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Searches for 12 neutrinoless decay modes of the r which violate lepton-number conser-

vation have been made using the reaction e+e —+r+r . No evidence for lepton-number

violation is observed, and we have set upper limits (90% C.L.) on the branching ratio for
each decay mode. The branching-ratio limits on the radiative decays ropy and r~ey
are 0.055 and 0.064%, respectively. For the charged lepton decays v ~eee, r~epp,
rupee, and r~ppp, the branching ratio limits are 0.040, 0.033, 0.044, and 0.049%,
respectively. Upper limits on the branching ratios for the following charged

lepton+ neutral hadron decays are ~~ep (0.037%), r~pp (0.044%), v ~eE (0.13%),
~~IMK (0.10%), rehem (0.21%), and ~~pm (0.082%). We also use these data to
search for the pair production in e+e annihilation of some unconventional particles
with masses less than about 3 GeV/c .

I. INTRODUCTION

This paper describes a search for decay modes of
the r lepton which do not contain the r neutrino
(v, ). We did not find these modes, and we report
upper limits on the branching fractions. The ab-
sence of such modes is consistent with our current
model of the r, which states that the r and v,
have a unique conserved lepton number.

This search was carried out using the r-
production reaction

at the SPEAR electron-positron colliding-beams
facility of the Stanford Linear Accelerator Center.
The Mark II magnetic detector was used to acquire
about 17000 nb ' of data in the center-of-mass en-

ergy range of 3.85 &E, &6.8S GeV.
We also use these data to search for the pair

production of unconventional particles with masses

r —+v, +a+b+-
and decay modes which do not contain the v,

(2)

less than about 3 GeV/e which might be pro-
duced in e+e annihilation. For example, we
searched for an excited electron e' with the decay
mode e*~e+y.

The theory associated with the nature and decay
properties of the r has been discussed in detail in

many papers'; and there is no need to review
that material here. This is particularly true be-
cause the r behaves so simply. All recent pub-
lished experimental studies of the production and
decay properties of the r agree' with the follow-

ing model: (a) The r is a spin- —, point particle
obeying the Dirac equation. (b) The r and its as-
sociated neutrino v, have a unique, conserved, lep-
ton number. (c) The r decays only through the
weak interaction with V —A coupling. According
to this model all decays of the r have the form
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2870 K. G. HAYES et al. 25

violate this model.
We have searched for three types of model-

violating decay modes:
Radiative modes:

~e +y,
—+JM +y .

Three-lepton modes:

—+e +e++e

~ ~p +e++e
—+e +p++p

~ ~V +V'+I
Neutral-hadron decay modes:

(3)

(4)

Note that for brevity, when we describe a decay
mode using the ~ we also include the charge-

conjugate decay mode of the r+. Thus a search
for r ~e +y includes a search for r+~e++y.

This paper is limited to a presentation of our ex-

perimental results. We shall not attempt to discuss
the detailed limitations these results put on the
various possible modifications of the conventional

theory of the ~. Some of these limitations have

been described by Hayes.
The plan of this paper is as follows. The ap-

paratus, data acquisition, and general search
method are described in Secs. II and III. Sections
IV, V, and VI present the search method and re-

sults for the types of decay modes listed in Eqs.
(3), (4), and (5), respectively. Finally, in Sec. VII
we describe the search for unconventional particles
using this data, and we summarize the null results.
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counters. The particle then enters the cylindrical
drift chamber.

This drift chamber, with inner and outer radii
of 0.41 and 1 45 m, respectively, is immersed in a
longitudinal, solenoidal, 0.4-T magnetic field.
Charged particles are detected in over 80% of the
solid angle. The chamber has 16 layers; 6 are
parallel to the beam axis, and the other 10 are ro-
tated by about +3' to determine the momentum
component along the beam axis. The average
momentum resolution is

bp jp =0.01[(1.5) +p ]'~

where the constant term represents the effects of
multiple Coulomb scattering, and the momentum-
dependent term accounts for the 200-pm single-cell
resolution. Here p is the momentum in GeV/c.

The time-of-fiight scintillation counters are lo-
cated between the drift chamber's outer cover and
the solenoid coil, at a 1.5-m radius from the beam
axis. The scintillator is viewed at both ends to
give a time resolution of 300 psec. This allows
separation of electrons from pions below 300
MeV/c, kaons from pions below 1.3 GeV/c, and
protons from pions below 2.0 GeV/c.

