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ABSTRACT

Upper limits are given on the production of unstable neutral leptons in
electron-positron annihilation at 29 GeV. The searches use selected 2 and 4
charged particle events and are most sensitive to neutral lepton masses of the

order of 1 GeV/c? and smaller. However results are given for masses up to 14

GeV/c2.

I. INTRODUCTION

This paper describes a set of searches for unstaBle neutral leptons which could
be produced in electron-positron annihilation at 29 GeV total energy. These
searches used selected events with 2 or 4 charged particles and are most sensitive
in the detection of neutral lepton masses in the range of 1 GeV/c? and smaller.
No evidence for unstable neutral leptons was found. The data was collected using

the Mark II detector at PEP.

The data is used to set upper limits on combinations of production cross
sections and decay branching fractions for some possible types of neutral leptons.
These upper limits are derived from general considerations so that the reader can

apply them to specific models. Some examples of how to do this are given.

The known neutral leptons are the v,, v, and vy neutrinos associated with the
e, n and 7 charged leptons respectively. The obvious and important experimental
question is; “Do other neutral leptons exist?” There is no comprehensive answer
to this question!, the significance of an experimental search depends upon the
models used for the production and decay of the neutral lepton as well as on the

method and energy.



The philosophy of the searches described in this paper is based on three

observations:

1. In high energy, such as 29 GeV, ete~ annihilation there are relatively few
events produced with four charged particles, no photons, and total charge zero.
The major known sources of such events are purely electromagnetic processes
such as ete™ — e+e‘c;+e_, ete putu,ete vt utu putp ;andete” — rtr—
where one 7 decays to one charged particle and the other 7 to three charged par-
ticles, no photons being produced in either decay. The physics of these processes

is known.

2. There are relatively few events produced with two charged particles, no
photons, and total charge zero if the events from ete™ — ete™, utpu=,~vete ,

ypt ™ are removed by collinearity and coplanarity angular cuts and other criteria

(Sec.V.).

3. In many models an unstable massive neutral lepton in the mass range of 1
GeV/c? or smaller has a substantial branching fraction into 2 charged particles,

with or without neutrinos. Therefore the process

_ -0
ete” — LT

;- (1)

with both L%s decaying, could have the signature of 4 charged particles, no
photons, and total charge zero. The signature of 2 charged particles, no photons,
and total charge zero can occur if the L° has an all neutrino decay mode in
addition to the 2 charged particle decay mode. The 2 charged particle and all
neutrino decay modes are most prominent when the L° mass is of the order
of 1 GeV/c? or smaller. Therefore these searches emphas_ize that mass region,

although the region up to 14 GeV/c? is examined.



The significance of the searches depends upon the production and decay
models used for the L°. Examples of models and illustrative branching fraction

calculations are presented in Sec.II, App.A and App.B.

The apparatus and the criteria used for general event selection are presented
in Sec.III. As described in Sec.IIIB, these searches are directed to models in which
both L%’s decay within a few centimeters of their production point, hence there
is an upper limit on the L° lifetime. No attempt is made to look for displaced

vertices in the work described in this paper.

Sections IV and V give the results for 4 charged particle and 2 charged particle
events respectively. All combinations of particle types were allowed for the 4
particle events; the 2 particle events were required to have at least one electron.
The results consist of upper limits on the number of events found in the smaller
mass range of the L°. We present a few illustrative examples of how these results
can be interpreted. Our main object is to present the results with sufficient
generality so that the reader can apply them to other models and hypotheses for

unstable neutral leptons.

II. MODELS FOR UNSTABLE NEUTRAL LEPTONS

A large number of hypotheses and models for unstable neutral leptons have
been proposed,’~® we shall not review them here. Rather we present a limited
discussion of some models which illustrate the significance of our searches, models
connected to the mass range and experimental signatures available in 29 GeV
eTe™ annihilation processes. We begin with models which conform to our present
understanding of the weak interaction. Then we discuss models which do not

conform.



A. Fourth Generation, Conventional Weak Interactions, No Mixing

A simple extension of our present knowledge of the leptons and the weak

interactions would consist of a fourth lepton generation

(L0 o
- ’ R, R
(), + = @) )

which obeys Weinberg-Salam theory with no mixing with other lepton genera-

tions. Then the L° will be unstable only if
myro > myp— (3)

where m is mass. The lower limit on my- is about 20 GeV/c? from ete™ collider
searches for sequential charged leptons. Hence in this model m o would be above
20 GeVc? and could not be produced in ete~ — LT at 29 GeV. Consequently

this model is not applicable to our searches.

