2uw(mt). Specific numerical inputs
include ~see@12#!: sin2uw(MZ)50.2315,MZ591.1867 GeV,
andMW580.4 GeV.

Figure 12 scans theM2-m0 plane and presents contours
maximum-allowedm5 values in GeV. Figures 12a and 12
have tanb52 while 12c and 12d have tanb545;
m1 :m2 :m350:1:1 in 12a and 12cwhereas m1 :m2 :m3
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50:1:10 in 12b and 12d. With tanb52, theRte
me constraint

dominates for the0:1:1 ratio set; butRpe
pm is stronger for the

0:1:10ratio set. The charged current constraints are sligh
more restrictive than those from the 149 MeV neutrino m
bound shown in Fig. 7c—the difference is greater wh
m1 :m2 :m350:1:10, but theorder of magnitude is still the
same. Ifm2 is set to zero (m1 :m2 :m350:0:1), then the 18.2
MeV nt mass bound of Fig. 7a dominates.

Another distinction between Figs. 7 and 12 is in the ce
tral region whereM2 or um0u is small. This region is ruled
out in Fig. 12 by limits from processes involving chargin
and neutralinos. Such restrictions, embodied in the Tab
bounds on the chargino mass, on anomalous ‘‘visible’’Z0

decay modes (Z0→x6l 7,xc
0xd

0 ,xd
0n; dÞ1), and onZ0 full

and invisible decay widths, are in general rather conser
tive, reflecting present intangibles concerning sparti
decays—a more complete study of these is in progress
discussed in Sec. II E and seen in Fig. 1,m i values sufficient
to significantly affect the lighter chargino mass are in t
high-m i realm and thus only depend onm5. Results for the
combined constraints concur: bounds in the smallM2, small
um0u region are basically independent of the ratios among
m i ’s. One additional point worth noting is that driving upm5
to extremely high values will not be able to push up a ve
small MSSM chargino mass.

Regarding tanb545: the general pattern of the conto
lines is similar to that for the tanb52 plots; however, ad-
missiblem5 values are much larger. Upper bounds onm5 are
relaxed by a factor of;tanb. The limits in Figs. 12c and
12d are much stronger than those in Fig. 7d which just u
the 149 MeV neutrino mass bound. Both of these chan
are due to the dominant charged current constraints (Rte

me is
strongest except form1 :m2 :m350:1:10 andM2&160 GeV

FIG. 12. Maximum allowed values ofm5 ~in GeV! consistent
with all the constraints listed in Table I:~a! for tanb52 andm i

ratios 0:1:1; ~b! for tanb52 and 0:1:10;~c! for tanb545 and
0:1:1; ~d! for tanb545 and 0:1:10.
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in which caseRpe
pm dominates!. As m2→0, we again return

to the 18.2 MeVmnt
limits of Fig. 7b ~with the central re-

gion again excluded by chargino and neutralino constrain!.

VII. CONCLUSIONS AND OUTLOOK

The degree of generality possible within the single-VE
parametrization deserves special notice. With only a trio
inputs ~the bilinearm i couplings in the superpotential! be-
yond those of the MSSM8, the tree-level mass matrices of a
color-singlet fermions are completely determined, and
broad range of leptonic phenomenology can be analy
with a reasonable level of sophistication. Furthermore,
trio can often be collapsed into a single input,m5, which
carries the full weight ofR-parity violation. This is to be
contrasted with analyses which either contain a plethora
RPV parameters which preclude a meaningful coverage
the parameter space within the model or arbitrarily pick o
or two RPV parameters to be non-zero while the others
all set to zero by hand. As a result, the true freedom wit
an RPV model will be masked or muddied by a less optim
choice of flavor basis~or by no choice at all!.

We have presented tree-level coverage for the variety
electroweak signals summarized in Table I. In the sing
VEV parametrization analysis presented here,the trilinear
RPV couplings have not been set to zero. Rather, they simply
do not contribute~at tree level with gauge boson propag
tors! to the impressive spectrum of leptonic processes s
ied. In principle, intermediate scalars~sleptons, Higgs
bosons! can usher back in the tree-level trilinear dependen
however, such contributions should be suppressed by
larger masses of the scalars relative to the SM intermed
vector bosons, and are nonnegligible only in special regi
of phase space. A more in depth look at the scalar se
~along with the related issue of electroweak sparticle deca!
is now in progress. An exception to ignoring the scalar
termediates may be necessary with neutrinoless double
decay due to the presence of strongly-interacting spar
intermediates. This question is also under study.

