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Can solar neutrino oscillation parameters be probed at LEP? 
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Supersymmetry with spontaneously broken R parity naturally leads to the explanation of the observed deficit in the solar neu- 
trino flux via matter-enhanced v~-v, oscillations, while my, is large enough to lead to related signatures associated with the T 
lepton. These include single chargino production in Z decays with branching ratio BR(Z~z)  as large as ~ 6 × 10-5, accessible 
at LEPI. The v~ is naturally much heavier than v, and decays to it via majoron emission, with a lifetime short enough to obey 
cosmological limits. 

1. Introduct ion 

The possibility that the explanation of the solar 
neutr ino deficit through the MSW effect could be in- 
dependently (although indirectly) checked in accel- 
erator experiments has attracted some at tent ion re- 
cently [ 1,2 ]. Unfortunately, the suggested models are 
no longer phenomenologically viable, since they lead 
to a new invisible decay mode for the neutral gauge 
boson involving the emission of light scalars, 

z--,0+J, (1) 

now ruled out by LEP measurements  of the inv is ib le  

Z width [ 3 ]. 
Here we point  out that this idea can be na tura l l y  

implemented in a slight variant  of the original model 
[ 2 ], in a way completely consistent with observation 
a n d  with the added bonus of having a richer set of 
high energy processes accessible to experiment.  This 
should enable indirect tests of the validity of the MSW 
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explanation of the solar neutr ino deficit and con- 
strain the relevant oscillation parameters. Here we 
only summarize the relevant results, postponing all 
detailed discussions to a separate publication. The 
model has been suggested in ref. [4 ] and is based on 
the idea of spontaneous R parity violation [ 5 ]. These 
theories have now acquired an extra interest also in- 
sofar as they are not restricted by considerations re- 
lated to the erasure of the GUT-produced baryon 
asymmetry of the universe due to non-perturbat ive 
electroweak effects [ 6,7 ]. This is so as long as the rel- 
evant Rp breaking scale is lower than a few TeV. In 
this picture the universe has always been in the Rp- 
symmetric phase until  slightly after the electroweak 
phase transi t ion takes place. Proton stability is auto- 
matic and the phenomenological  implications can be 
systematically derived. They provide an alternative 
to the minimal  SUSY standard model (MSSM) that 
leads to new processes accessible to experiment. The 
signatures of supersymmetry in these spontaneously 
broken R parity models are different from those of 
the MSSM in several ways. First, these SU(2 ) ® U (  1 ) 
theories lead to the existence of a physical massless 
N a mbu- G o l ds t one  boson - a majoron - denoted J. 
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The existence of  the majoron enables the heavy v~ to 
decay to it via majoron emission, with a lifetime short 
enough to obey cosmological limits [ 8-10 ]. 

In addition, SUSY particles can be singly pro- 
duced, for example in Z decays [ 11 ]. Here we sug- 
gest the possibility o f  using these R parity breaking 
effects to indirectly test the MSW oscillation param- 
eters at LEP 1. This possibility is rather remarkable, 
taking into account the smallness of  the neutrino mass 
values needed for the MSW effect. However, spon- 
taneously broken R parity models imply a natural 
mass hierarchy in the values Ofmve , m~. and m~ that 
naturally combines an ultralight v~-vo sector with a 
fairly heavy Majorana v~. If  strongly mixed in the 
charged current weak interaction, v~ exchange would 
give too large a neutrinoless double 1~ decay rate. More 
remarkably, even high energy accelerator experi- 
ments, such as LEP, would be sensitive to new effects 
related to the heavy v~. 

2. Spontaneous R parity violation 

The minimal way to break R parity spontaneously 
is through a non-zero VEV for the scalar neutrino 
[2,5] 

r E =  (gL~) . (2) 

In such a model there are majoron emission pro- 
cesses, such as the Compton-like reaction y + e ~ e + J ,  
that lead to new mechanisms of  stellar energy loss. To 
avoid this one has to constrain the magnitude of  the 
left-handed sneutrino VEV [ 12 ]. We estimate the re- 
sulting limit to be 

VL~<O(30 k e Y ) .  (3) 

However  this implies that the decay in eq. ( 1 ) is un- 
suppressed, leading to a conflict with LEP results. A 
way out o f  this which avoids in a simple way the LEP 
constraint on F~ ~ was suggested in ref. [4].  In the 
new model the majoron is an isosinglet, and does not 
couple to the Z. The scale characterizing R parity 
breaking is now large, i.e., 

UR : O ( 1  TeV) , (4) 

while the analogue of  eq. (3) is estimated to be [ 4 ] 

