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ABSTRACT
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We present the properties of 105 events of the forme + e —e + u+ -+

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/cE.
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In a previous Letter® we reported the observation of 64 events of the
form

+ -
- - -
e e —>epu +>2 undetected particles (1)

for which we could find no conventional explanation. Through the acquisiticn
of additional data we néw have 105 examples of this reaction (affér the sub-
traction of 34 background events ). We have studied the properties of these
events and have deduced: a) that they are consistent with the production
and decay of a pair of new particles

e Ut + U 5 (2)
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 particles 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 detail in Refs. 1-3. Briefly, we require two and only two oppositely
charged prongs in the detector. They both are reguired to have momenta over
650 MEV/C to permit e and p identification. One must be identified as an e
and the other as a | by the detector and no photons may be detected. Finally,
to reduce contamination from e+e- and u+u_ pair production, the two prongs
must be acoplanar with the incident beams by more than 20°,

The observed croés section for these events, uncorrected 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 leptona_6 of masses
1.6 and 1.8 GeV/c2 with leptonic decay modes

U—>V.U+e +Ve,U——>VU+p. +VH; (3)
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and for a vector meson' of mass 1.8 GeV/c2 with the 2-body leptonic decay

modes

) U e +v_ , U oy +v (4)
) e ' I
are also shown.

As discussed in Ref. 8, the curves show that the threshold for U particle
production dependsvprimarily on the mass, Mﬁ, bf the U and only wéakly on the
production or decay hypothesis.

Evidence that the origin of these events is the decay of a pair of new
particles is obtained from the distribution of the angles between the two
prongs. Figure 2 shows the distribution of the cosine of the collinearity
angle, cos ecoll = :ge . Eu/({gel [gul), for three Ecm regions. At low energy
the angles are much more uncorrelated than at high energy. This is characteristic
of the decay of a pair of fixed mass particles; as the energy increases, the
Lorentz transformation forces the decay products back to back. The data in
Fig. 2 have been corrected for background events, which do not exhibit this

behavior. As illustrated, the predicted cos GC distributions are shown in

oll
Fig. 2 for reactions (3) and (4).

These data, Figs. 1 and 2, indicate that the mass of the new particle
is probably in the range 1.6 to 2.0 GeV/cg. A detailed determination of the
mass will be presented elsewhere.

Evidence that each new particle decays into at least three bodies is
obtained from a study of the inclusive momentum spectrum. To combine data
from different energie; we construct g parameter o,

e = P -—O(.f%S ’
max
where p is the momentum of each detected particle in GeV/c and Poox is the

2
maximum momentum allowed for the decay of a 1.8 GeV/c particle into mass-

-3 -



less particles. (The use of any mass in the range 1.6 to 2.0 GeV'/c2 would
not alter our conclusions.) The p distributions are given in Fig; 3 for
" three epergy ranges. Background contamination has been subtracted. The
background p distributions are similar to the signal p distributions; thus,
the background subtraction does not appreciably alter the distribptions.
In Fig. 3 the solid curve is for a heavy lepton, reaction (3), with

MU = 1.8 GeV/c2, M@U = 0.0 and V-A coupling; and the dashed curve is for a
mass 1.0 GeV/02 boson with the 2-body decay modes of reaction (4) ignoring
spin correlations or polarization effects. The dot-dashed curve represents

an extreme case of polarization of a 1.8 GeV/cg vector meson with 2-body
decay modes, reactlion (4); the mesons being only in the helicity = O state.9
Values of X2 for these hypotheses are shown in Table I for the three energy
ranges. The 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 decay modes are excluded. -

Evidence that the two undetected particles in each decay are neutrinos

comes from systematically eliminating 21l other possibilities. The neutron

is eliminated as a candidate for one of the undetected particles by the p
distributions which set an upper limit of 0.7 GeV/c2 (95% confidence level)

on the mass which can be possessed by any of the undetected particles in the
three body decay}o Figure 4 shows these distributions with curves representing
the distributions expected for a 1.8 GeV/c2 heavy lepton decaying to two mass-
less particles and a heavy neutrino via a V-A coupling. The ﬁse of other
couplings or of phase space has no effect on this conclusion since a high
mass undetected particle 1limits the maximum value of p independent of the
coupling.

To determine whether a Ki could be one of the undetected particles, we

T



searched for events of the form

+ - T oo

e'e’ »e'p K+ missing energy (5)
wﬁere ;;e Kz is detected by its decay KS —>ﬂ+ﬂ_. In a data sample which
contained 82 ey events of reaction (l),ll only one example of reaction (5)
was observed. Assuming that the‘decay rate éf the new ?article into K; is
equal to the decay rate to Kg,'the fraction of decays in reaction (1) con-
taining a KP is less than .09 at the 90% confidence level.

To determine whether the undetected particles could be photons, ﬂo's,
or charged particles which escape detection by passing through uninstrumented
sections of the detector, we construct a table, Table II, of all events which
contain an oppositely charged electron 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 Kg search. The e and p
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 included in Table II. The first is an estimate
obtained from misidentification probabilities as a function of momentum
measured in ¥ decays, assuming no anomalous 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 between
the two limits given in Table II because misidentification probabilities can
increase with c.m. energy.