Also beyond the present study but slated for future w
are loop effects, necessary to describe interesting proce
such asm→eg. This process may place an additional s
nificant restriction on them i ’s. Other loop processes will b
important in constraining the trilinear RPV couplings. Loo
will also lift the degeneracy of the two tree-level massle
neutrinos. This extra degree of precision is certainly nee
to study the very low-mass neutrinos preferred by sev
neutrino oscillation experiments. Some models to desc
such experiments also suggest that one or more extra
~sterile! neutrinos be added. This could strongly affect t
analysis of the charged current constraints presented h
but not theZ0-mediated neutral current constraints for t

8Of course the MSSM already has a fair number of inp
parameters—M2 , m0, and tanb all enter into the mass matrices
This is unchanged and precludes an exhaustive scan of the
beyond-the-SM parameter space.
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charged leptons. Thus, while the charged current constra
are more restrictive, those for neutral current processes
more robust against such possible model extensions.

The single tree-level neutrino mass,mn5
, depends on the

threem i only throughm5. If MeV-scale neutrino masses ar
allowed, thenm5 may well be large enough to yield signa
rates near, at, or above present experimental bounds fo
numerous other processes described herein. Such a neu
mass is not ruled out by direct or indirect machine~terres-
trial! mass bounds. Cosmological constraints favoring lig
neutrinos may not be applicable; this depends on the de
properties of the massive neutrino and requires more stu
An MeV-scale neutrino has been found to be consistent w
cosmology in at least one study~which did include fields
beyond those in the MSSM! @42#.

The results of this analysis reinforce those of@5#: m5 val-
ues of the same order of magnitude, or even much lar
thanM2 andm0 ~the standard MSSM inputs! are allowed by
the experimental bounds. This is particularly true for hi
tanb (*45), where RPV signals are strongly suppressed
this case even much tighter bounds on the neutrino mas
not preclude largem5 values. This tanb dependence is al
most universal among the processes studied. This plus
fact that both the neutrino mass and numerous~though by no
means all! approximate expressions for other bounds dep
only on m5 lead to the interesting question of how muc
variation is possible among these other processes ifm5 is
fixed.9 To look at this various possiblem1 :m2 :m3 combina-
tions were studied using the exact~at the tree level! numeri-
cal expressions.10 A rough hierarchy is seen in the con
straints on the individualm i ’s: m1 is strongly restricted,m2 is
less restricted, andm3 is still less restricted. This sugges
ratio sets of the general form0:1:x (x>1). With only two
free inputs, this further suggests that, along with a dim
sionless ratio,m5 is the preferred indicator of RPV effects i
leptonic phenomenology.
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9If both m5 and neutrino mass are fixed, then restrictions
placed upon the MSSM input parameters. How much tanb depen-
dence and variation is then possible in the remaining process
currently being investigated.

10Naturally, studies that truncate the number of generations ca
preform such analyses and miss very significant and interesting
fects.
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ratios andḠ ’s are from 1995 numbers given in@31#. Slightly

improved values forG(t→en̄ent) andG(t→mn̄mnt) reported
in Pich @30# do not have a significant affect. The 70 Ge
chargino bound is very conservative, reflecting uncertainty
detecting the chargino decays.

@10# Here onecaveatmerits noting: we find one set of inputmi

consistent with the chosen set of inputm i ’s — this does not
preclude the possibility that directly solving the 333 system
of nonlinear equations might also yield another consistent
put set ofmi ’s, perhaps not obtainable by numerical integr
tion from the MSSMm i50 starting point. For a more exten
sive discussion, see@13#.

@11# M. Nowakowski and A. Pilaftsis, Nucl. Phys.B461, 19 ~1996!.
@12# The LEP Collaborations ALEPH, DELPHI, L3, OPAL, an

the LEP Electroweak Working Group and the SLD Heavy F
vour Group, Report No. CERN-PPE-97-154~1997!.