The lead and liquid-argon electromagnetic
shower detector lies just outside the magnet coil.
Eight modules completely surround the detector in

azimuth and cover 60% of the total solid angle.
The detector consists of 37 2-mm-thick lead plates
separated by 3-mm gaps filled with liquid argon.
The total number of radiation lengths in the detec-

II APPAR.ATUS AND DATA ACQUISITION

wxxxxxxxxxzzxzzxxxxxxz~~~~~~~~P~
VXXXXXPXXXXXXXXXAXX//I///XXXX//'I//XX/ Xj/Z~/I

Figures 1 and 2 show cross-sectional and iso-
metric views of the Mark II magnetic detector. As
a particle leaves the interaction region it passes
through the beam pipe, and then through a set of
cylindrical scintillation counters, called the pipe

FIG. 1. Cross-sectional view of the Mark II detector.
(A) vacuum chamber, (B) pipe counter, (C) 16-layer drift
chamber, (D) time-of-flight counters, (E) solenoid coil,
(F) lead —liquid-argon shower detectors, (0) iron flux re-
turn and hadron absorber, (H) muon proportional tubes.
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FIG. 2. Isometric-projection view of the Mark II detector

tor is 14. The lead plates are alternately continu-
ous ground planes and ionization signal collecting

igh-voltage planes. The latter are divided into
strips which provide spatial information. The elec-
tromagnetic energy resolution is

bE/E=0. 13/[E (Gev)]'

Flectrons are separated from hadrons and muons
using the properties of the electromagnetic shower.
The principal properties used are the ratio of the
shower energy to the momentum of the particle,
and the ratio of the energies deposited in the front
and back of the module. The actual algorithm is
quite complicated and is discussed in Refs. 5 and

Table I gives the probability of misidentifying a
m+-as an e+-using the shower detector and time-
of-flight counter information.

The photon-detection efficiency, Fig. 3, was
measured using constrained fits to the processes

ions in the electronic noise can cause false photons
to be found by the photon-detection software. The
threshold in the efficiency is caused by the cuts re-

The muon-identification system, which lies out-
side the liquid-argon shower detectors, consists of

tubes (Fi s. 1igs. and 2). Before a particle can reach

TABLE I. The probability P(m~e) of a +—+ being
called an e+—and the probability P(e~e) of an e+- be-

ing correctly identified using the liquid-argon electro-
magnetic shower detector and the time-of-flight
counters.

Momentum
(GeV/c}

P(m~e) P{e~e)

0.3—0.4
0.4—0.5
0.5—0.6
0.6—0.7
0.7—0.8
0.8 —0.9
0.9—1.1
1.1 —1.3
1.3—1.5

0.098+0.007
0.111+0.007
0.069+0.006
0.056+0.006
0.032+0.006
0.052+0.009
0.031+0.002
0.036+0.004
0.056+0.010

0.730+0.007
0.760+0.009
0.833+0.011
0.866+0.012
0.823+0.017
0.857+0.018
0.848+0.015
0.918+0.01S
0.968+0.008

the first 1p ate, it must traverse inner-detector ma-
terial tha, e magnet coil, and the shower detector,
equivalent to 20 cm of iron. The steel b b'

wo ayers andp a es are 23 cm thick in the first t 1

cm thick in the third layer of the to ll
s ayer is located approxiinately 3 m from the

interaction region, and subtends 51% of the solid
angle, while thg, '

e he second layer is approximately of
equal area and covers 90% of the solid angle sub-
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FIG. 3. Measured efficiency for photon detection of
the liquid-argon shower detector. The curve is a Monte
Carlo calculation of that efficiency.

20 crn

tended by the first. The top wall's third layer sub-

tends 9%%uo of the total solid angle. The momentum
of a muon must exceed about 700 MeV/c to pen-
etrate the first layer.

Behind each absorbing plate there is a plane of
proportional tubes which run the full width of the
wall and which measure one of the two orthogonal
coordinates. The tubes are oriented so that the
second and third layers measure the coordinate
orthogonal to that measured by the first. The
1672 tubes used in the system are actually built in
the form of eight-tube modules made of extruded
aluminum (Fig. 4). The ability of this system to
separate hadrons froin muons is discussed in Ref.
5. An illustration of that ability is given in Fig. 5.

