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The neutrino mass spectrum that arises in supersymmetry models with spontaneously broken
R-parity is studied in detail. We analyse the attainable values for m,, m,, and m, , once all
observational constraints have been incorporated, including both those that arise from collider
experiments such as LEP, as well as weak interaction constraints, such as the non-observation of
neutrinoless double-B8 decay, the limits from neutrino oscillation searches, etc. For natural
choices of the parameters neutrino masses arise in a very striking pattern: while v, and v, have
masses lying in the adequate range for the explanation of the observed deficit in the solar
neutrino flux via the MSW effect, the »_ mass is large enough to lead to novel signatures
associated with the r-lepton that could be seen both at LEP as well as at a tau factory. These
provide an additional tool to probe the parameters characterizing the solar neutrino conversions
in conventional accelerator experiments. The related processes include the single-chargino
Z-decay branching ratio BR(Z — xr) as large as ~6x107" and single-majoron emission
7-decay branching ratios 7 — p +1J as large as ~ 10~* corresponding to solar neutrino oscillation
parameters in the non-adiabatic branch favoured by present solar neutrino data. The 7-neutrino
is naturally much heavier than v, and decays to it via majoron emission, with a lifetime short
enough to obey cosmological limits.

Rl

1. Introduction

Most studies of supersymmetric phenomenology have so far assumed the exact
conservation of a discrete symmetry called R-parity. Under this symmetry all
particles of the standard model (including the Higgs scalars) are R-even while their
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SUSY partners are R-odd. There is no solid theoretical basis for the assumption of
R-parity conservation, and many are the motivations to study the implications of
theories without this symmetry [1]. Since R-parity is related to the total lepton
number [R, = (—1)*#7"2% where § denotes spin, B and L denote baryon and
total lepton number, respectively] its violation is bound to generate neutrino
masses as well as lepton-number and /or lepton-flavour violating processes [2-4].

There are two ways to break R-parity. The first way is explicitly [2]. Indeed, the
most general supersymmetric extension of the standard model contains the follow-
ing superpotential terms

W= XDuud + APUe + XPQId*, (1)

which explicitly violate R-parity but are consistent with both gauge invariance and
supersymmetry. These R-parity violating interactions involve a large number of
arbitrary constants, since each of the A has three generation indices, which have
been omitted. Many of these couplings must be set to zero in order, for example,
to avoid having too fast proton decay rates. Restricted structures of the generation
indices may, however, be phenomenologically acceptable. These may be obtained
by imposing some global and/or discrete symmetry. There are, however, other
constraints on R-parity violating couplings that may restrict, in fact, all of these
couplings. These follow from cosmological arguments related to the baryon asym-
metry of the universe [5]. The point is that the interactions in eq. (1) mediate
(B — L)-violating decays of squarks and sleptons of the kind @ — dd, @t —¢d,
/ — ¢ v, etc. The rate for these decay processes may be estimated as

2 (2)

where A denotes the appropriate coupling constant in eq. (1) and m the corre-
sponding supersymmetric particle mass relevant for the decay process of interest.
Now, it has been realized [6] that at temperatures above ~ my,/t ., transition
that violate B- and L-number will occur rapidly since these quantum numbers are
not conserved due to the electroweak anomaly. These transitions may then erase
any primordial B-asymmetry, which could have been generated at some grand-uni-
fication energy scale.

There is one anomaly-free linear combination of B and L, namely B — L. Thus
in order that a pre-existing B-asymmetry survive, a B — L excess must have existed
at very early times, and this may be easily generated in most GUTs. However, in
this case it is crucial that the B — L asymmetry be not eliminated through some
other mechanism, such as the interactions present in eq. (1). Requiring that no
such interaction comes into equilibrium after the B — L asymmetry is produced,
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i.e. that I'y is smaller than the Hubble constant at any 7 >, leads to [5]

- 1/2
A<10-7| (3)
- TeV

In the absence of additional symmetries that may restrict the flavour structure of
the R, violating couplings [8] this bound holds for each of the coupling constants
of the operators in eq. (1), and rules out the possibility of observing new signals
associated to explicitly R-parity violating interactions in collider experiments *.

