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We present the properties of 105 events of the form e + + e- ~ e ± + ~t; + missing energy, in which no other charged 
particles or photons are detected. The simplest hypothesis compatible With all the data is that these events come from 
the production of a pair of heavy leptons, the mass of the lepton being in the range 1.6 to 2.0 GeV/c 2 

In a prev!ous let ter  [1] we reported the observation 
of  64 eventS b f  the-form 

e+e - ~ e~/~ ~ +/> 2 undetected particles ( I )  

for which we could find no conventional explanation.  
Through the acquisition of  addit ional  data we now 
have 105 examples of  this reaction (after the subtrac- 
t ion of  34 background events). We have studied the 
properties of  these events and have deduced: a) that  
they are consistent with the product ion and decay of  
a pair of  new particles 

e + + e -  -* U + + U - ,  (2) 
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the e and/~ in reaction (1) being the decay products of  
the U's; b) that  each new particle, U, decays to a 
charged lepton and at least two undetected particles; 
and c) that  for most of  the events the undetected par- 
ticles are consistent only with being neutrinos. 

The events reported were found using the SLAC- 
LBL magnetic detector at SPEAR. The event selection 
criteria and background calculations are given in de- 
tail in refs. [ 1 - 3 ] .  Briefly, we require two and only 
two opposi tely charged prongs in the detector.  They 
both  are required to have momenta  over 650 MeV/c 
to permit  e and/.t identification. One must be identi- 
fied as an e and the other as a/a by the detector  and 
no photons may be detected.  Finally, to reduce con- 
tamination from e+e - and/~+/a- pair production,  the 
two prongs must be acoplanar with the incident beams 
by more than 20 ° . 

The observed cross section for these events, uncor- 
rected for momentum and geometrical cuts, is shown 
in fig. 1 as a function of  center of  mass energy Ecm. 
Cross section curves for a sequential heavy lepton [ 4 -  
6] of  masses 1.6 and 1.8 GeV/c 2 with leptonic decay 

modes 

U - ~ v u + e - + f i e ,  U - - ' > V U + / a - + v ~ ;  (3) 
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Fig. 1. The observed et~ production cross section, corrected 
for background. The horizontal bars indicate the Ecm region 
covered by the data point. There are no eta events before back- 
ground subtraction in the 3.0-3.6 GeV region; the cross 
hatched lines is a 90% confidence upper limit. The curves are 
theoretical U particle pair production cross sections corrected 
for geometric acceptance, angular cuts, and momentum cuts. 
These cross section curves are fit to ae/a ' observed as follows: 
The solid and dash-dot curves are for heavy leptons, reaction 
(3), of mass 1.8 and 1.6 GeV/c 2 respectively, MvU = 0.0, V 
- A coupling and the point production cross section Oee-.,UU 
= 43.4/3(3 -/32)/s nb. The dotted and dashed curves are for a 
boson of mass 1.8 GeV/c 2 with the 2-body decay modes of re- 
action (4), a production cross section %e~UU = r# 331Fu(s)l 2/s 
where r/is a constant and FU(S) is a production form factor. 
For the dotted and dashed curves FU(S) = constant and FU(S) 
= constant/s respectively. All spin-spin correlations and po- 
larization effects are ignored. 

and for  a vector  meson  .1  o f  mass 1.8 GeV/c  2 wi th  the  

2-body lep tonic  decay modes  

U -  ~ e -  +~e ,  U -  ~ t a -  + ~ t  (4) 

are also shown.  

As discussed in ref. [8] ,  the curves show that  the  

threshold  for U part icle p roduc t ion  depends  pr imari ly  

on the  mass, M U, o f  the U and on ly  weakly  on the pro- 

duc t ion  or  decay hypothes is .  

, i  The most popular model for such a meson is provided by 
the charm theories [7]. 
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Fig. 2. The cos 0call distributions. The solid curves are for a 
heavy lepton withM U = 1.8 GeV/c2,Muu = 0.0, and V - A 
coupling. The dashed curves are for a boson with the 2-body 
decay modes of reaction (4) and M U = 1.8 GeV/c 2. The curves 
are normalized to the total number of events. All spin-spin cor- 
relations and polarization effects are ignored. The data are cor- 
rected for background contamination. 

Evidence that  the origin o f  these events is the decay 

o f  a pair o f  new particles is ob ta ined  f rom the distribu- 

t ion o f  the angles be tween  the two prongs.  Fig. 2 shows 

the  dis t r ibut ion o f  the cosine o f  the col l ineari ty angle, 

COS 0coil = --pe'pu/(IPel Ip u I), for  three Ecm regions. 
At low energy the angles are much  more  uncorre la ted  

than at high energy.  This is characterist ic o f  the decay 

of  a pair o f  f ixed mass particles;  as the energy in- 

creases, the Lorentz  t ransformat ion  forces the decay 

products  back to back.  The data  in fig. 2 have been 

cor rec ted  for background events,  which do no t  exhibi t  

this behavior.  As i l lustrated,  the predic ted  cos 0call 

dis t r ibut ions are shown in fig. 2 for reactions (3) and 

(4). 
These data, figs. 1 and 2, indicate that  the mass o f  
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Fig. 3. The distribution in p = (p - 0.65)/(Pmax - 0.65) 
where p is the momentum of the e or/~ in GeV/c, corrected 
for background contamination. For the meaning of the solid 
and dashed curves see the caption of fig. 2. The dot-dashed 
curves is for the 2-body decay mode of a pair of 1.8 GeV/c 2 
vector mesons each polarized completely in the helicity = 0 
state. 

the new particle is probably in the range 1.6 to 2.0 

GeV/c  2. A detailed de te rmina t ion  o f  the mass will be 

presented elsewhere.  