B. Fourth Generation, Conventional Weak Interactions, Mixing

A further extension of our present knowledge of leptons copies the behavior
of the quarks in the weak interaction and allows mixing between generations. In

the simplest form of this model, the fourth generation

(pmﬁﬂmﬂL,w%me (1a)

mixes with one of the known generations

L%sin ¢ + vy cos ¢ _
(P et) L e (1)

where £ = e, u, or 7. The L° decays through the charged weak current, Fig.1a.
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Conventional weak interaction theory and weak universality put upper limits
on sing. This leads to a restricted model which is discussed further in App.A.
As discussed there this model is not useful to these searches for small L° masses

because of the relatively long lifetime it implies for L° masses below 2. GeV/c2.

C. Charged Current and Neutral Branching Fractions

We use .conventional weak interaction theory to calculate®=7 the branching
fractions for some decays via the charged current, App.B. The purpose is to
illustrate the significance of our searches. Therefore we do a similar calculation,
App.B., for the neutral current decay process in Fig.1b, even though the L% — v
vertex violates conventional theory. Figures 2 and 3 give the branching fractions
for the charged current and neutral current. In particular, they give Bog and By
the branching fractions for decay to 2 stable charged particles and no photons,

with or without neutrinos. Stable means e*, u*, 7%, or K=.

D. Models Deviating From Conventional Weak Interactions

The models discussed in Secs. ITA and IIB are in agreement with conventional
weak interaction theory. However our searches are most useful for putting limits
on the existence of neutral leptons which have unconventional weak interactions.

We give two examples.

In the first example we consider a pair of neutral leptons L%, L% with the

same unique conserved lepton number and

mro > mpo

Such a pair does not fit into conventional weak interaction theory but we can



still hypothesize the decay

LO — L0I+Z0 (5)

virtual

and suppose that the decay modes have approximately the branching fractions
of Fig.3.

For the second e;(ample consider a singlet heavy neutral lepton L° which
has the same lepton number as the e, u~, or 7—, which decays through a weak
charged current, but does not decay through a weak neutral current. This is
a simplistic version of many more profound and intricate heavy neutral lepton
models proposed over the last decade. These models may have special proper-
ties such as right hand charged currents. But it is sufficient for our illustrative

purposes to use the branching fractions of Fig.2.

—0 ] .
E. ete” — L9 Production Cross Section

Once we consider neutral leptons with unconventional weak interactions, we

cannot calculate the cross section for
et +e L0+ 1° (6)

unless we specify the specific model. The variety of models makes that a tedious
task of little utility. Therefore we only calculate*™® a cross section based on

conventional Weinberg-Salam theory for

et +e — 20 ,—+L°+Z0 (7)

virtua

This cross section acts as a standard, hence we call it gs¢gp-

G?s (af +v]) (afo +v]) B3+ 5% (8a)
967 (1 — s/mZ)? 4 '

Ostan =
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a.=-1 , v,=—1+4sin’0y = —0.12
(86)
aro =+1 , wvpo=+1
Here G is the Fermi coupling constant (1.166 x 10~° GeV~2), s is the square
of the total energy, a and v are coupling constants, mz is the Z° mass, Oy
is the Weinberg angle, and 8 is the velocity of the L in units of c. We use

sin? 0w = 0.22 and myz = 93 GeV/cE. Then, including a —5% electromagnetic

radiative correction, at 29 GeV

o =0.35[5(3 + %) /4] pb (8c)

Notan = T7.[B(3 + B%) /4] events (8d)

Here Nytan is the number of events which would be produced assuming o.tan
and based on the 220 pb~! of data used in this analysis (see ITIC). Ngtqn does
not include the acceptance of the detector. The threshold factor has little effect

below my = 10 GeV/c2.

F. Weakly Decaying Neutral Bosons

The previous decay scheme examples assumed leptons. However our searches

are also applicable to neutral bosons, N, with two charged particle decay modes

such as
N st 46 s L=ep,r (9)

This category includes the proposed neutral Higgs particles and the sensitivity
of our searches depends upon the model used for the Higgs sector. Another
example of this category is a small mass neutral intermediate boson which by

unconventional couplings evades present limits on the existence of additional Z°

particles.