@13# M. Bisset, O.C.W. Kong, C. Macesanu, and L.H. Orr, Proce
ings of the 21st Annual MRST Conference: High Ener
Physics at the Millenium, Ottawa, Ontario, Canada, 19
hep-ph/9907359.

@14# J. Bernabe´u, J.G. Körner, A. Pilaftsis, and K. Schilcher, Phys
Rev. Lett.71, 2695~1993!.

@15# See, for example, W.J. Marciano, inPrecision Tests of the
Standard Electroweak Model, edited by P. Langacker~World
Scientific, Singapore, 1995!; F. Perrier,ibid.

@16# J. Bernabe´u and A. Pilaftsis, Phys. Lett. B351, 235 ~1995!.
03500
t

e

.

n

-

-

-

,

@17# SLD Collaboration, K. Abeet al., Phys. Rev. Lett.78, 2075
~1997!; 79, 805 ~1997!.

@18# OPAL Collaboration, K. Ackerstaffet al., Eur. Phys. J. C2,
213 ~1998!; ALEPH Collaboration, R. Barateet al., ibid. 2,
417 ~1998!; M. Bisset, UHM Ph.D. dissertation, UH-511
813-94 ~1994!; H. Baer et al., FSU-HEP-9504401,
hep-ph/9503479.

@19# A.G. Akeroyd, M.A. Dı́az, and J.W.F. Valle, Phys. Lett. B
441, 224 ~1998!.

@20# A. Joshipura and M. Nowakowski, Phys. Rev. D51, 2421
~1995!.

@21# See Ref.@6# for an illustration; for additional analyses of neu
trino mass see the papers of@22# and E.J. Chun, S.K. Kang
C.W. Kim, and U.W. Lee, Nucl. Phys.B544, 89 ~1999!; V.
Bednyakov, A. Faessler, and S. Kovalenko, Phys. Lett. B442,
203 ~1998!; A.S. Joshipura and S.K. Vempati, Phys. Rev.
60, 095009~1999!; B. Mukhopadhyaya, S. Roy, and F. Vis
sani, Phys. Lett. B443, 191 ~1998!.

@22# K. Enqvist, A. Masiero, and A. Riotto, Nucl. Phys.B373, 95
~1992!; J.C. Romao and J.W.F. Valle,ibid. B381, 87 ~1992!; I.
Umemura and K. Yamamoto,ibid. B423, 405 ~1994!; R.
Hempfling,ibid. B478, 3 ~1996!; H.P. Nilles and N. Polonsky,
ibid. B484, 33 ~1997!; B. de Carlos and P. White, Phys. Re
D 54, 3427 ~1996!; A.S. Joshipura, V. Ravindran, and S.K
Vempat, ibid. 57, R5327 ~1998!; M. Drees, S. Pakvasa, X
Tata, and T. ter Veldhuis,ibid. 57, R5335~1998!; R. Adhikari
and G. Omanovic`, IMSC/98/02/07, hep-ph/9802390.

@23# R. Hempfling, in@22#.
@24# ALEPH Collaboration, R. Barateet al., CERN-PPE-97-138

~1997!.
@25# Particle Data Group, R.M. Barnettet al., Phys. Rev. D54, 1

~1996!.
@26# K. Assamaganet al., Phys. Rev. D53, 6065~1996!.
@27# H. Baer, V. Barger, D. Karatas, and X. Tata, Phys. Rev. D36,

96 ~1987!.
@28# Super-Kamiokande Collaboration, Y. Fukudaet al., Phys.

Lett. B 433, 9 ~1998!; 436, 33 ~1998!; Phys. Rev. Lett.81,
1562 ~1998!; Super-Kamiokande Collaboration, T. Kajita
Nucl. Phys. B~Proc. Suppl.! 77, 128 ~1999!.

