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Abstract

A search for unstable, massive photinos pair produced in e+e� collisions has been
performed using the OPAL detector at LEP. The data sample corresponds to an inte-
grated luminosity of 21 pb�1 collected at center-of-mass energies near the Z0 resonance.
The unstable photino is assumed to decay into ��l��l (l =e or �) �nal states, thereby
violating individual lepton numbers and R parity. This search is inspired by a partic-
ular model of supersymmetry which is of interest within the context of solar neutrino
experiments because it allows for a large neutrino magnetic moment. The present search
excludes a large portion of the parameter space allowed by the model.
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1. Introduction
The apparent anticorrelation of the solar-neutrino signal with the 11 year sunspot cy-
cle reported by Davis[1] may be explained if the electron neutrino has a large magnetic
moment[2] (� 10�11�B, where �B is the proton Bohr magneton). Babu and Mohapatra[3]
have shown how this might be achieved within the framework of an unusual but rela-
tively simple supersymmetric extension of the Standard Model with R parity violating
interactions. In this model the neutrinos have a large magnetic moment, and therefore
a �e can transform into a �� in the sun's magnetic �eld, thus reducing the number of �e
expected to reach the earth. According to the model, the individual lepton numbers, Le,
L� and L� , are not conserved while the di�erence Le � L� remains a conserved quantum
number. The Le � L� symmetry forbids the occurrence of unobserved processes such as
� ! e and � ! 3e as well as neutrinoless double beta decay. Other rare processes
such as �� + A ! e+ + B are allowed by Le � L� symmetry but would occur only in
higher orders because the model does not explicitly introduce doubly charged particles.
In the Babu-Mohapatra model, unlike in many supersymmetric extensions of the Stan-
dard Model, the large magnetic moment of the neutrino restricts the selectron mass, M~e,
to less than about 100 GeV =c2. Direct searches[4] for ~e at LEP and SLC have excluded
the range M~e < 43GeV =c2, but only by assuming a stable, invisible photino. Hence these
limits are not valid for the model considered here.

We present a search for the reaction

e+e� ! ~~ (1)

where ~ is the lightest supersymmetric particle, assumed by the model to be a pure
photino. Consequences arising from a possible mixing with zino or higgsino states will be
discussed later. Assuming a pure photino, the decay Z0 ! ~~ is forbidden. The reaction
proceeds by the exchange of a selectron (see �gure 1a), and the cross section depends on
the selectron mass,M~e. Following[3] we assume that the photino decays via the following
channels, which violate R parity and individual lepton number conservation but conserve
(Le � L�) :

~ ! �+e���;

! ��e+���; (2)

! �+���e;

! ���+��e:

The present search is limited by the available center-of-mass energy to 2M~ � MZ0.
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Searches for the analogous channel e+e� ! ~~ have been carried out at PETRA, PEP
and TRISTAN for stable photinos. For example, one of the best limits was obtained by
the ASP experiment[5], which �nds that M~e � 40 GeV =c2 for M~ � 10 GeV =c2 (90%
CL). However, since the photino was assumed to be stable, these limits do not apply for
the model considered here.

We describe a search for unstable photinos in the mass range 5 GeV =c2 < M~ <

45GeV =c2 andM~e �M~ via the production and decay processes (1) and (2), the diagrams
of which are shown in �gure 1. ForM~ < 5GeV =c2, the photino pairs cannot be separated
from � pairs and other backgrounds. The e+e� ! ~~ events would have a simple topology
and distinctive signatures: a low charged particle multiplicity and at least one energetic
charged lepton in each event hemisphere (the two hemispheres are de�ned by the plane
perpendicular to the thrust axis containing the e+e� interaction point). The events would
also have substantial missing energy. Following reference[3] we assume that the photino
has a lifetime< 10�12 seconds and thus decays close to the e+e� interaction point. Since
the decays proceed through the exchange of massive scalar particles, the angular and
energy distributions of the primary leptons from ~ decays would di�er from those of
secondary leptons from � decays.