The alternative possibility that R-parity can be an exact (or nearly so) symmetry
of the lagrangian, broken only spontaneously, through the Higgs mechanism,
automatically has a stable proton and survives the restrictions arising from the
baryogenesis argument, provided the characteristic R-parity violation scale is
below a few TeV. From now on we concentrate entirely on this possibility. As a
generic feature, these SU(2) ® U(1) theories lead to the existence of a physical
massless Nambu-Goldstone boson — a majoron — denoted J. The minimal way to
break R-parity spontaneously is through a nonzero vacuum expectation value
(VEV) for the scalar neutrino [4]

UL=<ﬁLT>' (4)

This, however, is not phenomenologically viable, since it leads to a new invisible
decay mode for the neutral gauge boson involving the emission of light scalars,

Z-p+t], (5)

now ruled out by LEP measurements of the invisible Z-width [9). The point is that
the magnitude of the left-handed snecutrino VEV is restricted by astrophysical
considerations related to stellar cooling rates [10] **

v, <O(30 keV). (6)

Since this determines the mass of the scalar p (related to the majoron) the decay in
eq. (5) is unsuppressed.

However there is a viable variant of the broken R-parity SUSY model which
avoids in a simple way the LEP constraint on I [11]. The majoron being an
isosinglet does not couple to the Z. The scale characterizing R-parity breaking is
now large, i.e.

vgr =0(1TeV) (7)

* Strictly speaking, this could be avoided in the presence of a mechanism that could generate a
nonzero baryon asymmetry at low energy [7].

** In the present model these involve majoron emission processes such as the Compton-like reaction
v +e — e+J. Being weakly coupled, once produced, majorons freely escape, bleeding energy from
the star.
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while the analogue of eq. (6) is estimated to be [11]
v < O(100 MeV) (8)

and can be obtained without the need of unnatural fine-tuning of the parameters
in the Higgs potential [11,12].

The signatures of supersymmetry in these spontaneously broken R-parity mod-
els are different from those of the minimal SUSY standard model. For example,
SUSY particles may be singly produced and the “photino” is unstable. In ref. [13]
it was shown that these R-parity breaking effects may lead to observable effects at
LEP1. Similarly, there can be flavour-violating weak-decay processes involving
majoron emission that could be seen in the laboratory [14].

In the present paper we focus on the detailed study of the neutrino mass
spectrum that arises in these models. We analyse the attainable values for m,,
m, and m,, once all observational constraints on the model parameters have
been incorporated. We find that the », is massless, whlle for natural choices of
these parameters, the v, mass scales as vy and m, ~uvg. Asaresult, m, and m,
lie in the adequate range for the explanation of the deficit in the solar neutrino
flux via the MSW effect, while the 7-neutrino, v_, is naturally much heavier than v,
and decays to it via majoron emission, with a lifetime short enough to obey
cosmological limits. The model leads to novel signatures associated with the
r-lepton that could be measurable experimentally, both at LEP as well as at a tau
factory. By studying these new processes, facilities such as LEP or a tau factory will
be able to independently restrict the neutrino oscillation parameters responsible
for the explanation of the solar neutrino deficit. This would provide an indirect
consistency check that, indeed, the MSW effect is the one responsible for the
observed depletion in the solar neutrino flux.

2. The model

The possibility of generating the spontaneous violation of R-parity and lepton
number was illustrated in the model proposed in ref. [11] and further studied in
refs. [13,14]. The model is described by the following superpotential terms *

huCQH, + hyd°QHy + h,eSlHy + (hoH Hy — €)® + h vIH, + hdveS
+ AH H, + Mv<S + M dd (9)

* Note that we have added some new terms that were not included in refs. [11,13,14]. These are
allowed by our symmetries and give more flexibility in obeying all of the experimental constraints (the
fi-term) and /or justifying our approximate treatment of the 14 X 14 matrix (e.g. the bare mass term
Mv©S and the & mass term).
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The superfields (@, v, S;) are singlets under SU, ® U(1) and carry a conserved
lepton number assigned as (0, —1, 1), respectively. All couplings h, Ay, A., h,, h
as well as the mass M are described by arbitrary matrices in generation space
which explicitly break flavour conservation. These additional singlets, e.g. S, may
arise in several extensions of the standard model [15], and may lead to interesting
phenomenological signatures {16-18].

While the superpotential of eq. (9) conserves tofal lepton number as well as
R-parity, the presence of the new singlets can drive the spontaneous violation of
R-parity and electroweak symmetries [11,12]. This leads to the existence of a
majoron given by the imaginary part of

S.. (10)
The isosinglet VEVs

v = {Pr.”s vg=<(S$) (11, 12)

with V= /v2 + 02 set the scale of R-parity or lepton number breaking, while the

isodoublet VEVs
v,=<(H,), vg=<Hy (13, 14)

drive electroweak breaking and the fermion masses. The combination v? =02 + ¢:2
is fixed by the W-mass, while the ratio of isodoubiet VEVs determines the
parameter

ULI

tan B = —. (15)

Uy
A necessary ingredient for the consistency of this model is the presence of a small
seed of R-parity breaking in the SU(2) doublet sector. Using the results of ref. [10]
we estimate that