III. APPARATUS AND GENERAL EVENT SELECTION

A. Apparatus

The Mark II detector, Fig.4, was used at the PEP electron-positron collider
at the Stanford Linear Accelerator Center. The detector is described in Ref.8.
Here we emphasize a few properties of the detector pertinent to the searches
described 1n this pape/r:

1. The main drift chamber tracks particles well over about 80% of the 47 solid
angle. The charged particles of the events used were required to be within

a slightly smaller solid angle, namely 70% of 4.

2. The liquid argon electromagnetic calorimeter, used to detect electrons and

photons, covers about 70% of the 47 solid angle.

3. The lead sheet and proportional chamber detectors (2 layers each) at each
end of the detector, called end cap chambers, cover the polar angular region
from about 15° to 40°. These end cap chambers detect photons and charged

particles.

4. The photon detection system is incomplete since there is a gap about 5° in
polar angle between the liquid argon calorimeter and the end cap calorime-
ter, since the liquid argon calorimeter has eight separate modules with
longitudinal walls separating the modules, and since the end cap chambers

themselves have gaps in their angular coverage.

5. Electrons scattered out of the beam line by polar angles of 21 to 82 mrad
are detected by a small angle tagging system. This is relevant to two-
virtual-photon processes ete™ — eTe yy~y, where the final et or e~ are

scattered close to the beamline.



6. The muon detection system covers about 45% of the 47 solid angle.

7. The vertices of the events used in this analysis all lie within a fiducial radius

of ry;qg = 4 cm of the beamline.

B. Lifetime Criterion

Events of interest in these searches must have their decay vertices inside r ;.

Then the approximate upper limit on the measureable lepton lifetime is
Traz = rfig/ey = 107 Ymy sec. (10)

where mp is in GeV, and ete~ — L°L" production is assumed. One effect of

this upper limit is discussed in App.A.

C. Data Acquisition and General Event Selection

The data was acquired at 29 GeV over several years with an integrated lumi-

nosity of 220 pb~1. The triggering efficiency for the events used here was close

to 100%.
Events were selected by the following criteria:

1. The event’s vertex is inside a cylinder of 4 cm radius centered on the

interaction point.

2. There are exactly two or exactly four charged particles with total charge

zero in the main drift chamber.

3. Each particle has | cos | < 0.7, where 4 is the angle between the particle’s
initial vector momentum, p, and the beam axis. This insures that all the particles
are well tracked in the drift chamber, and reduces the background from purely

electromagnetic processes such as ete™ — ete putpu~.
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4. Each particle has 2.0 < p < 14.5 GeV/c in the 2 particle events and 1.0

< p < 14.5 GeV/c in the 4 particle events. Here p is the magnitude of p.

5. There are no isolated photons in the liquid argon calorimeter. An isolated
photon lies sufficiently far from all charged tracks such that cos 0y; < 0.99,0,;
being the angle between the photon’s momentum py and ;3', of the track 5. In

addition, an isolated i)hoton has E, > 300 MeV.
6. There are no photon or charged particle signals in the end cap chambers.
7. There are no electron signals in the small angle tagging system.

8. The 2 charged particle events have a criterion imposed by the computer
program used to process the raw events from the detector. The processing time
of the data was reduced by not completing the processing of some types of two
prong and one prong events. To make sure that we understand the 2 charged
particle event efficiency, we require in this work that at least one of the particles

be an electron. Such events were completely processed.

9. The 2 charged particle events have two additional criteria which remove
most ete™ — ete™,ete” — utu~, and two prong ete~ — 77~ events. These
criteria are 0.,y < 160° and 0., < 160°. Here 6., is the collinearity angle
between the momenta of the two particles and 8.0p1 is the coplanarity angle using
the beam axis. Both angles are 180° when the momenta are exactly opposite in

direction.

After the application of these criterion there were

Number of 4 charged particle events = 443

Number of 2 charged particle events = 249

11



D. Kinematics and Acceptance Calculations

In all kinematics calculations the masses of the observed charged particles
were set to 0. This is a negligible error because all particles have p > 1.0 GeV/c

and there are few K’s.

The acceptance calculations used phase space for the three body decay modes

which is sufficient for our present analysis.