2. The OPAL Detector

The OPAL detector[6] has a geometrical acceptance close to 4� steradians. The
central part consists of a set of tracking detectors in a 0.435 T solenoidal magnetic �eld.
It is surrounded successively by a time-of-ight scintillation counter array, a lead glass
electromagnetic calorimeter with presampler, an instrumented iron magnet yoke which
serves as a hadron calorimeter, and �nally by a set of muon chambers. Two identical
forward detectors, serving to monitor the luminosity, are mounted close to the beam axis
at either side of the interaction point.

The central tracking detector consists of a precision vertex chamber surrounding the
beam-pipe, and a large volume jet chamber, for precise tracking in the r-� plane. This
is followed by a set of z-chambers for tracking in the r-z plane (the coordinate system
is de�ned with +z along the e� beam, � and � being the polar and azimuthal angles,
respectively). Besides tracking and momentum measurements, the central detector also
contributes to particle identi�cation by the measurement of the speci�c ionization loss
(dE/dx) of charged particles.

The electromagnetic calorimeter consists of a cylindrical array (barrel part) and two
endcap arrays of 12,000 lead glass blocks in total. Each block is approximately 25 radia-
tion lengths thick, and covers a solid angle of approximately 40 x 40 mrad2. The hadron
calorimeter consists of nine (eight) layers of iron plates in the barrel (endcap) region,
each 10 cm thick, giving a total thickness of about 4.5 interaction lengths. The iron
plates alternate with layers of limited streamer tubes having both pad and strip read-
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out. Besides measuring hadronic energy, the hadron calorimeter also serves to identify
muons using the strip readout information of successive layers. The muon detector which
surrounds the hadron calorimeter consists of four layers of drift chambers in the barrel
region and four layers of limited streamer tubes in the endcap region. The luminosity of
the colliding beams is obtained from detecting small angle Bhabha scattering in the two
forward detectors which consist of lead-scintillator calorimeters with associated tracking
chambers and subtend the angular range 40 < � < 150 mrad.

3. Event simulation

Events were generated to simulate the reaction e+e� ! ~~. The generator used
analytic formulae for the production and decay reactions, as provided by the authors of
the model[3]. We have assumed equal mass for all charged scalar leptons (M~e = M~� =
M~� ). However, we have also veri�ed that relaxing this assumption by allowing M~e=M~�

to di�er from M~� by a factor of two in either direction does not signi�cantly alter the
results. This e�ect is included in the systematic error. The generated events were put
through the simulation programs describing the response of the OPAL detector[7]. One
million events were processed with a fast detector simulation, and 9000 events with a
detailed detector simulation.

The various background processes were simulated using JETSET 7.3[8] for multi-
hadronic Z0 decays and KORALZ 3.8 [9] for tau and muon pairs. The program de-
scribed in reference[10] was used to generate Bhabha events. Four-fermion �nal states
from e+e� ! `+`�`0+`0� (with `; `

0

= e; �; � ) were simulated using the generator de-
scribed in reference[11] in a manner discussed in detail in reference[12]. The number of
generated events for each mode was at least as large as that expected in the data sample.

4. Event Selection

The data used in this analysis were accumulated during 1990 and 1991 and correspond
to an integrated luminosity of 21.0 pb�1 or about 500,000 hadronic Z0 decays. Charged
tracks were labeled as \good" if they had at least 40 hits in the jet chamber (which
has 159 layers of sense wires), transverse momentum p? > 200MeV =c, polar angle j
cos � j< 0:94, transverse distance from the interaction point < 2 cm, and longitudinal
distance < 40 cm. Electrons were identi�ed by requiring that the charged track has a
matching electromagnetic cluster and that the cluster energy, E, and track momentum, p,
satisfy 0.75< E=p < 1.5. Muons were identi�ed as central detector tracks with matching
hits in the muon chamber or with matching track segments in the hadron calorimeter
using the strip readout as described in reference[13]. Any pair of tracks with opposite
charge outside a 30� cone around the thrust axis and having an invariant mass less than
0.2 GeV =c2 was considered as a photon conversion into an e+e� pair, and was removed
from the track count.

The selection criteria are described below and their e�ect on the data, the simulated
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background, and a simulated signal sample (with mass assignments M~e = 70GeV =c2 and
M~ = 20GeV =c2) are listed in Table 1.