2
Uy

<1077 16
Uiy — (16)

in order to adequately suppress the resulting stellar energy loss to acceptable
levels. This may be easily satisfied for v, = O(1 TeV) provided r; < O(100 MeV),
eq. (8). This constraint on ¢, is more than three orders of magnitude less stringent
than the one that holds in the model of ref. [4). Moreover, the smallness of the
ratio ©; /v, may be achieved in a natural way, from the Higgs potential [11]. This
follows because v, = (¥ . is related to the Yukawa coupling %, and vanishes as
f1, — 0. Last but not least, the present model has only the canonical neutrino
counting, since the majoron contribution is avoided.
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3. Mass matrices

Much of the phenomenology of this model is determined by the structure of the
chargino and neutralino mass matrices. The first matrix is 5 X 5 and its form is
common to all SU(2) ® U(1) SUSY models with spontaneously broken R-parity,
namely [11]

e HS —iW+
€ heily —h U \/zgzvu (17)
Hy —h.vy K ‘/igzlf’d
—iW- 0 ﬁgzuu M,

This (non-symmetric) chargino mass matrix is diagonalized by two matrices U and
V,ie.

xi =Vt xo = Uy, (18, 19)

where the indices ¢ and j run from 1 to 5 and ;" = (e, e, , e7, Hf, —iW*) and
Y, =(e;,e5, €5, I—id‘, —iW).

The form of the neutralino mass matrix is more sensitive to the details of the
model considered. In our model it is a 14 X 14 majorana mass matrix (thus
symmetric, due to the Pauli exclusion principle). The basis is defined by all
2-component neutral fermions present, . = (v;, H,, H,, —iW,, —iB, v, S, ®).
This matrix is determined in terms of the VEVs vy, vg, (@), v,, vy, t'y through
eq. (9) and the corresponding D-terms that follow from the SU(2) ® U(1) assign-
ments of the superfields.

For most purposes one can, under reasonable approximations, treat the neu-
tralino mass matrix as an effective 7 X 7 mass matrix, after appropriately removing
away the heavy isosinglet leptons present. This effective matrix takes the following
approximate form *:

v, H, H, _iW3 —~iB
v, 0 R VR, 0 gL T&WyLi
I%u hoijlw; 0 K 82y 81y (20)
Hy 0 K 0 87V —81lq
—iW3 gUy; —85U,  &l4 M, 0
—iB —gULi g0y —81ly 0 M,

* This truncation is not a good approximation when determining the masses of v, and », and the
majoron couplings responsible for v_ decays. See sect. 5.
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In egs. (17) and (20) M 1» denote the supersymmetry breaking gaugino mass
parameters and g,, are the SU(2) ® U(1) gauge couplings divided by V2. We
assume the canonical relation M,/M, =3 tan’fy,. In some models, such as the
one in ref. [11], the effective higgsino mixing parameter y may be given as h,(P),
where (@) is the VEV of an appropriate singlet scalar. Here we are assuming, for
generality, that it could also have a bare contribution, i.e. u =g + h,{P). This
mass matrix is diagonalized by a single 7 X 7 matrix N, i.e.

xi =Ny, (21)
where l[ljo =(v,, I-?u, Hd, —iW3, ~iB), with v, denoting weak-eigenstate neutrinos.
Here the indices i and j run from 1 to 7. For simplicity we assume CP variance,
which implies that these two matrices are real and, consequently, in an appropriate
phase convention, also the corresponding diagonalizing matrices.

As a result of R-parity breaking, the supersymmetric fermions in egs. (17) and
(20) (partners of gauge and Higgs particles) mix with the weak-eigenstate leptons.
This mixing implies that the masses of the physical charged leptons, especially the
tau, are determined in terms of the underlying parameters, such as Yukawa
couplings, differently than in the standard model. In the neutral case this mixing
generates neutrino masses and decays that we consider in sect. 5.

4. The explicit form of the couplings

Using the diagonalizing matrices U, VV and N one can write the electroweak
currents of mass-eigenstate fermions in terms of effective K and P mixing
matrices [21]. The off-diagonal blocks in these matrices will determine the strength
of R-parity violation in the gauge interactions of our SU(2) ® U(1) SUSY model.
For example, the charged current weak interaction lagrangian may be written as

8

2 %/?i_‘y#(KLikPL+KRikPR)X1? +he, (22)

where P are the two chiral projectors and the 5 X 7 coupling matrices K, p may
be written as

3
Kij=m{— \/ZUistﬁ — Uy Nis — Z Ui N | » (23)

m=1

Krix = €x(—V2V;sNig + VigNiy)- (24)

i

The matrix K, is the analogous of the matrix K introduced in ref. [21]. The =,
and e, factors are sign factors that follow from the diagonalization of the mass
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matrices. The diagonal blocks in K describe R-parity conserving lepton-neutrino
or chargino—neutralino interactions, while the off-diagonal ones describe R-parity
violating lepton—neutralino or neutrino-chargino interactions.