VL ~<O(100 MeV) (5) 

and can be obtained without the need of  unnatural 
fine-tuning of  the parameters in the Higgs potential 
[ 4,13 ]. The superpotential terms are given as ~1 

huuCQHu + hddCQHd + heeC~Hd + (hoHuHd _ e 2 ) ~  

+ h v vC~Hu + h ~  yeS +/iHu Hd + MvcS 

+ M . q ~ O .  (6) 

The superfields (~ ,v~ ,S i )  are singlets under 
SU ( 2 ) ®  U ( 1 ) and carry a conserved lepton number  
assigned as (0, - 1, 1 ) respectively. All couplings hu, 
hd, he, hv, h as well as the mass M are described by 
arbitrary matrices in generation space which explic- 
itly break flavour conservation. These additional sin- 
glets, e.g. S, may arise in several extensions of  the 
standard model [15],  and may lead to interesting 
phenomenological signatures [ 16,17 ]. 

While the superpotential of  eq. (6) conserves total 

lepton number  as well as R parity, the presence of  the 
new singlets can drive the spontaneous violation of  R 
parity and electroweak symmetries [ 4,13 ]. This leads 
to the existence of  a majoron given by the imaginary 
part of  

( U2L/ VI)2) ( UuHu --U dHd) 

+ (VL /V)9~- -  ( V R / V ) 9 ~ +  ( v s / V ) g ~  . (7) 

The isosinglet VEVs 

v R = ( ~ ) ,  (8) 

Vs= (g~)  , (9) 

with V= ~ + v~ set the scale of  R parity or lepton 
number  breaking, while the isodoublet VEVs 

v~= ( H u ) ,  (10) 

V d = ( H d )  (11) 

drive electroweak breaking and the fermion masses. 
The combinat ion v 2 = v 2 + v 2 is fixed by the W mass, 
while the ratio of  isodoublet VEVs determines the 
parameter 

tan f l=Vu/Vd . (12) 

~ Note that we have added some new terms that were not in- 
cluded in refs. [4,11,14]. These are allowed by our symme- 
tries and give more flexibility in obeying all of the experimen- 
tal constraints and/or justifying our approximate treatment 
of the neutral fermion sector. 
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A necessary ingredient for the consistency of  this 
model is the presence o f  a small seed of  R parity 
breaking in the SU(2 )  doublet sector. Using the re- 
sults of  ref. [ 12 ] we estimate that 

V ~ / V R m W  G 10 -7  (13) 

in order to adequately suppress the resulting stellar 
energy loss to acceptable levels. This may be easily 
satisfied for VR=O(1 TeV) provided vL~<O(100 
MeV).  This constraint on vL is more than three or- 
ders of  magnitude less stringent than the one that 
holds in the model of  ref. [2] .  Moreover,  the small- 
ness of  the ratio VL/VR may be achieved in a natural 
way, f rom the Higgs potential [4].  This follows be- 
cause VL = (~L~) is related to the Yukawa coupling 
h~ and vanishes as hv-,0. Last, but not least, the pres- 
ent model has only the canonical neutrino counting, 
since the majoron contribution is avoided. 

3. Neutrino masses and decays 

In spontaneously broken R parity models the L- 
number  is violated, so that neutrinos acquire masses 
at the tree level, from mixing with the heavy neutral 
R-odd fermions [ 1 ]. The heavier neutrino is the v~. 
Its mass rnv, may be given in the approximation where 
we neglect V L as 

~i  2 2 hvi~MoVRV 2 
(14) 

my, ~- g(2v,  vaMo -¢tMiM2) ' 

where we have set Mo =g~M2 "l-g~Ml. In our numer- 
ical study, however, we have used the expression for 
rnv~ corrected for the general case where VL¢ 0. 

In order to determine the masses of  the two lowest 
mass neutrinos relevant for the description of  the 
propagation of  solar neutrinos in our model - Ve and 
v, - we have to consider in detail the full neutralino 
mass matrix. One can show that, in complete gener- 
ality, there is a massless neutrino in our model. To a 
good approximation, it is given by 

Vl -~cos 0re - s i n  0 v , ,  (15) 

where 

tan O=hvl3/hv23. (16) 

In this case the other light neutrino is 

v2 -~a sin 0 v c + a  cos Or, + N 2 3  v .  ~ , (17) 

where 

Ol "~ --  (,12UL/U d + hv33 UR) [ (h 2 v13 "1- ]7 2 v23 ) v2 

.~_ (]/UL/Ud +hv33 UR)2] -1/2 (18) 

and 

N23 ___ 4h2v,3 2 2 2 2 +hv23 VR [ (h v13 't-h v23)UR 

+ (/IVL/Va + h v 3 3 / J R  ) 2 ] -- 1/2 ( 19 ) 

and its mass can be given, in a reasonable approxi- 
mation, by 

2 2 2 2 2 m2 --~ (hvl3 +hv23)VuVL [h33( / t+ho  ( O ) )  + hoM33 ] 