IV. RESULTS: 4 CHARGED PARTICLE EVENTS

A. Events of all Energies

1. Further Event Selection and Results: We study the 443 events with 4 charged

particles to look for events from the process
et+e 510+ I° : (12a)

where L has the 2 charged particle decay modes

L’ - wh 42~ , (12b)
Pyt +2+v | (12¢)

and
Loyt 4z +v+ +0" (12d)

Here the roman letters stand for e*, u®, 7%, or K*. The decay in Eq.12d allows
for decay through the 7 mode. To find such events we impose further event selec-
tion criteria. The criteria used here are designed to emphasize search sensitivity

for small L° mass, of the order of 1 GeV/c? and smaller. This is done because

12



above this mass range the branching fractions of 2 charged particle decay modes

are expected to be small, Figs.2 and 3. (The other event selection processes used

in this section and the next have the same emphasis.)

We use the following criteria for further event selection.

a)

Most of these events are from 7 pair decays in which one 7 decays to 1
chargéd particle, the other decays to 3 charged particles, and there are no
photons. The 3 charged particle decay mode of the 7 will give 3 tracks close
together in the drift chamber, and the invariant mass of this triplet, m;,
will obey m; < m,. This is used to remove 7 pair events by calculating m;
for the four possible sets of triplet tracks, and defining a 7 pair as having
at least one m; with m; < 4.0 GeV/ c2. This loose upper limit allows for
measurement errors, effectively removes 7 pair events, but reduces very

little the search efficiency. 400 events are removed as being 7 pair events.

Next, events with a possible ete™ pair are removed. A possible pair is
defined as two oppositely charged particles (ea.ch of which is identified as
a possible electron) with an invariant mass m < 0.11 GeV/cZ. Of the

remaining 43 events, 24 are removed as having an ete™ pair.

The next criterion uses a missing mass

M, = <2Ebeam - i:p;)z - (Z:: ﬁ)z (13)

1=1
Here p; is the magnitude of p;. If there were no measﬁrement errors, m2, >
0. Allowing for measurement errors, we require m2, > —36. GeV2/c* for
a well measured event. One event fails this requirement and is removed.

There are 18 events left.

13



d) In an event
et+e” swh+z  +yt+27+>00% (14)

which comes from the processes in Eq.12, there must be at least one way

to pair the charged particles, say (wtz~) and (y*27) such that

I;w + Pz < Epeam >, Py + Pz < Epeam (15“)

Allowing for measurement errors, the criteria is that there must be at least

one way of pairing the charged particles so that

Pw+p:<15.6 GeV , p,+p, <156 GeV (15b)

This criterion was not met by 7 events and these were removed.

There are 11 events left which are consistent with processes such as ete™ —
ete ete ,ete utu~. Those who have worked with non-7, 4 charged particle
events from ete™ annihilation in this energy range may be surprised at the small
number of events. Criterion 3 in Sec.IIIC (| cos 6| < 0.7) removed many of the 4

charged particle events expected from ete™ — ete ete™,ete putu~.

Figure 5 gives the invariant masses of the neutral pairs of particles. When
two sets of pairs satisfy Eq.15b, both sets are shown. Calling the pair masses in

a set my,1 and my,2, the processes in Eq.12 require
Myr1 <mpo, Mpr2 <mpo (16a)
or

mro > maz (Mpy1, Mprs) (16b)
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The smallest maz (my,1, my,2) is 6.0 GeV/c2. Considering the ete pair crite-
rion, Sec.IVA2, and taking into account the mass resolution for the decay mode

of Eq.12b, there are no events with

0.11 < myo < 5.4 GeV/c? (17)

which come from the process in Eq.12. Pending further analyses, there are 11

events which could come from the processes in Eq.12 with mpo > 6.0 GeV/c2.

2. Interpretative Example: Interpretation depends upon particular decay and pro-

duction models, such as those discussed in Sec.Il. We give one example. Suppose
the L° decays only through the charged current. Then the relevant decay modes
comprise the B¢y branching fraction of Fig.2, namely £~ etv,, Z‘;ﬁ”up, e rt,

£~ K™, and £ 7% v, with the single charged particle, zero photon modes of the 7.
Then for the myo mass range in Eq.17 we find the 90% confidence level upper

limit
Here A4 is the acceptance in Fig.6 and N4, is given in Eq.8d. Fig.7a gives the

limit. Using the values of B¢ in Fig.2 we also find the 90% confidence level

upper limit on 0 /044y, Fig.7b.