Similarly, the neutral current weak interaction lagrangian may be written as

8

cos Oy,

Zﬂ{)Zi—Y’L( 1MOLu PL+ Ori Pr) Xk

+ %Yzoy“(EinOﬁikPL + Oi’zikPR)Xlg}a (25)

where the 7 X7 coupling matrices O  and Oy y are given as

ik = 5UaUpq + UsUps + Z imUim — 81 $IN*By,, (26)
Rik = 3ViaVia + VisVis — 8y sinyy, (27)
Lik = Nz4Nk4 NisNys — Z imNem | = —ORik- (28)

Here the diagonal blocks in O’ and O” describe R-parity conserving lepton—lep-
ton, neutrino—neutrino or chargino—chargino or neutralino—neutralino interac-
tions, while the off-diagonal ones describe R-parity violating neutrino-neutralino,
or lepton—chargino interactions.

Similarly, the effective lagrangian interaction of the majoron with charged
fermions may be given in terms of the chargino diagonalizing matrices U and V
introduced earlier. The result is

\/%i-lij{”’?kPLAkj_lePRAjk}Xk’ (29)

where y;” are negatively charged Dirac spinors composed out of the two 2-compo-
nent mass eigenstate fermions obtained, for each value of [, from diagonalizing
their mass matrix, eq. (17). Using eq. (29) we can derive the decay rates of u and 7
with single-majoron emission. The single-majoron emission in muon decay corre-
sponds to k —pu and j— e while, for the case of the r-decays, the possible
assignments are k — 7 and j — e, u. The matrix 4 may be obtained, in a good
approximation, from the matrices U and V' as follows:

3 Ur
A/k = Z hvi3(inVk47' (30)

i=1
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On the other hand, the form of the interaction lagrangian describing the
majoron—neutralino interactions is given as

_%i])?Q(OijPL“*'ORijR)XjO’ (31)
where

ORij _Oij- (32)

These interactions will determine the », majoron emission decay rate.
We now will concentrate on the consequences of having spontaneously broken
R parity for neutrino masses, mixing and decays.

5. Neutrino masses and decays

Spontaneous R-parity violation implies the violation of L-number and provides
a natural origin for neutrino masses [1]. They arise at the three level in these
models due to mixing of the heavy neutral R-odd fermions with the neutrinos. The
resulting pattern is very striking. Here we focus on the general study of the
neutrino mass spectrum in the spontaneously broken R-parity model considered in
sect. 2.

The heavier neutrino in our model is the »_. Its mass may be easily estimated in
the approximation where we neglect ¢, from the effective matrix in eq. (20) as

2 2,2
Z hyi MotrUg
i

o (2o aMy—puMM,)’

m

(33)
where we have set M,=giM,+gsM, *.

In order to determine the masses of the two lowest mass states relevant for the
description of the propagation of solar neutrinos in our model — », and v, — we
have to consider the full 14 X 14 neutralino mass matrix, M,. In complete

generality, one can show analytically that one of the neutrinos is massless at the
tree level, since the determinant of M,, vanishes,

det(M,,) = 0. (34)

This fact holds in the model of sect. 2 even if we allow the most general pattern of
VEVs for all the scalars **. The corresponding massless neutrino state v, is a

* In our numerical study, however, we have used the full expression for m,_corrected for the general
case where v # (.

** Indeed, starting from the mass matrix M, and performing elementary manipulations on its rows
and columns, one can cast it in a form that clearly identifies the existence of six linearly dependent
vectors that only span a five-dimensional subspace. This follows from the particle content and
couplings of the model as specified in sect. 2. At the top loop level there are negligibly small
radiative corrections, irrelevant for our considerations.