Evidence that  each new particle decays into at 

least three bodies  is obta ined  f rom a s tudy of  the in- 

clusive m o m e n t u m  spectrum.  To combine  data f rom 

different  energies we cons t ruc t  a parameter  p, 

p - 0.65 p -  
Pmax - 0.65 ' 

where p is the m o m e n t u m  o f  each de tec ted  particle in 

GeV/c  and Pmax is the m a x i m u m  m o m e n t u m  al lowed 

for the decay of  a 1.8 GeV/c  2 particle in to  massless 

particles. (The use o f  any mass in the range 1.6 to 2.0 

GeV/c  2 would  no t  alter our  conclusions.)  The p distri- 

but ions  are given in fig. 3 for three energy ranges. 

Background con tamina t ion  has been subtracted.  The 

background p dis tr ibut ions are similar to the  signal p 

dis tr ibut ions;  thus,  the background  subt rac t ion  does 

not  appreciably alter the distr ibutions.  

In fig. 3 the solid curve is for a heavy lep ton ,  reac- 

t ion (3),  wi th  M U = 1.8 GeV/c  2 , Mvu = 0.0 and V - A 

coupl ing;  and the dashed curve is for a mass 1.8 GeV/c 2 
boson wi th  the 2-body decay modes  o f  react ion (4) 

ignoring spin correlat ions or  polar izat ion effects.  The 

dot-dashed curve represents an ex t reme  case o f  polar- 

izat ion o f  a 1.8 GeV/c  2 vector  meson  wi th  2-body de- 

cay modes ,  react ion (4); the mesons  being only  in the 

hel ici ty = 0 states ~2 . Values o f  X 2 for these hypotheses  
are shown in table 1 for the three energy ranges. The 

~:2 Putting the vector meson only in the helicity = 0 state is 
an approximation to what happens if the meson has a large 
anomalous magnetic moment [91. 

Table 1 
X 2 tests of p distributions. Ecm in GeV. 

3.8 < Ecm < 4.8 Ecm = 4.8 4.8 < Ecm < 7.8 3.8 ~ Ecm ~ 7.8 

4 4 9 9 Degrees of freedom 

X 2 for heavy lepton, reaction (3), 
M U = 1.8 GeV/c 2, MvU = 0.0, V - A 2.2 

X 2 for boson with 2-body decay, reaction (4), 
M U = 1.8 GeV/c 2 no spin correlation or polarization 28.3 

x 2 for vector meson with 2-body decay, reaction (4), 
M U = 1.8 GeV/c 2 each meson only in helicity = 0 state 20.6 

9.5 8.6 4.3 

10.5 98.0 107.4 

3.3 38.1 35.4 
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Fig. 4. Comparison of 0 distributions with: solid and dashed 
curves, V - A heavy lepton, M U = 1.8 GeV/c 2, and My U in 
GeV/c 2 as indicated; dotted curve V + A heavy lepton,M U 
= 1.8 GeV/c 2, andMu U = 0.0. 

4.8 GeV data are inconclusive, but the higher and 
lower energy data strongly favor three body decay 
modes. Taking all of the data together, two body de- 

cay modes are excluded. 
Evidence that the two undetected particles in each 

decay are neutrinos comes from systematically elimi- 
nating all other possibilities. The neutron is eliminated 

as a candidate for one of the undetected particles by 
the/9 distributions which set an upper limit of 0.7 
GeV/c 2 (95% confidence level) on the mass which can 
be possessed by any of the undetected particles in the 
three body decay +3. Fig. 4 shows these distributions 
with curves representing the distributions expected 
for a 1.8 GeV/c 2 heavy lepton decaying to two mass- 
less particles and a heavy neutrino via a V - A coupling. 
The use of other couplings or of phase space has no ef- 

fect on this conclusion since a high mass undetected 
particle limits the maximum value of p independent 
of the coupling. 

To determine whether a K~ could be one of the un- 
detected particles, we searched for events of the form 

e+e - ~ e~ju ~ K ° + missing energy (5) 

where the K ° is detected by its decay Ks ° ~ rr+Tr - .  In 
a data sample which contained 82 e/~ events of reac- 
tion (1) ~ ,  only one example of reaction (5) was ob- 

¢a This eliminates the possibility that the U is a charmed 
baryon with decays like U-- ~ e- + V'e + n, or that it is a 
fermion of the type discussed by Goldhaber [10]. 