B. Events with Missing Energy

1. Further Eve election and Results: We consider a restriction on the process

of Eq.12 in which the only 2 charged particle decay modes are

Lyt 427 +v (19a)

15



and
Lyt + 2 v+ 4+ 0" (190)

Then there must be missing energy in an event, and a Monte Carlo study indicates
that a good criterion is Epissiny; > 5.0 GeV. Applying this criterion to the 11
events remaining in Sec.IVA1, leaves one event with one set of pair masses, 5.1

and 11.2 GeV/cz. |

The argument associated with Eq.16b can be applied here, this event must
have mpo > 11.2 GeV/c? if it comes from the process in Eq.19. There are no

events with
0.11 < Mo < 11.2 GeV/? (20)

(There is negligible effect of the mass resolution on the upper limit because all

decay modes include neutrinos.)

2. Interpretative Example: An example of how one might interpret this result

is to assume that the L° only decays through a neutral current, Fig.1b. Then
the 2 charged particle decay modes are limited to those in Eq.19 with branching
fraction By,. Figure 8 gives the 90% confidence level upper limit on B.72V2 0/0stan-
Since szvz < 0.048 when given by Fig.3, the 90% confidence level upper limits

on o/0sten are large, ranging upward from 3.5.

V. RESULTS: 2 CHARGED PARTICLE EVENTS

Turning to the 2 charged particle events we remind the reader that at least one
of the particles had to be identified as an electron. It is necessary to use models
for the origin of the 2 charged particle events to further reduce the number of

events, namely 249. We consider two different models.

16



A. Events with Total Energy < Ej.qm

1. Further Event Selection and Results: The first model assumes neutral lepton

pair production

et+e - L0+ I° (21a)
with

P »v+v+v (21b)

etz +v (21¢)

or with the L and I’ decay modes interchanged. Here v means neutrino or
antineutrino and the same symbol may represent different types of neutrinos.
The z may or may not be an e. In this process the total charged particle energy
must be less than Ej,,,,, excluding measurement errors. To isolate such events

we use the following criteria

a) The total energy of the two charged particles is

FEir < 13.0 GeV

b) The pair mass must be larger than 0.11 GeV/c? to eliminate ete™ pairs.

After application of these two criteria there are 115 events left.

¢) Much of the remaining contribution of two-virtual-photon processes is re-

moved by requiring

pt > 3.GeV/e
where p; is the component of the total momentum transverse to the beam
line. This leaves 41 events in the sample.

17



d) There are no photons in these events, but there is the possibility that a
photon was not detected because it escaped through one of the small spaces
between the walls of the liquid argon calorimeter (see IIIA4). Therefore we
required that the missing momentum not point within 3.6° in azimuthal
angle to the spaces between the walls. This left 30 events. Note that the
event could still have a photon which passed outside the angular acceptance

of the liquid argon calorimeter and the end cap chambers (see IIIA3 and

ITIA4).

The invariant mass of the particle pairs in the 30 events is shown in Fig.9a.
There is just one event with m < 3.6 GeV/c?. Above 3.6 GeV/ c? there are many

events and interesting limits cannot be obtained.

2. Interpretative Example: Consider a neutral lepton which decays through the

neutral current decay modes of Egs.21. Then for mpo < 3.2 GeV/c? we calculate

the 90% confidence level upper limits

BNO BNez U/Ustan S 3-9/(2Nstan Alz) (22)

Here Byg and By, are the branching fractions for the decay modes in Eqgs.21b
and 21c respectively, and A} is the acceptance given in Fig. 10. The upper limits
on BNo BNez 0/0stan are given in Fig.11. The model used for Fig.3 has the decay
mode L® — et 4+ e~ + v as a special case of Eq.21c. Cz«_xlculation gives 0.017
< BnoBpnee < 0.046 for myo < 3.2 GeV/cz. Hence the 90% confidence level

upper limits on 0/04¢4, using this model are high, the range is 3. to 10.

B. Events with Total Energy = Ej.qm

1. Further Event Selection and Results: We now follow a different event section

sequence which selects events in which the total energy of the pair of particles

18



equals Ej.;p, excluding measurement errors. A suitable model is neutral boson

production
et +e > N+ N° (23a)
with
N sv4p (23b)
N et te (23¢)

or with the N° and N° decays interchanged. We use the following event selection

criteria.