Data were acquired using a two-level system
composed of a fast (500 nsec) primary trigger
whose output sets off a more sophisticated but
slower (30 psec) secondary trigger. The primary
trigger demands the coincidence of a beam-crossing
signal from a pickup electrode with the pipe
counter, and hits in at least four of nine selected
drift-chamber layers. The pipe counter limits the
cosmic-ray background to tracks which pass within
12 cm of the beam axis. The loose requirement on
the drift-chamber data results in near perfect effi-

0
0.5

~ 0
~ 0

I I I I

I.O l.5
77 MOMENTUM (GeV/c)

FIG. 5. Probability in percent of a pion being
misidentified as a muon.

TABLE II. r pair production vs center-of-mass ener-

gy

Interval Integrated luminosity Number of produced
(GeV) (nb ') r+~ pairs

ciency for tracks which pass through all of the
drift-chamber layers.

The secondary trigger is an electronic track
finder and track counter. It works by rotating
crescent-shaped masks axially around the drift
chamber and defining tracks if a minimum number
of layers have hits within the mask boundaries.
Twenty-four masks are used, allowing tracks of
different momenta and charge to be recognized.
The criterion used for most of the experiment was
at least one track with four out of six axial layers
hit, and one track with at least thre|: hits in the
five innermost layers. This resulted in a trigger
rate of a few Hz. The combination drift-chamber
and trigger-logic system worked so well that the
trigger efficiency for event topologies used in this
analysis (that is, tracks which enter the shower
detector or muon system solid angle) is nearly
100%.

The data listed in Table II were used in this
analysis. We give for each energy interval the in-
tegrated luminosity and the number of produced ~

2.5 cm

3.85 —4.25
4.25 —4.65
4.65 —5.05
5.05—5.45
5.45 —6.35
6.35—6.85

2129
1788
1866
6176
1221
3783

7348
6248
6006

18136
2922
7448

FIG. 4. Cross-sectional view of a muon-system
proportional-tube module containing eight tubes.

Total 16 963 48 108
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pairs, the latter being calculated from the luminosi-

ty and the ~ cross section. ' The systematic error
in the luminosity is estimated to be 6~o.

III. GENERAL SEARCH METHOD

cles in an unconventional decay such as
e +e++e were detected, but the track from the
conventional decay was not detected. The aco-
planarity requirement eliminates background from
e+e —+e+e,p+p

We searched for unexpected decay modes by re-

quiring that one of the ~'s in

e++e ~v++w (Sa)

decay into one of the known single-charged-prong
decay modes. The single-charged-prong decay
modes are mainly

IV. SEARCH FOR THE RADIATIVE DECAY
MODES r —+e y,p y

In this search we use two-track, total-charge-
zero events with one or more photons:

e++e ~l+—+x +—+one or more y's . (9)

7 ~8 +Ve ++~

or

or

or

~P +V~~K +g+g+v~ .

The other ~ could then decay unconventionally,
such as

~8 +P

(Sb)

Here I means e or JM,
' x means e, p, or hadron.

To reduce the contamination from beam-pipe or
beam-gas events, the reconstructed vertex of the
two charged prongs must lie within a cylinder 16
cm long with a 4-cm radius centered around the
interaction region. To eliminate mismeasured
tracks, the vertex-finding algorithm must use both
tracks, and the 7 from the vertex fit must be less
than 100. A minimum-momentum cut of 100
MeV/c is applied to the charged tracks to ensure a
well defined cutoff in the detector's response to
low-momentum tracks.

The invariant mass m of the photon-lepton sys-
tem in Eq. (9) is

or
m =[mt +2E (Et —p(cosg) j'i~ . (10)

g
—~e +e++e

(Sc)

or

~e +p —+e +@+++'

and so forth. Of course, the roles of the r+ and
could be reversed.

This basic signature in a perfect detector leads to
events with two or four charged particles with to-
tal charge zero, and with up to two photons. To
satisfy this signature in our detector we selected
events with the following properties: (a) two,
three, or four charged tracks; (b) total charge = 0
for two- or four-track events; (c) total charge =
+1 for three-track events; (d) any number of pho-
tons; and (e) the two-charged-track events have an
acoplanarity angle greater than 5'. The sample
containing a total of three charged tracks allowed
us to use events in which the three charged parti-

Here EI and p~ are the energy and momentum of
the lepton, Ez is the energy of the photon, and 8 is
the angle between the photon and lepton. The
resolution in this measurement is dominated by the
relatively poor photon energy resolution. Since the
~ is pair produced, the sum of the energies of its
decay products equals the beam energy, and this
constraint can be used to improve the resolution of
the invariant-mass measurement.