Table 2 
The number of events with an identified oppositely charged 
electron and muon categorized by total observed charged mul- 
tiplicity and by whether photons are detected. The numbers 
in parentheses represent minimal and maximal background es- 
timates and are explained in the text. 

Charged 
multiplicity no photons i> one photon 

2 110 109 
(14 - 28) (51 - 104) 

3 67 198 
(28 - 58) (94 - 193) 

4 79 338 
(37 - 76) (180 - 356) 

/> 5 101 884 
(56 - 109) (506 - 971) 

served. Assuming that the decay rate of the new par- 
ticle into K~ is equal to the decay rate to K °,  the frac- 
tion of decays in reaction (1) containing a K ° is less 
than 0.09 at the 90% confidence level. 

To determine whether the undetected particles 
could be photons, zr°'s, or charged particles which es- 
cape detection by passing through uninstrumented sec- 

tions of the detector, we construct a table, table 2, of 
all events which contain an oppositely charged elec- 
tron and muon.  Events are categorized by charged 
multiplicity and whether photons were detected in the 

shower counters. The data sample is the same as was 
used for the K ° search. The e and/2 selection is similar 
to that used for reaction (1) except that no coplanarity 
requirement was imposed in events with three or more 

charged prongs. 
Two estimates of the number of events we expect 

from misidentifications of hadronic events are in- 
cluded in table 2. The first is an estimate obtained 
from misidentification probabilities as a function of 
momentum measured in ~b decays, assuming no anoma- 
lous sources of lepton production in these decays. The 
second is an estimate obtained from three or more 
prong events in the data set from which the table is 
constructed. The true numbers of events caused by 
hadron misidentifications is probably somewhere be- 
tween the two limits given in table 2 because misiden- 
tification probabilities can increase with c.m. energy. 

,4 The data sample is all events for which a proportional 
chamber around the beam pipe was operational. This cham- 
ber was used in the K ° identification. 
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Table 3 
90% confidence level upper limits on the fraction of decays in 
reaction (1) which can contain an undetected particle or com- 
bination of particles. The smaller backgrounds given in table 
2 have been used. The total is less than the sum of the limits 
due to the quadratic addition of errors and elimination of 
double counting between modes. 

Undetected particle(s) 90% confidence upper limit 

K ° 0.09 
*r ° or 3' 0.18 
Charged particle 0.09 
Charged particle + 7r ° or 7 0.11 

TOTAL 0.39 

to be explained by  a single hypothesis,  then they 
must arise from the decays of  a pair of  new particles 

each of  which decays to a charged lepton and two neu- 
trinos. This new particle is thus a candidate for being 
a heavy lepton ~5 with a mass in the range 1.6 to 2.0 

GeV/c 2. Using Oeu ' observed, fig. 1, the theoretical 
point product ion cross section, and a Monte Carlo cal- 
culation of  the detect ion efficiency, we find for such 
a lepton the leptonic branching ratios. 

F ( U -  -~ Vu e -Pc)  P ( U -  ~ V U P - ~ )  +0.06 
P ( U -  ~ all) - F ( U -  --> all) =0"17"0.03  " 

We assume equal decay rates to the e and/a modes,  
V - A coupling, M U = 1.8 GeV/c 2 , and MvU = 0.0. 

At the present stage of  analysis, table 2 argues 
neither for nor against anomalous di-lepton produc- 
tion in topologies other than the two prong, no pho- 
ton,  topology.  The sole function of  the table is to 
show that there are an insufficient number of  events 
in the other topologies to explain the events from re- 
action (1) as events in which addit ional  charged par- 
ticles or photons are produced,  but  escape detection.  

For example,  assume that  events in reaction (1) 
were to be explained as events in which each new par- 
ticle decayed into a lepton,  a ~r °,  and a neutr ino,  but  
that  neither n ° was detected by  the shower counters. 
Since the typical  efficiency for detecting at least one 
photon from a ~r ° decay is 0.65, there is only a 0.12 
probabil i ty  of 2 lr ° 's  escaping detection.  Thus, to ex- 
plain the 82 anomalous two prong events without  pho- 
tons, we would have to observe 600 two prong events 
with photons.  From table 2, there are only 109 events 
o f  this type,  and only 58 events after the subtraction 
of  the minimal background. 

Similar arguments can be made for any combina- 
t ion of  undetected charged and neutral particles. 
Table 3 gives upper limits on the fraction of  decays in 
reaction (1) which could have undetected photons  or 
charged particles of  various types,  using the minimal 
background estimates from table 2. Overall, using very 
conservative estimates of  backgrounds,  at the 90% 
confidence level only 39% of  the anomalous decays 
can contain undetected photons or charged particles. 

In conclusion, a s tudy of  the properties of  anoma- 
lous e/.t events (reaction (1)), indicates that  if they are 

We are very grateful to Y.S. Tsai for his help in the 
theory and calculations associated with this work. 

+s For a discussion of the compatibility of the heavy lepton 
hypothesis with other data see ref. [8]. 
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