X [Mo(h33 ((I~) +M33)2h2v33 p2 ] -1 , ( 2 0 )  

showing that it vanishes as vL--* 0. For small values o f  
0 the massless neutrino is mostly Ve SO that v2 corre- 
sponds to v.. In the following we will always refer to 
v2 as v,  and to Vl as ve although this assignment is not 
valid for large values for the ve-v~ mixing angle 0. It 
follows from eq. (20) and eq. (14) that the v u mass 
is extremely small on the scale of  the v~ mass. For our 
choices of  parameters, VR= 1 TeV and VL= 100 MeV, 
this implies a v~-v~ mass ratio that can be as small as 

mr.~my. = O (  10 -8)  . (21) 

Thus for a v~ mass in the 10 keV-1 MeV range, nat- 
ural in this model, we expect a v.  mass in the range 
10-4-10  -2 eV, just the one relevant for the M S W  ef- 

fect. Similarly, the Ve-V. mixing angle given by eq. 
(16) 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 seems 
to be in conflict with the cosmological limit [ 18 ] 

my,<  100 eV (22) 
i 

on the abundance o f  relic neutrinos. Fortunately, our 
model also has the solution to this apparent conflict. 
It relies on the existence of  a new v~ decay mode in- 
volving majoron emission ~2 

v,--.v~ + J  (23) 

that naturally realizes the early proposal considered 
in refs. [ 8-10 ]. Unlike the situation in the originally 
proposed majoron model of  ref. [8],  the neutralino 
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mass matrix is such that the majoron couplings to 
neutr inos is not simultaneously diagonal as the mass 
matrix [9 ], opening the possibility of a fast decay rate 
[ 10]. The attainable v~ lifetimes are given in fig. 1 as 
a function of the v~ mass. They should be compared 
to the cosmological l imit on the v~ decay lifetime re- 
quired in order to efficiently suppress the relic v~ con- 
tribution. 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 in- 

visible, they are consistent with all astrophysical ob- 
servations [ 1 ]. If, however, the universe is to have 
become mat ter-dominated by a redshift of 1000 at 
the latest (so that fluctuations have grown by at least 
a factor of 1000 by today),  the v~ lifetime has to be 
much shorter [ 19 ], as indicated by the dashed line in 
fig. 1. Again, lifetimes below the dashed line are al- 
lowed in the present model. However, this lifetime 
limit is much less reliable than the one derived from 
the critical density, since there is not yet an estab- 

~2 One can also show that the decay v~-*v¢+J is strictly forbid- 
den and that the mass ofv~ is zero. 

10 is 
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Fig. l. The shaded area represents the attainable values of the v~ 
lifetime versus its mass, when the model parameters are varied 
as explained in the text. The curve delimiting the lower part of 
the shaded contour gives an estimate of the minimum lifetime 
consistent with observational 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). 

lished theory for the formation of structure in the 
universe. We have therefore not imposed it in what 

follows. 
In short, in this model mv~ can be larger than eq. 

(22),  because of the existence of an efficient majo- 
ron decay channel, eq. (23).  The large my, values ac- 
ceptable in this model enable the rare Z decays to be 
correspondingly enhanced. In addition, the large hi- 
erarchy between my, and rnv~ naturally combines 
these measurable effects with the MSW oscillations, 
required to explain the solar neutr ino data. This sug- 
gests the possibility of having an independent  check 
upon the solar neutr ino oscillation parameters as de- 
termined by solar neutrino experiments with searches 
performed in high energy laboratory experiments, 
such as LEP. We now turn to this question. 

4. MSW effect 

In ref. [20] we give a detailed study of the phe- 
nomenological implications of spontaneously broken 
R parity for the propagation of solar neutrinos. The 
channel in which solar neutr ino oscillations are ex- 

pected to take place is v~ to v,, since, as discussed, 
their mass difference is ~ v 2, much smaller than the 

heavy v~ mass, which scales as ~ YR. The v~ is there- 
fore decoupled from the solar neutr ino oscillations. 

For definiteness we have fixed in our analysis char- 
acteristic values for the following parameters: 

t a n f l =  10, 

U R = 1 TeV,  

v e = 100 MeV,  

mq, = 10 TeV,  

M33 = 1 YeV, (24) 

and assumed, for simplicity, that VR = VS. 
The allowed region of oscillation parameters has 

been determined as a function of the relevant SUSY 
parameters / t  and M2. These have been randomly 
varied in the range ~3 

30 ~ M2/GeV ~ 250 ,  (25) 

~3 It is always possible, if CP is conserved, to choose M 2 > 0, while 
# may have either sign. 