The proper realization of the beam constraint
adjusts both the measured photon and lepton ener-
gies depending on their relative measurement er-
rors, but in practice is nearly identical to the sim-
ple replacement of the photon energy with

Ey, used =Ebeam El

Figure 6 shows the p-y mass resolution as a func-
tion of x =EI/Eb„ for three beam energies. If
the correct constraint procedure is applied, the
resolution levels off as x approaches 1 at a value
reflecting the photon energy resolution, but it is so
poor that this kinematical region is useless. Conse-
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quently we require

x &0.77 . (12)

In the allowed x region, the error in the predict-
ed photon energy is small relative to the error in
the photon energy measurement. Therefore, a cut
on the I of the one-constraint (1C) fit is equiv-
alent to a cut on the photon-energy-resolution vari-
able

(Er, used Er)/ rpused

This variable is normally distributed with a 0. of
0.13/[Ez „„d (GeV)]' according to a Monte Carlo
study. Hence

Z =D(Z, „„,)'"

(13)

Figure 7 shows the mass spectra using the entire
data sample with the restrictions of Eqs. (12) and

(13). Recall that we have also required that the
acoplanarity angle be greater than 5'.

These spectra contain background events from
conventional electromagnetic reactions such as

e++e ~e++e +y,
e++e —+e++e +y+y,
e +e - ~JM++p +y,
e++~ ~p++p +y+y .

(14)

We reduce these backgrounds by a set of con-
straints discussed in detail in Ref. 5. We shall list
these constraints here.

(a) The event must not conserve three-momen-

125

is normally distributed with a o of 0.13 GeVt/2.

We eliminate events with large (Ez „„d—Ez) by re-

quiring

~

Z
~

& 0.20 GeV'

turn using just the 1, x, and y's in Eq. (9).
(b) The event must not be consistent with having

an undetected photon along the beam direction of
greater than 300 MeV energy.

These two constraints remove 65% of the p-y
candidates and 45%%uo of the e-y candidates. A
small additional fraction of candidates are removed

by the following.
(c) The cosine of the angle between the photon

and the I-x plane must be less than 0.998.
(d) The cosine of the angle between the photon

and either the I or the x must be less than 0.986.
(e) The y must not reconstruct with another y in

the event to the m mass.
Two additional restrictions are made on the e-y

candidates because of the larger contamination
from the reactions in Eq. (14).

(f) The acoplanarity angle must be greater than
28'.

(g) The x+- in Eq. (9) cannot be an identified e+-.

The effect of constraints (a) —(g) on the accep-
tance is shown in Fig. 8. We see that the e-y ac-
ceptance is reduced more than the p-y acceptance
because of restrictions (f) and (g). The acceptance
is calculated using a Monte Carlo method.

With the addition of the cuts discussed above,
we obtain the p-y invariant-mass spectrum shown
in Fig. 9(b). The spectrum in the region near the r
mass is shown with an expanded scale in Fig. 10(b)
along with the resolution function obtained with
the Monte Car1o method.

There is no evidence for the p+y radiative de-

cay of the ~. Using the measured luminosity and
calculated acceptance, we can determine a 90%- con-
fidence-level upper limit to the branching fraction

200--1

t00—

75—

50
a

25

I

0.2 0.4 0.6

EFIEbeam

E, =46 GeV
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E cm =6.6 GeV

/
/

/
//.

/ /

//
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0.8 1.0

N

X 100
O

0
CU

8

I4
11 f 1

" ') I'IIII
0 2 3

i'-+r Invariant Mass (GeV/c~j

FIG. 6. The p-y mass resolution as a function of
E„/Eb„.

FIG. 7. The l-y invariant-mass distributions before
the application of background-removing constraints.
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and (b) v.~p+y. The solid and dash-dot curves are be-
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constraints.

FIG. 9. The I-y invariant-mass distributions after the
application of background-removing constraints. The
arrow indicates the position of the v mass 1.782
GeV/c .