@29# In the context of the single-VEV parametrization, see O.C.
Kong, Mod. Phys. Lett. A14, 903 ~1999!; A. Abada and M.
Losada, hep-ph/9908352; K. Cheung and O. C. W. Ko
Phys. Rev. D61, 113012~2000!. For other examples, see A
Datta, B. Mukhopadhyaya, and S. Roy, hep-ph/9905549;
Chun, S. Kang, C. Kim, and U. Lee, Nucl. Phys.B544, 89
~1999!; J. Romao, M. Diaz, M. Hirrsch, W. Porod, and
Valle, Phys. Rev. D61, 071703~2000!; Y. Grossman and H.
Haber, hep-ph/9906310; S. Rakshit, G. Bhattacharyya, and
Raychaudhuri, Phys. Rev. D59, 091701~1999!.

@30# For a recent review, see A. Pich, Nucl. Phys. B~Proc. Suppl.!
55C, 3 ~1997!; in ‘‘Cargese 1996, Masses of Fundamental P
ticles,’’ FTUV/97-02, IFIC/97-02, hep-ph/9701263. Also se
R.E. Shrock, Phys. Rev. D24, 1232~1981!; 24, 1275~1981!,
for a detailed theoretical analysis.

@31# A. Bottino, N. Fornengo, C.W. Kim, and G. Mignola, Phy
Rev. D53, 6361~1996!.

@32# R. Cowsik and P. McClelland, Phys. Rev. Lett.29, 669~1972!;
S. Bludman, Phys. Rev. D45, 4720~1992!.
1-22



, P
.P

a

o,

e,

SUPERSYMMETRY WITHOUTR PARITY: . . . PHYSICAL REVIEW D 62 035001
@33# K.S. Babu, T.M. Gould, and I.Z. Rothstein, Phys. Lett. B321,
140 ~1994!; A.D. Dolgov, S. Pastor, and J.W.F. Valle,ibid.
383, 193 ~1996!; K. Kainulainen, in ‘‘Helsinki 1996, Neutrino
Physics and Astrophysics,’’ hep-ph/9608215; M. Kawasaki
Kernan, H.-S. Kang, R.J. Scherrer, G. Steigman, and T
Walker, Nucl. Phys.B419, 105~1994!; C. Liu and H. S. Song,
ibid. B545, 183 ~1999!.

@34# W.J. Marciano and A. Sirlin, Phys. Rev. Lett.71, 3629~1993!.
@35# WA66 Collaboration, A.M. Cooper-Sarkaret al., Phys. Lett.

160B, 207 ~1985!.
@36# CHARM Collaboration, P.D. Gall, Proc. Neutrino’84~Dort-

mund, 1984!, p. 193; CHARM Collaboration, F. Bergsm
et al., Phys. Lett.128B, 361 ~1983!.

@37# CHARM II Collaboration, P. Vilainet al., Phys. Lett. B320,
203 ~1994!.

@38# LAMPF Collaboration, R.C. Allenet al., Phys. Rev. D47, 11
03500
.
.

~1993!.
@39# M. Hirsch, H.V. Klapdor-Kleingrothaus, and S.G. Kovalenk

Phys. Rev. Lett.75, 17 ~1995!; Phys. Rev. D53, 1329~1996!;
Phys. Lett. B372, 181 ~1996!; 381, 488~E! ~1996!.

@40# R.N. Mohapatra, Phys. Rev. D34, 3457 ~1986!; J.D. Verga-
dos, Phys. Lett. B184, 55 ~1987!; K.S. Babu and R.N. Moha-
patra, Phys. Rev. Lett.75, 2276~1995!.

@41# L. Baudiset al., Phys. Lett. B407, 219 ~1997!; A. Staudt, K.
Muto, and H.V. Klapdor-Kleingrothus, Europhys. Lett.13, 31
~1990!; K. Muto and H.V. Klapdor, inNeutrinos, Graduate
Texts in Contemporary Physics, edited by H.V. Klapdor
~Springer-Verlag, Berlin, 1988!, p. 183.

@42# J.C. Roma˜o and J.W.F. Valle, Nucl. Phys.B381, 87 ~1992!;
A.D. Dolgov, S. Paster, J.C. Roma˜o, and J.W.F. Valle,ibid.
B496, 24 ~1997!; M. Kachelriess, R. Tomas, and J.W.F. Vall
Phys. Rev. D~to be published!, hep-ph/0001039.
1-23