96 J.C. Romao, JW.F. Valle / Neutrino masses in supersymmetry

linear combination of v,, v,, v,, with some admixture of Hd and 5,- (i=1,2,3), the
SUSY fermions which have the same lepton number and /or hypercharge as the
weak-eigenstate neutrinos. For reasonable choices of parameters, the dominant
components of v, are along v, and v,. For simplicity, in our numerical analysis we
assumed R, breaking VEVs only along the third generation and, moreover,
assumed a simplified flavour structure for relevant Yukawa couplings such as 4,
In addition we use an improved 7 X 7 effective matrix obtained from the full
matrix in the seesaw approximation, which consists in diagonalizing out the heavy
SU(2) ® U(1) singlet leptons. We checked that this is a very good approximation.
In this approximation we obtain

v, =cos 0 v,—sin 0 v, (35)
where

hul3

tan 6 = (36)

v23
In this case the other light neutrino is
vy=asin 8y, +acos v, +Nyv, (37)
where

—u(v/vy) +h,3tgr

o= =, (38)
\/(hzm + h;z,zs)UzR + (v /vg) +h550R)
_
\/h3|3 + hzzs Ur
Ny = 2 2 ) > (39)
\/(hum + hv23)UR + (u(vp/vg) +h,5vg)
and its mass can be given, in a reasonable approximation, by
(h,z,m + h.z'n)l’.%Ulz [hﬂ(lJv + hn<(p>) + h()M33]2
m, = ’ (40)

Mol hy(®) +M33]2h333l"§
showing that it vanishes as ¢, — 0. For small values of 6 the massless neutrino is
mostly v, so that v, corresponds to v,. In the following we will always refer to v,
and v, and to v, as v, although this assignment is not valid for large values for the
v,—v, mixing angle 6.

The striking point to notice is that in this scheme the v, mass is extremely small
on the scale of the v, mass. This is illustrated by egs. (33) and (40). The ». mass is
generated through the dominant SU(2) ® U(1) singlet R breaking VEV vy while
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the v, mass only arises as a result of the small isodoublet VEV ¢, . The smallness
of the ¢, /vy ratio follows in a natural way from the Higgs potential [11,12].
Indeed, v, is related to the Yukawa coupling £, and vanishes as 4, — 0. In other
words,

Uy
h,—0=>—-0. (41)

Ur

The above limit defines an R, conserving theory. Choosing, for example, reason-
able parameters such as v =1 TeV and v, = 100 MeV we obtain a ratio of order

m,

. (42)

Thus for natural v_ mass values in the 10 keV-1 MeV range we expect a v, mass
in the range 1074~1072 eV, just the one relevant for the MSW effect. Similarly,
the v,—-v, mixing angle given by eq. (36) may easily lie in the desired range where
the MSW effect can effectively reduce the solar neutrino flux.

The expected size of the v_ mass in this model appears to be in conflict with the
cosmological limit [22]

Ym, <100 eV (43)

on the abundance of relic neutrinos. Fortunately, our model also has the solution
to this apparent conflict. It relies on the existence of a new v_ decay mode
involving majoron emission

v, o v, + J (44)

that naturally realizes the early proposal considered in refs. [23-25]. This follows
from the fact that, although light, v, is not strictly massless, and from the fact that,
unlike the situation [23] there is no cancellation [24] in the decay amplitude. The
relevant coupling is obtained from eq. (31) when k=2, j=3. In a reasonable
approximation one has

Oy = Nz%st (45)

\/—l/

with N, given by eq. (39). This coupling can be large enough as to cause a
cosmologically efficient »_ decay rate. One can see that in the limit #,,; — 0 and
h,»; — 0 both the v, mass, eq. (40), and the coupling in eq. (39), become zero. One
can also show that the decay v, — v, + J is strictly forbidden and that the mass of
v, 1S Zero.
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Fig. 1. The shaded area represents the attainable values of the v_ lifetime versus its mass, when the

model parameters are randomly varied as explained in the text. The curve delimiting the lower part of

the shaded contour represents our estimate of the minimum lifetime which is consistent with observa-

tional constraints. For comparison we also show the cosmological critical density limit (solid line) and
the naive limit that one may derive from galaxy formation (dashed line).

We therefore conclude that the spontaneously broken R-parity model should be
added to the list [25] of models with fast decaying majorana neutrinos. The
attainable »_ lifetimes are given in fig. 1 as a function of the v_ mass, and should
be compared to the cosmological limit on the v, decay lifetime *.

m -2
<1.35%x107 ( ) 46
TS r keV (46)

that is required in order to efficiently suppress the relic v, contribution. This is
shown as the solid line in fig. 1. Clearly the decay lifetimes can be much shorter
than required by cosmology for a wide range of values of the parameters.
Moreover, since these decays are invisible, they are consistent with all astrophysical
observations [1].

* This assumes m, <few MeV. For larger v, masses the limit is weaker, due to the Boltzmann
suppression,
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If, however, we require that the universe should have become matter-dominated
by a redshift of 1000 at the latest (in order that fluctuations have grown by at least
a factor of 1000 by today), then the v, lifetime limit becomes [26]

7 <2%10° s(m,/keV) > (47)

This limit is also shown in fig. 1 (dashed line). Clearly lifetimes below the dashed
line are allowed in the present model. However, this lifetime limit is much less
reliable than that of eq. (46), since there is not yet an established theory for the
formation of structure in the early universe. In our following analysis we have
therefore not imposed it.