8 &A(N, b, 2 g cr(E)L (E)A (E)

Here A,(N) is the average value for a Poisson distri-
bution such that there is a 90% probability that
N,b, comes from a distribution with that average
value or smaller. Here N,„, is the number of
events observed within the mass acceptance region,
0. is the e+e ~r+r cross section, L is the lumi-

nosity, A is the acceptance, and E is the center-of-
mass energy. The mean acceptance is 7.3%, aver-

aged over the center-of-mass energy range with a
weight function proportional to the number of pro-
duced r pairs. Given that the data sample contains
96000 produced r leptons, the single event which
lies within the 68-MeV/c -wide region used to de-

fine the acceptance determines the 90%%uo confidence
level on the branching ratio of the radiative decay
r—+p+y to be 0.055%.

The e-y mass spectrum is shown in Figs. 9(a)
and 10(a). There is no evidence for the e+y radia-
tive decay of the r The one even.t in Fig. 10(a)
within the 68-MeV/c acceptance interval leads to
a 90%-confidence-level upper limit on the branch-

ing fraction for the decay r~e+y of 0.064%.
In looking at Fig. 10, one notices quickly the

collection of mass pairs in both ey and py at about
1730 MeV/c . The immediate question is, "Have
we made an error in the mass scale of about 50

2-
N

V

I

CA

z, 0
LIJ

0
I.5 I.7 I.8

I +y INVARIANT MASS (Gev/c )

l.9

FIG. 10. The I-y invariant-mass distributions in the
neighborhood of the r mass after the application of
background-removing constraints. The mass-resolution-
function curve is centered on the ~ mass of 1.782
GeV/c~.
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MeV/c so that these mass pairs are from the ey
or py decay of the ~?" We have examined this
possibility by studying the possible systematic er-
rors in the three quantities which determine the in-
variant mass, the beam energy E~„m, the lepton
energy EI, and the angle between the lepton and
photon 0. Recall that we use the beam-constrained
invariant mass so that the relatively poorly mea-
sured photon energy has little effect. As indicated
by Eq. (11) we essentially use

fied as leptons. The background from random
combinations increases with the number of uniden-
tified tracks. Therefore, the contribution to each
of the four decays from combinations where one,
two, or three leptons are identified, are accumulat-
ed separately so that those with the worst back-
ground can be discarded. For example, contribu-
tions to the invariant-mass distribution for the de-
cay r~ep+p can be from any of the following
lepton combinations:

m = [mi +2(E~, EI )(E—
~ pecos—8)]' exx, pxx, epx, xpp, epp, (16)

(15)

The center of a beam-constrained invariant-mass
resolution function depends upon the two very well

measured quantities Eb„and 8, Eq. (15). Be-
cause of the way EI enters Eq. (15) and since EI
has a flat spectrum for two-body decays, errors in

EI broaden the resolution function, but do not shift
the center appreciably. Hence any shift in the
mass scale must come from systematic errors in Eb
and 9. We have estimated these systematic errors
and our upper limit on a mass-scale shift is 12
MeV/c. Hence the ey and p,y pairs in the vicinity
of 1730 MeV/c in Fig. 10 do not come from de-

cays of the ~. We return to these pairs in Sec.
VII B.

(17)

where x represents a particle which was not identi-
fied as a lepton. Note that the electric charges of
the particles are relevant. The combination exx
can contribute to the decay only if xl and x2 have
opposite charges. If in the combination pxx both
xi and xz have the opposite charge from the
muon, we will consider both cases, where either x&
or x2 is assigned the electron mass, and use only
the combination which has the best 7 for the
beam-constrained fit.

Given the measured three-momentum and a
mass hypothesis for each charged track, the invari-
ant mass of the three-charged-track combination is

1/2
m= gE, '—

V. SEARCH FOR THE THREE-LEPTON DECAY
MODES r~e e+e, e p+p, p e+e,p p+p

About 70%%uo of ~ decays have one charged parti-
cle in the decay products. Therefore, in the search
for the three-charged-lepton decays of the r, we
use all three- and four-charged-prong events which
have a total charge between —1 and 1, and which
have one or more tracks identified as an electron
or muon. No restrictions are placed on the num-
ber of neutral particles in the event. At least three
of the charged tracks must form a vertex located
within a cylinder 16 cm long and 4 cm in radius
centered about the interaction region. To ensure a
well-defined momentum cutoff, all tracks used in
any invariant-mass calculation must have a
momentum larger than 100 MeV/c and must orig-
inate in the event vertex.