439 



Volume 272, number 3,4 PHYSICS LETTERS B 5 December 1991 

- 250 ~< #/GeV~< 250. (25 cont'd) 

The v~ and v, masses are controlled by the parame- 
ters h v,j as can be seen from eq. (14) and eq. (20). 
These were varied randomly in the interesting range 
given by 

1 0 - 1 ° ~ h v l 3 ,  hv23~<10 -1 , 

10-4<h~33 ~< 10 -1 (26) 

We have performed a careful sampling of the points 
in our parameter space that are allowed by all obser- 
vational constraints, in order to evaluate the attain- 
able magnitudes of my, and the corresponding mix- 
ing angle 0. The constraints include all of the collider 
constraints relevant in any SUSY extension of the 
standard model as well as neutrino physics con- 
straints. The allowed values of the oscillation param- 
eters will determine the vc-vv conversion probabili- 
ties and thus the solar neutrino predictions. We find 
that the regions of neutrino mass and mixing param- 
eters characterizing vc-vv oscillations presently al- 
lowed in our model cover the region where the reso- 
nant 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 
and from Kamiokande, are indicated by the shaded 
region shown in fig. 2, adapted from the paper by 
Barger, Phillips and Whisnant in ref. [21 ]. We also 
note that the preliminary results of the SAGE Collab- 
oration point towards a very drastic reduction of the 
low energy pp neutrino flux, possible in the non-adi- 
abatic branch of the shaded region. As fig. 2 shows, 
in the spontaneously broken R parity model the solar 
neutrino oscillation parameters cover the region of 
interest where the MSW oscillations between Ve and 
vv provide a successful explanation of the reduced so- 
lar 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. 

lo4'°3 .............. : :: ::ii  

10-~ " ' . .  

10 -810- - . . . . . . . . . . . . . . . . . .  - 

10-4 10-3 10-2 10-1 

sin 2 20 

Fig. 2. Contour plots for the BR(Z-~2+x) .  The solid line corre- 
sponds to BR~> 10 -6, while the dashed line corresponds to 
BR~> l0 -5. Also shown is the region allowed by present solar 
neutrino data. The figure shows that the decay Z ~ x  is accessible 
to the LEP experiments. 

5. LEPI signatures 

In the spontaneously broken R parity model there 
are observable effects in Z decays that could well be 
observable at LEP1 [11 ]. Here we investigate 
whether their observability is consistent with the un- 
derstanding of present solar neutrino observations in 
terms of matter-enhanced neutrino oscillations. Usu- 
ally it is not easy to achieve models with these prop- 
erties in view of the smallness of neutrino masses 
needed in the MSW effect. 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 effects. The 
latter also involve stellar cooling mechanisms, since 
these are affected by majoron emission processes 
[12]. 

We now show that, indeed, in the spontaneously 
broken R parity model, vc-v~ MSW oscillations may 
be related with other processes that could be observ- 
able in the laboratory. We consider the example of 
LEP. If  R parity does not hold exactly then SUSY 
particles may be singly-produced. In ref. [ 11 ] we 
made a study of the single chargino decay mode 

Z--,2z (27) 
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and  showed that  it m a y  be observable  at LEP 1 #4. We 
have d e m o n s t r a t e d  that  this  decay is accessible to ex- 
p e r i m e n t  even  when  the pa ramete r s  o f  the MSW os- 
c i l la t ions  lie in  the region ind ica ted  by presen t  solar  
n e u t r i n o  exper iments .  To do this  we have  pe r fo rmed  
a systemat ic  analysis  o f  the a t t a inab le  values  of  this 
b r anch ing  rat io once  obse rva t iona l  cons t ra in t s  are 
taken  in to  account .  These  inc lude  those f rom labo- 
ratory,  cosmology and  astrophysics ,  inc lud ing  the re- 
q u i r e m e n t  tha t  the solar  n e u t r i n o  osc i l la t ion  pa ram-  
eters lie in the range allowed by present  solar neu t r ino  
observa t ions .  Our  results  are s u m m a r i z e d  in  fig. 2. 
They  show that  the co r re spond ing  Z--.~z b r a n c h i n g  
rat io could  poss ib ly  be measu red  at LEP 1, thus  ena-  
b l ing  one  to have an  i n d e p e n d e n t  hand le  on  the neu-  
t r ino  osci l la t ion parameters!  

pe r symmet r i c  s t anda rd  model .  Therefore  these ef- 
fects might  be used as an  i n d e p e n d e n t  tool to probe  
the physics  unde r ly ing  the exp lana t ion  of  the solar 
n e u t r i n o  deficit. We showed that  this  idea does no t  
con t rad ic t  any  laboratory,  cosmological  or  astro- 
physical  observa t ion .  
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