In short, in this model m, can be larger than eq. (43), because of the existence
of an efficient majoron decay channel, eq. (44). The large m, values acceptable in
this model enable the rare Z- and r-decays to be correspondingly enhanced. In
addition, the large hierarchy between v; and vy (and thus between m, and m, )
present in the model, naturally combines these measurable effects with the MSW
oscillations, required to explain the solar neutrino data. This suggests the possibil-
ity of having an independent check upon the solar neutrino oscillation parameters
as determined by solar neutrino experiments with searches performed in conven-
tional laboratory experiments, as originally suggested in ref. [4]. To analyse this
more sharply we first summarize the observational constraints upon the model
parameters.

5. Experimental constraints

There are several restrictions on the parameters of any supersymmetric exten-
sion of the standard model, such as the spontaneously broken R-parity models.
Broadly speaking, these fall into two classes. First, there are constraints that follow
from collider experiments, such as the recent LEP data on Z-decays and pp
collider data, e.g. on W *, Z and gluino production. In addition to these con-
straints, there are important restrictions, characteristic of broken R-parity models,
related to weak interactions and neutrino physics. These follow from laboratory,
astrophysics and cosmology. This second group of constraints plays a very impor-
tant role for our present analysis, since they are found to exclude many parameter
choices that are allowed by the collider constraints, while the converse is not true.
For completeness, we now list the constraints relevant for our present analysis.
The first group includes:

(i) The lightest of these charginos, denoted y *, has not yet been produced in
Z-decays at LEP [9], leading to the mass limit

m_ > 45 GeV. (48)
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(i) The recent measurements of the Z-widths at LEP give [9]
rypet=2.487 +0.010 GeV = '’ <2.504 GeV (95% C.L.). (49)

These measurements restrict the additional decay channels of the Z involving
charginos and neutralinos, present in any SUSY model, such as our broken
R-parity model.

(i) LEP limits on the visible Z-width [9]:

i =496.2 + 8.8 MeV = I'i™ < 511 MeV (95% C.L.). (50)

These measurements restrict the additional contributions involving invisibly decay-
ing neutralinos, present in the R-parity broken models.

(iv) The CDF lower limit on the gluino mass m [27] restricts the soft supersym-
metry breaking eclectroweak gaugino mass parameter,

M, > 30 GeV. (51)

(v) pp collider limits on the ratio R =0y :BR(W*—e*p)/0,BR(Z s e*e™)
imply [28]

0.825 <

<1.091 (52)
SM

while in SUSY models there are additional possible contributions involving
charginos and neutralinos, produced in virtual W- or Z-decays.
(vi) LEP constraints on the hadronic peak cross section [9]

AT 2388 X 105 o e (53)
%o - MZ2 ee’(]ﬂmlal)z )

versus total Z-width are given as an allowed ellipsis (of®¢, I'}°@), In a SUSY
model, such ours, the Z hadronic width in principle receives contributions from
hadronically decaying neutralinos.
The constraints in the second group relevant for our analysis are given below:
(i) The non-observation of neutrinoless double B-decay implies a very stringent
constraint, i.e.

(m)=Y K{, m,<3eV, (54)

where we neglect the induced right-handed current interaction arising from
R-parity breaking (see eq. (22)). In the spontaneously broken R-parity model, L is
necessarily violated. Even though the seed of this violation lies in the 7-sector, i.c.
mostly L _ is violated, through lepton mixing effects this violation is fed also to the
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L. sector, where it is very well tested. In practice in our model the sum in eq. (54)
has really just one dominant term, namely the heavy r-neutrino contribution. For
large masses of the v, we have modified eq. (54) in order to take into account the
effects of the two nucleon correlation function, as in ref. [29].

(ii) Neutrino oscillation data and direct searches for anomalous peaks on the
energy distribution of the electrons and muons coming from the decays such as 7,
K —ev and 7, K — uv lead to constraints on the mixing matrix elements K, ;
and K, ,; (i =3)[19].

(iii) The ARGUS limit on the 7-neutrino mass,

m, <35 MeV, (55)

is a restrictive constraint on spontancously broken R-parity models since, as seen
above, in these models the 7-neutrino may acquire a large mass from the mixing
with the heavy neutralinos. Moreover, if it were stable, the v_ would easily violate
the cosmological limit in eq. (43).

(iv) The cosmological limit on the v, decay lifetime of eq. (46) is imposed. It
easily satisfied in this model due to the invisible decay mode v, — v, +J where J is
the majoron [25].