The Mark II*s acceptance to detect and identify
all three leptons from any of the four ~ decays list-
ed in Eq. (4) is small and decreases as the number
of muons in the decay increases. Thus, we are
forced to also consider three-charged-track com-
binations where only one or two tracks are identi-

bE=E~, —gE;

and

(19)

Obviously we want AE to be small and so we set
the following requirements on Z:

A gZ(1.03,
A (p p p) =0.97,
A (epp) =0.96=3 (gee),

3 (eee) =0.95 .

(20)

All candidates which pass this Z requirement are

The resolution in this measurement depends on
the center-of-mass energy and the number of elec-
trons in the decay. For the three-muon decay, the
resolution is typically 20 to 30 MeV/e, but it is
several times worse for the eee decay. This can be
improved by a factor of 2 to 3 if the fact that the
v is produced with the beam energy is used to
correct the measured track momenta. We define



25 EXPERIMENTAL UPPER LIMITS ON BRANCHING FRACTIONS. . . 2877

O. I5

LLI

~ O. IO—

CL

oo 0.05—

~ exx p,XX 0 epx

4 5 6
E, (Gev)

2 — p.ex

o Q

2 — eex

II IIII

I- IP
p. )|,x

LIJ

0
exx

20—

llll, l III II

llltlln II
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then subject to a fit which varies the three-particle
energies so as to satisfy the beam energy con-
straint. These energies and the measured angles
are then used to calculate the three-particle invari-
ant mass M3.

There are many different sources which contri-
bute background to )his search, for example, elec-
tromagnetic events, hadronic events where pions
are misidentified or decay to muons, converted
photons in hadronic events, semileptonic decays of
charmed particles, and ~ events. Therefore, we use
the following set of restrictions, which are dis-
cussed fully in Ref. 5.

(a) An event must not contain an electron pair
from a converted photon.

(b) The average of the cosine of the coplanarity
angle between a track and all other tracks in the
event must be larger than —0.970 for all tracks.
This eliminates most Bhabha-scattering events in
which one of the electrons is accompanied by an
electron pair.

The acceptances for the various modes range

FIG. 13. The JM—
+e+e invariant-mass distributions.

The arrow indicates the position of the w mass 1.782
GeV/c'.

from 0.01 to 0.20; Fig. 11 shows some examples.
The distributions for the invariant mass M3, for

three-electron combinations with 1, 2, or 3 identi-
fied electrons, are shown in Fig. 12. There is no
evidence in the plot for the decay ~—+eee. Figures
13—15 show the equivalent plot for the other three
decays: ~epee, ~—+elm@, and ~~IMpp. Again, no
evidence can be seen for the decay of the r to any
three-charged-lepton combination.

Table III is a summary of the data for each of
the four decays in this search. In this table we list,
subdivided acr.ording to the category of identified

leptons, the average acceptance for each decay, the
number of detected events within the 40-MeV/c
region used to define the acceptance, and the
90%-confidence-level upper limit on the branching
ratio. %ithin any single decay, the results from
different sets of identified lepton categories are sta-
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FIG. 12. The e+—e+e invariant-mass distributions.
The arrow indicates the position of the ~ mass 1.782
GeV/c2.
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FIG. 14. The e +—@+p invariant-mass distributions.
The arrow indicates the position of the ~ mass 1.782
GeV/c'.
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FIG. 15. The p +—JM+p invariant-mass distributions.
The arrow indicates the position of the v mass 1.782
GeV/e .

2

VI. SEARCH FOR DECAY OF THE t'

TO A CHARGED I.EPTON
PLUS A NEUTRAL HADRON

In thjs section we describe the search for the de-

cay modes

tistically independent as different particle combina-
tions contribute to each category. By adding the
cy.tegories with the least background together, the
overall limit on the branching ratios can be im-
proved. Table IV summarizes the best limits ob-
tainable in this way.