At the present stage of analysis, Table II argues neither for nor

against anomalous di-lepton production in topologies other than the two



prong, no photon, 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 evertts from reaction (1) as events in which additional charged

particles or photons are produced, but escape detection.

For example, assume that events in reaction (l) were to be explained as
events in which each new particle decayed into a lepton, a no, and a neutrino,
but that neither 7° was detected by the shower counters. Since the typical
efficliency for detecting at least one photon from a ﬁo decay is .65, there is
only a .12 probability of 2 ﬂo's escaping detection. Thus, to explain the 82
anomalous two prong events without photons, we would have to observed 600 two
prong events with photons. From Table II, there are only 109 events of this
type, and only 58 events after the subtraction of the minimaldbackground.

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

In conclusion, a study of the properties of anomalous eu events (reaction
(1)), indicates that if they are 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 le%ton and two neutrinos. This new particle is thus a
candidate for being a heavy lepton12 with a mass in the range 1.6 to 2.0

GeV/cg. Using ¢ Fig. 1, the theoretical point production cross

eu,observed’

section, and a Monte Carlo calculation of the detection efficiency, we find



for such a lepton the leptonic branching ratios.

- T(U— - Vv 0 06

e ve) NG| - Vg Vu) _
0.03

- = - 0.7 "
I'(U - all) I'(U - all)

We assume equal decay rates to the e and u modes, V-A coupling, MU = 1.8 GeV/cE,

]

and M 0.0.
V.

U
We are very grateful to Y.S. Tsail for his help in the theory and calcu-

lations associated with this work.
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K~ tests of p distributions. Ecm

TABLE T

in GeV.

3.8 < B,

B

= h.8

cm

L8 < E < 17.8
cm ™

X2 for heavy
lepton,
reaction (3),
My = 1.8 GeV/c?
My = 0.0, V-A

2.2

9.5

8.6

4.3

X2 for boson
with 2-body
decay,
reaction (&),

- 2
My = 1.8 GeV/c
no spin corre-
lation or pola-
rization

28.3

10.5

98.0

107. 4

X2 for vector
meson with
2-body decay,
reaction (L),
My = 1.8 GeV/c
each meson only
in helicity = O
state

2

-

20.6

3.3

38.1

35.4




TABLE IT

The number of events with an identified oppositely
charged electron and muon categorized by total observed
charged multiplicity and by whether photons are detected.
The numbers in parentheses represent minimal and maximal
background estimates and are explained in the text.

charged
multiplicity no photons > one photon
2 : 110 ‘ 09 .
(14 - 28) (51 - 10k)
3 67 198
(28 - 58) (9k - 193)
L 79 338
(37 - 76) (180 - 356)
>5 101 88l
(56 - 109) (506 - 971)
TABLE IIT

90% confidence level upper limits on the fraction
of decays in reaction (1) which can contain an undetected
particle or combination of particles. The smaller back-
grounds given in Table IT have been used. The total is
less than the sum of the limits due to the guadratic
addition of errors and elimination of double counting
between modes.

undetected 90% confidence
particle (s) upper limit

K° .09

7° or ¥ .18
charged

particle .09
charged o

particle + w or vy 11

TOTAL, .39



FIGURE CAPTTIONS B

Fig. 1 The observed eup production cross section, corrected for background.

Fig. 2

Fig. 3

The horizontal bars indicate the Ecm region covered by the data
point. There are no eu evgnts before background subtrac?;on in the
3.0 - 3.6 GeV region; the cross hatched lines is a 90% confidence
upper 1limit. 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 cep,observed

as follows: The solid and dash-dot curves are for heavy leptons,

reaction (3), of mass 1.8 and 1.6 GeV/c2 respectively, Mv = 0.0,
U
e »UU

2
43.48(3 - 87)/s nb. The dotted and dashed curves are for a boson

V-A coupling and the point production cross section cé

2
of mass 1.8 GeV/c” with the 2-body decay modes of reaction (4), a
production cross section Uee Uy = nBSIFU(S)IE/s where 1 1s a

constant and F_(s) is a production form factor. For the dotted

-
and dashed curves FU(S) = constant and FU(s) = constant/s res-
pectively. All spin-spin correlations and polarization effects
are ignored.

The cos ecoll distributions. The solid curves are for a heavy

lepton with Mj = 1.8 GeV/cg, M, = 0.0, and V-A coupling. The

dashed curves are for a boson wgth the 2-body decay modes of reaction (4)
and MU = 1.8 GéV/cg. The curves are normalized to thé total number

of events. All spin~spin correlations and polarization effects are
ignored. The data is corrected for background contamination.

The distribution in p = (p - o.65)/(pmaX - 0.65) where p is the

momentum of the e or p in GeV/c, corrected for background con-



Fig. L

tamination. For the meaning of the solid and dashed curves see the
ception of Fig. 2. The dot-dashed curves is for the 2-body decay mode
3f a pair of 1.8 GeV/c2 vector mesons each polarized completely in

the helicity = O sta%e.

Comparison of p distributions with: solid and dashed curves, V-A heavy
lepton, M = 1.8 GeV/Cg, and M in GeV/c2 as indicated; dotted curve

V+A heavy lepton, M = 1.8 GeV/cg, and M, = 0.0.
U
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