To eliminate badly measured events we required that the number of \good" tracks
exceed 50% of all tracks (Selection A). Among the \good" tracks at least two had to
be identi�ed as charged leptons (e or �) with momentum > 3GeV =c and satisfying
j cos � j� 0:90 (Selection B). Each event hemisphere had to contain at least one such
lepton. In order to select events with the signal topology we required at least four and
not more than eight \good" tracks (Selection C).

As can be seen in Table I, the above requirements eliminated more than 98% of the
Z0 events, while keeping a high selection e�ciency for the signal. For example, taking
M~e = 70GeV =c2 and M~ = 20GeV =c2, the selection e�ciency is 50.7%.

The main backgrounds remaining are from �+�� and radiative e+e� and �+�� events.
To eliminate most of these backgrounds we require that the event thrust be less than 0.98
(Selection D). The thrust distribution is shown in �gure 2 for the data, the simulated
background and for a simulated signal with M~e = 70GeV =c2 and M~ = 20GeV =c2. We
further required exactly two or exactly four tracks in at least one hemisphere (Selection
E). The tau pair background was further reduced by requiring that the invariant mass
in each hemisphere be greater than 2 GeV =c2. The invariant mass was calculated using
charged tracks and high-energy (> 1:5 GeV for electromagnetic and > 10 GeV for hadron)
clusters not associated with the tracks. Since the signal events would contain a � decay
plus an energetic lepton in each hemisphere, we also required that the invariant mass in
each hemisphere, without the lepton, be less than 2 GeV =c2. For events with more than
one energetic lepton in the same hemisphere, each lepton was separately excluded, and
the smallest invariant mass was used (Selection F).

Three events remain at this point, while the expected background is 3.1 events.
Roughly half of the background arose from the four-fermion �nal state and was sup-
pressed by requiring signi�cant missing energy: � j c~p j =ps < 0.80, where the sum runs
over all \good" tracks in the event (Selection G). In �gure 3 the distribution of this quan-
tity is shown just before Selection G was applied. The three events in the data sample
are indicated by stars. The four-lepton background simulation (dark hatched histogram)
predicted 1.5 events of which only 0.85 events were expected to survive Selection G. The
Z0 multihadronic decays are expected to contribute 1.1 events (light hatched histogram).
Figure 3 also shows the distribution of the 18 simulated signal events (unhatched his-
togram), after proper normalization, for M~ = 20GeV =c2 and M~e = 70GeV =c2. No
events remain in the data following Selection G.

For M~ below 10GeV =c2, the detection e�ciency falls rapidly due primarily to Selec-
tion D. To improve the sensitivity at low M~ we removed the thrust cut (Selection D),
and modi�ed Selection G, which was a cut on charged track energy alone, to become a
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cut on charged plus neutral energy; namely we require that the ratio of the total visible
energy to the total available energy be less than 0.8. One data event survives, while the
expected background remained unchanged. Although the one surviving event is consis-
tent with a B0

�B0X assignment (with both B mesons decaying leptonically) we consider
it as a possible signal event when deriving the mass limits with the modi�ed cuts.

5. Results

The negative outcome of this search is transformed into a lower limit for M~e as
a function of M~ in the framework of the Babu-Mohapatra model[3]. The selection
e�ciencies for the ~~ signal in given points of the (M~e;M~) plane are derived from a grid
of 18 points using 50,000 fast Monte Carlo events per point. The fast simulation was
compared at nine grid points with 1000 full Monte Carlo events per point. The change
of e�ciency was included in the systematic error. For example, for M~e = 70GeV =c2 and
M~ = 20GeV =c2 the �nal selection e�ciency was 32.5�1.0% (the error is statistical).

Systematic uncertainties arise from: the determination of the integrated luminosity
(2%); initial and �nal state radiation (2%); electron and muon detection e�ciencies (4%)
(For more details see Ref.[14]). Variation of the selection criteria introduced an additional
uncertainty of 2.5%. The theoretical uncertainty due to varying the ratio of M~e;~�; =M~�

contributes 1%. Combining these uncertainties in quadrature gives a total systematic
error of 5.6%. To derive mass limits in the (M~e;M~) plane we reduced the detection
e�ciencies by their total error which amounts to 6.3%.