(v) The limits on the muon and tau lifetimes impose severe restrictions on the
parameters of these models.

(vi) The existence of fermion states that cannot be kinematically produced in
low-energy weak decays changes the relative rates of various such processes, for
instance - or w-decays, leading to universality violations. The resulting constraints
were discussed in ref. [1] and have been implemented.

(vii) The limits on lepton flavour violating processes such as u — e+ vy and
© — 3e and the corresponding tau decay processes [19]. In this model the u — e + vy
decay process occurs only at one-loop level, while the three lepton decays can arise
at the tree level due to the existence of flavour changing couplings of the Z to
charged leptons.

(viii) The limits on lepton flavour violating decays with single-majoron emission.
The present experimental limit from TRIUMF on uw = e+ Jis BR(p - e +J) <
2.6 X 10~ °, while the best 7 decay limits now available from the ARGUS collabo-
ration are BR(r > e +J) < 3.2 x 107* and BR(7 — 1 + J) < 5.8 X 107? [20].

Note that in phenomenological studies of spontaneously broken R-parity mod-
els a specially important role is played by constraints related to flavour and /or
total-lepton-number-violating processes such as those arising from the non-ob-
servation of neutrino oscillations and neutrinoless double B-decay [14].

6. Study of the MSW effect

We now give a summary of our study of the phenomenological implications of
our spontanesouly broken R-parity model for the propagation of solar neutrinos.
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Fig. 2. Contour plots for the BR(Z — x + 7). The solid line corresponds to BR > 107°%, while the
dashed line corresponds to BR = 107>, Also shown is the region allowed by present solar neutrino data.

In our model solar neutrino oscillations are expected to occur in the channel v, to
Vs since, as discussed, v, remains massless while v, acquires a mass ~ Uﬁ, much
smaller than that of the heavy », which scales as ~wvi. The v, is therefore
decoupled from the solar neutrino oscillations.

For definiteness we have fixed in our analysis characteristic values for the
following parameters

tan =10, vg=1TeV, v  =100MeV, m,=10TeV, My;=1TeV,
(56)

and assumed, for simplicity, that vy = vg.

The allowed region of oscillation parameters has been determined as a function
of the relevant SUSY parameters u and M,. These have been randomly varied in
the range *

M
2 <250, -250< %

30 <

< < 250. 57
GeV <25 (57)

* It is always possible, if CP is conserved in this sector, to choose M, >0, while x4 may have either
sign.
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The v, and v, masses are controlled by the parameters h,,u, as can be seen from
egs. (33) and (40). These were varied randomly in the interesting range given by

1070 <hypy by <107, 1074 <h <1070 (58)

We have performed a careful sampling of the points in our parameter space that
are allowed by all the constraints discussed in sect. 5 in order to evaluate the
attainable magnitudes of m,, and the corresponding mixing angle 6. These will
determine the v,~v, conversion probabilities and thus the solar neutrino predic-
tions. We have verified that, with all the constraints discussed in the previous
section, the regions of neutrino mass and mixing parameters characterizing v.-v,
oscillations presently allowed in our model covers the region where the resonant
effects can play an important role in the oscillations of solar neutrinos. On the
other hand, the constraints that follow from present solar neutrino observations,
both from the Homestake experiment, as well as from Kamiokande, are indicated
by the shaded region shown in figs. 2-5, adapted from the first paper in ref. [31].
We also note that the preliminary results of the SAGE collaboration point towards
a very drastic reduction of the low-energy pp neutrino flux, as possible at the lower
tip of the shaded region. As figs. 2-5 show, in the spontaneously broken R-parity
model the solar neutrino oscillation parameters cover the region of interest where
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the MSW oscillations between v, and v, provide a successful explanation of the
reduced solar neutrino flux. In addition, since we have a model where these MSW
oscillations naturally coexist with a very massive v_, we also expect to have other
exotic effects that may be measurable in the laboratory, and independently check
the underlying physics of the neutrino mass generation mechanism. We now turn
to these signatures.

7. Signatures

In the spontaneously broken R-parity model there are observable effects in Z as
well as in 7-decays that could be observable both at LEP [13] as well as at a tau
factory [14]. Here we investigate whether their observability is consistent with the
understanding of present solar neutrino observations in terms of matter-enhanced
neutrino oscillations. The smallness of neutrino masses needed in the MSW effect
makes this possibility hard to achieve in practice. In the present model, however,
the v, mass is expected to be large, thus opening the way to this interesting
complementarity between laboratory and astrophysical observations. The latter
also involve considerations related to stellar cooling rates inasmuch as these are
affected by majoron emission processes [10].