We require

12.8 < Eior < 16.0 GeV (24)

Then we impose criteria b, ¢, and d of Sec.VA, the previous section. This leaves a
sample of 23 events with the pair mass spectrum of Fig.9b. There are no events
with myo < 6.8 GeV. The acceptance, A} in Fig.10 can be approximated by

a constant value of 0.23. Then for mpyo < 6.3 GeV (taking account of mass

resolution)

Bo B0 < 0.023 pb, 90% CL (25)

where By and Bj are the branching fractions for the decay modes in Eqs.23b and
23c respectively. We don’t give an interpretative example here because we do

not have a general model for the N® decay modes.
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VI. SUMMARY

We have used 2 and 4 charged particle events produced in e*e™ annihilation
at 29 GeV to search for unstable neutral leptons produced via ete™ — LOT°. The
search is most sensitive to lepton masses of the order of 1 GeV/c? or smaller,
because L° decay modes with 0 or 2 charged particles are expected to be promi-

nent in this small mass region. However the search was extended up to masses

of 14 GeV/c2.

No evidence was found for the existence of unsta.ble neutral leptons. Upper
limits were established for BB'0/0st4n, Where the B’s are branching fractions,
o is the cross section for ete™ — Lofo, and 0,44, is the standard model cross
section for that process. These limits in the smaller mass range were about 0.1
to 0.2 with 90% confidence. Upper limits were also established for neutral boson
production in ete™ — NN, A few examples are given of how these upper

limits would be interpreted using specific models for the L° decay process.
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Appendix A: Effect of Weak Universality

The effect of weak universality restrictions on the lifetime is illustrated by a
model in which v, mixes with L° as in Eq.4. From a measurement of the 7 — e v,
branching ratio, Bryman et al,? find sin? ¢ < 0.027 With 90% CL. The solid curves
in Fig.12 give the lifetime, T, for L° — e+ anything, using the decay process
in Fig.1a and the calculations in App.B, Sec.1, for various values of sin? ¢. The
dashed curve gives the upper limit Ty,,;, Eq.10, for the search method used
here. When sin® ¢ is of the order of 0.01 or smaller, our search method requires
mpo & 2.0 GeV/c?. But as shown in Fig.7b, the search sensitivity decreases

rapidly as mpo increases above 2.0 GeV/c2.

Appendix B: Branching Fraction Calculations

1. Charged Current Decay

The branching fraction and lifetime calculations use Fig.1a and conventional
weak interaction theory.>~7 The L° has mass m in GeV, the £~ is given zero mass

and all neutrinos are given zero mass. The decay width for L= — £~ etv, is”
T.=T(¢etv,) = GTm®/1927° (B1)

All other decay modes are calculated as ratios to I,

For the lepton £; with { = u or 7 and y = m?/m? (Ref.7)
T ¢fv)/T.=1-8y+8y° —y* —12y% In y (B2)

Turning to the single hadronic decay modes, we use the formulas of Y.-

S.Tsai'® for L~ — vp + X by making the change L~ — L% vy — £~, which
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can be done since the £~ is massless. For example, from Ref.10

T(L° — € 7%) = 6.71 x 10" m*(1 — m2 /m?)? sec™!;
and from Eq.B1

To(L° — £ etv,) = 3.43 x 100 m®
Hence

T(L° — £ 7)/T(L° — £ et v,) = 1.95 (1 — m2 /m2)? /m?

In this equation and all equations in this appendix, masses are in GeV/c2. Using

Ref.10 and proceeding in this manner we find the following.

For the scalar S; with 1 = 7 or K
T(eS})/Te = Ci (1 ~ y)?t/m? (B3)

Here Cr = 1.95 GeV?%,Cx = 0.14 GeV'?

For the vector V; with 1 = p, K*orA, and y = m;‘-’/m2
L V)T, = Ci (1 —y)? (1 + 2y)/m? (B4)

Here C, = 4.27 GeV?,Ck. = 0.31 GeV?,Cy, = 2.21 GeV'?

For the multi-hadron decay modes”°

T'(¢~ hadrons)/T, = 3 [(1 — 2b; + 2b3 — bf)
+ (1 — 2by + 2b3 — bg)] (B5)

Here the first polynomial is for the production of ud quark pairs and b; =

(1.0/m)%. The second polynomial is for the production of ¢3 pairs and by

(2.0/m)?%. The b’s are dimensionless.
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2. Neutral Current Decay

We cannot use conventional weak interaction theory here since the decay
in Fig.1b violates that theory. But we need an illustrative calculation for the
branching ratios. Therefore we calculate as if the flavor changing neutral current
vertex L°-Z% v behaved exactly the same as the v-Z%v vertex. We define a

basic, fictitious decay /width
Ty = (1/8 cos* ) G2 m® /192 7® (B6)

All other decay modes are calculated as ratios to I',. We take all neutrino masses

to be zero.