Table 2 shows the lower limit obtained in this way for the number of expected events
for various photino and selectron masses. Since in the search above M~ = 10 GeV=c2

no event was observed, the 95% CL limit was put to those points of the (M~e;M~) plane
where the number of expected events was 3.0 while in the search below M~ = 10 GeV=c2

where one possible signal event was observed the limit was set at 4.7 events.

Figure 4 displays the 95% CL exclusion curve as a function of M~ and M~e. The
present search excludes a large domain in the (M~e;M~) plane allowed by the model of
Babu and Mohapatra. Note that a 10% variation in the cross section prediction would
move the limit on the selectron mass (for �xed photino mass) by less than 4%. The
present exclusion does not take into account additional theoretical uncertainties which
may arise from the possibility that the lightest neutralino, �0, is not a pure photino. If
the �0 has an important zino or higgsino component, our conclusion can be weakened,
unless the dominant �0 decays remain those listed in (2). In the latter case, a new class
of events could be produced at the Z0 resonance, namely Z0 ! �0�0 and �0�00, followed
by �0 decaying through its ~ component. Such events would constitute an important
background to the Babu-Mohapatra process. However, since we do not observe such
events, our limits are not a�ected by this scenario.
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6. Summary

A search has been carried out for unstable photinos that decay into leptons according
to a speci�c model of supersymmetry conjectured by Babu and Mohapatra. In this
model neutrinos have a large transition magnetic moment and could thereby explain the
possible correlation of solar neutrino events with sunspot activity. No evidence for such
photinos was found. A large region of the (M~e;M~) plane which would be allowed by the
Babu-Mohapatra model is excluded by the present search.
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Table 1. Number of events that survive successive selection criteria, A to G, described in
the text. The Monte Carlo background simulation includes Z0 decays into hadrons,
lepton pairs and four lepton �nal states. The signal e�ciency shown here corre-
sponds to M~e = 70 GeV=c2 and M~ = 20 GeV=c2.

Number of events that survive Signal
Selection the successive selection criteria
Criteria OPAL Monte Carlo E�ciency

Data Background
(%)

(A) Preselected Sample 305 021 98 981 81.9
(B) Energetic e or � 28 444 10 732 60.8
(C) 4 to 8 \good" tracks 1163 1431 50.7
(D) Thrust < 0.977 195 195 47.7
(E) Event Topology 35 48 41.8
(F) Invariant Masses 3 3.1 32.9

(G) �jc~pjp
s

< 0:80 0 1.6 32.5
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Table 2. Number of expected events for e+e� ! ~~ according to the Babu{Mohapatra
model, after subtracting the total error. The numbers in parentheses correspond
to the search for M~ < 10GeV =c2 where Selection D was removed and Selection G
was modi�ed (see text).

Masses Expected Number of Events
(GeV =c2) M~e =40 M~e= 70 M~e= 100
M~ = 5 0 (13) 0 ( 5) 0 ( 2)
M~ = 8 6 (33) 3 (15) 1 ( 8)
M~ = 10 26 11 5
M~ = 20 42 18 8
M~ = 30 19 8 3
M~ = 40 6 2 1
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Figure Captions

Figure 1 (a) Feynman diagrams for photino production in e+e� annihilations by the
Babu{Mohapatra mechanism.

(b) Feynman diagrams for the decays of the photinos via intermediate massive
scalar particles ~e, ~� or ~� c, where ~� c is the supersymmetric scalar partner of
the right handed �+.

Figure 2 The thrust distribution for events remain after Selections A, B and C. The
OPAL data are represented by the points with error bars. The shaded region
shows the background, a mixture of multihadrons, lepton pairs and four-lepton
�nal states, normalized to the number of multi-hadronic events in the data sample.
The open histogram displays the unnormalized thrust distribution for a signal with
M~ = 20GeV =c2 and M~e = 70GeV =c2.

Figure 3 Distribution of � j c~p j =ps after Selections A through F. The three remain-
ing data events are indicated by stars. The signal expectation assuming M~ =
20 GeV =c2 and M~e = 70 GeV =c2 is represented by the open histogam and the
background expectations by the shaded histograms.

Figure 4 95% CL exclusion contour in the M~ vs M~e plane deduced from this search.
The region allowed by the Babu{Mohapatra model is indicated.
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