We now show that, indeed, when the neutrino oscillation parameters lie in the
required domain indicated by solar neutrino observations, there are related pro-
cesses that could be observable at the laboratory. We consider two examples. In
our analysis we have fixed some of the parameters as in eq. (56), while the others
have been randomly varied in the ranges given in egs. (57) and (58).

7.1. SINGLE-CHARGINO PRODUCTION AT LEP1

If R-parity does not hold exactly then SUSY particles may be singly produced.
In ref. [13] a study was made of the single-chargino decay mode

Z -yt (59)

and shown that it may be observable at LEP1 *.

Here we have performed a systematic analysis of the attainable values of this
branching ratio once constraints that follow from all existing observations, includ-
ing those from laboratory, cosmology and astrophysics are taken into account. The
latter include the requirement that the solar neutrino oscillation parameters lie in

* The same situation holds in the case where R-parity is broken spontaneously and the majoron is
absorbed by an additional gauge boson. See e.g. fig. 7 in ref. [30].
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the desired range allowed by present solar neutrino observations. Our results are
summarized in fig. 2. They show that the corresponding Z — x7 branching ratio
could possibly be measured at LEPI1, even when the solar neutrino oscillation
parameters lie in the non-adiabatic region favoured by present observations.

7.2. MAJORON EMISSION IN u- AND 7-DECAYS

In the spontaneously broken R-parity model the spectra of the decay leptons
produced in u- and 7-decays could be significantly different from the standard
model predictions, as a result of majoron emission processes in these weak decays
(4,14]

w—etl, T—oe+], Tou+J. (60)

Since the majoron is very weakly interacting, it will lead to an observable signal
only insofar as it will affect the energy spectra of the decay-produced leptons. The
decays in eq. (60) would lead to bumps in the final lepton energy spectrum, at half
of the parent mass, in its rest frame. These have been searched for experimentally,
but the limits on their possible existence are still rather poor, especially for the
case of taus [20].

A detailed study of the attainable sizes of these signals in the present model was
made in ref. [14], as a function of the tau neutrino mass. Our results showed that
these flavour-violating 7-decay processes with single-majoron emission could lead
to observable effects for a wide range of the allowed parameters, especially for the
7— u +J decay mode. They all become larger, the larger the value of the
parameter tan 8, that we have fixed at 10 but which could well be as large as
m,/m,, the top—bottom quark mass ratio. As seen from figs. 3 and 4 these rates
are well within the expected sensitivities of a tau factory and even LEP, with the
data that are expected to be accumulated by the end of 1992. In contrast, the
single-majoron emission muon decay branching ratio is always below 10~ ® when
the neutrino oscillation parameters lie in the region favored by present solar
neutrino experiments. Note that this is not so if the MSW restrictions are not
applied, as shown in fig. 2 of ref. [14].

In addition, we have shown explicitly that both the Z and the 7 — u + ] decay
branching ratios can be simultaneously larger than 10~°. Such large branching can
certainly be probed experimentally both at LEP1 as well as at a tau factory of the
type now under consideration [32]. It is also worth stressing the fact that these
rates are completely consistent with all existing observations and, in addition,
consistent with having the v.~v, oscillation parameters in the desired range where
MSW oscillations explain present solar neutrino observations. This is shown in
fig. 5.
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8. Discussion

We conclude that the MSW oscillations responsible for the explanation of the
reduced solar neutrino flux may well be accompanied by effects that can be
observable in the laboratory and therefore these can be used as an additional tool
to restrict the underlying physics. In principle, the non-observation of the new
effects would place independent restriction upon solar neutrino oscillation param-
eters. This is the case for the present spontancously broken R-parity model. We
showed that the peculiar nature of the neutrino mass spectrum present in this
model, that combines a massless v., an ultralight v, and a heavy majorana v_,
naturally allows for the interesting possibility that the v —», oscillations that can
successfully explain present solar neutrino observations are accompanied by effects
that can be probed in conventional particle physics accelerator experiments. Two
examples were given of these. First, the Z could reveal unconventional R-parity
violating decay modes, such as eq. (59) with branching ratio as large as
BR(Z — ¥7) ~ 6 x 1075, which can be studied at LEP1. In addition, our model
allows for substantial modifications in the 7-lepton decay properties, with respect
to the standard model predictions. These arise from single-majoron emission 7
decay modes such as 7 — u + J which can occur with branching ratios as large as
~107% which could be observable at LEP and/or at a tau factory. Therefore
these effects might be used as an independent tool to probe the physics underlying
the explanation of the solar neutrino deficit. This possibility does not contradict
any laboratory, cosmological or astrophysical observation.

This work was supported by Accion Integrada Hispano—Portuguesa N. 59 and
by CICYT under grant N. AEN-90-0040.
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