The decay L° — v v; 7(t = e,v, or 7) in this model has the width®®
D(vvip; = Tp(a + v}) (B7)

where a2 + v? = 2.00.

For the sum over all neutrino pair decay modes
Ty (vveDe + vvupy + v, ;) /Ty = 8.00 (B8)

Here the constructive interference between the v and one of the v;7; pairs is

included.

The decay width for L0 — Vﬁjli_(i = e,u,7) has a formula®® similar to

Eq.B8 with a2 + vy2 = 1.01 and a threshold factor T. Hence

T(ve&fe7)/Ty =1.01 T(r) (B9a)
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(M

222(3 — 2 22 2
[z( :c)+rx<1_x

T(r) = ?r’dz [1 - '_2 x] - 6)] (B9b)

with r = 2m;/m

The decay widths for single hadron decay modes, such as L° — v + 7, are
calculated from the corresponding decay mode in Sec.1, such as L0 — ¢~ + 7+,

using the ratio ', /T, and a ratio of Clebsch-Gordon coefficients.

For the scalar S; with ¢ = 79 or 5
T(vS))/Tp = 1.71(1 — y)%/m? (B10)

For the vector V; with ¢ = p° or w
T(vV,%) /Ty = 3.75(1 — y)? (1 + 2y) /m? (B11)

The multi-hadron decay modes are calculated using the width®® for decay

into a ¢§ pair
I'(vqq) = I‘n(ag + v:) (3)

The quantity a:"; + qu is 1.17 for a u-type quark and 1.50 for a d type quark. We
find

3
I'(v hadrons®) /Ty = Y~ Cj(1 — 2b; + 2b} — b}) (B12)
j=1

Here j = 1 stands for pfi + dd + s5 pair production, §j = 2 stands for ¢ pair
production, and j = 3 stands for bb production. We use C; = 12.51,b; =
(1.0/m)?,Cy = 3.51,b; = (3.1/m)?,C3 = 4.50,b3 = (10.0/m)%. The C’s and b’s

are dimensionless.
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Figure Captions

. Diagrams for (a) L°® decay via the conventional weak charged current, and

(b) L° decay via a hypothetical, flavor-changing, weak neutral current.

. Branching fractions for the L° decay, Fig. 1la, via the conventional weak
charged current, taking the £~ mass to be zero. Curve f gives B¢s, the
fraction for decay into two charged particles, no photons, with or without

neutrinos.

. Branching fractions for the L° decay, Fig. 1b, via a hypothetical, flavor-
changing, weak neutral current taking the v mass to be zero. Curve g gives
Bps, the fraction for decay into two charged particles, no photons, with
or without neutrinos. Curve a gives By, the fraction for decay into all
neutrinos.

. Cross section view of Mark II detector.

. Invariant masses of two neutral pairs of particles in the 11 events remaining
in Sec.IVA2 after the application of selection criteria. If two sets of pairs

satisfy Eq.15b, both sets are plotted.

. The acceptance, A4, for hypothetical 4 charged particle events from the
model of Sec.IVA2.

. The 90% CL upper limit on (a) Béz 0/0stan, and (b) 0/0stan for the model

of Sec.IVA2 applied to the 4 charged particle event data.

. The 90% CL upper limit on Blzv2 0 /Ostan for the model of Sec.IVB2 applied

to the 4 charged particle event data.

. Pair invariant mass distribution of 2 charged particle events fitting (a)

criteria of Sec.VA, and (b) criteria of Sec.VB.
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10.

11.

12.

Acceptances for hypothetical 2 charged particle events. A} is for the model
of Sec.VA2, AY is for the model of Sec.VB1.

The 90% CL upper limt on Bng BNee 0/0stan for the model of Sec.VB2
applied to the 2 charged particle data.

The solid curves give the lifetime for L° — ¢~ + anything assuming the
conventional wea.i: charged current and the values of the mixing parameter,
sin? ¢, shown on the curves. The dashed curve gives the approximate upper

limit on the lifetimes accessible to the search methods in this experiment.
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