Although these are two-body decays, the hadrons
are short-lived and can be measured only by detect-
ing their decay products. The p is reconstructed
from its m+n decay. As its large width allows
only a loose mass cut to be made, the analysis is
very similar to that of the three-charged-lepton de-

cays discussed in Sec. V. The E is reconstructed
from the m+n decay mode of its short-lived com-
ponent. The fact that the K can travel an appre-
ciable distance from the interaction region before
decaying, and the kinematic constraint provided by
its narrow width requires a more detailed analysis
to be made but res@its in an improved signal-to-
background ratio relative to the p-lepton decay,
Photons detected in the liquid-argon shower detec-
tor are used to reconstruct the m . The shower-
counter detection efficiency and limited solid angle
restrict the acceptance, resultigg in a reduced sensi-

tivity for the l+-+n decay mode search.
The data sample, containing 48 000 produced ~

pairs, is the same used in the previous analyses.
The event topology used in the l-++p and 1-++Ko
search is the same as that used in the three-

TABLE III. 90%-confidence-level upper limit on ~~ three-charged-lepton decays.

Decay Type

Average

acceptance(%)

Number
detected

events

Branching-ratio

upper limit(%)

pxx
prMx

PPP

15.7
4.6
0.28

0.086
0.052
0.86

pxx
exx
pox
epx
epp

5.4
7.1

0.87
5.8
0.68

9
13
0
0
0

0.28
0.28
0.28
0.042
0.35

gee pxx
exx
@ex
eex
gee

1.5
7.1

3.4
4.2
1.7

4
13
0
1

0

0.56
0.38
0.070
0.10
0.14

eee
eex
eee

5.8
7.3
2.8

24
1

0

0.57
0.056
0.086
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TABLE IV. 90%-confidence-level upper limits on ~ decay modes. The detector accep-
tance for each mode is given in column 3, and the number of events found within the v mass
resolution is given in column 4. The limits include the charge-conjugate decay modes.

Decay mode Upper limit on
branching fraction Acceptance(%)

No. of events
found at r
mass

I +X
e +y

P +P +P
e +@++@
p +e++e
e +e++e

p +5
e +n
p-+Sr'
e-+K'
|M +P
e +p

5.5X 10-'
6.4x 10-4
4.9x 10-'
3.3x 10-'
4.4x 10-4
4.0X 10
8.2X 10-'

21.0x 10
10.0x 10-'
13.0X 10
4.4x 10-4
3.7x 10-'

7.3
6.3
4.9
7.3
9.3

10.1
2.9
3.5
2.4
3.1

5.5
6.5

1

1

0
0
1

1

0
3
0
1

0
0

The search for I+-+po is very similar to the
three-charged-lepton analysis discussed in Sec. V
for the pxx and exx identification categories.
There are only three differences.

(a} The two x tracks are assumed to be pions
and must have opposite charge.

(b) To reduce the background a tighter cut is ap-
plied on the measured total energy of the three
tracks. Defining

Z =(Ei+E ++E )/Eb„ (24)

charged-lepton decay search (except for one vertex
cut in the K analysis}, while the topology used in
the l+-+~ search is the same as that used in the
I+-+y search except that we require at least two
photons to be detected in the event. Other similar-
ities exist between this analysis and the previous
ones, and we shall make many references to ma-
terial previously presented.

The remainder of this section is divided into
three parts. First we will discuss the search for the
I+-+p decay of the r, followed by I+-+K and
I+-+~o searches.

A. Search for I —++po

e +p: 0.975(1—0.0038y)

& Z & 1.020(1+0.0038y) . (26)

As the resolution in Z changes with the beam ener-

gy, the cut is now made to vary with the total en-

ergy. (In the analysis of the three-lepton decay
modes, the resolution in Z also changes with ener-

gy, but the background was smaller there and we
could use a simpler, fixed Z cut. )

(c) The invariant mass of the two pions must be
consistent with the p mass. In Fig. 16 we plot the
ineasured two-pion invariant-mass distribution for
all p;(ir+n }candidate events passing the total en-

ergy (Z) cut compared to the Breit-Wigner distri-
bution expected for the p. A small p signal is seen,
and to maximize the signal-to-background ratio,
the m+m invariant mass is required to be within

30

~~ 20—
Al

IO—
Z'
Lij

LJj

(25)

& Z & 1.025(1+0.0038y),

y =(E, —4.0) GeV,

we require

p, +p: 0.975(1—0.0038y)

I

7r+m' MASS (Gev/c )

FIG. 16. The m+n. invariant mass for p (jr+a )
candidates. The curve is a Breit-Wigner distribution for
the p'.
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FIG. 17. The I +p invariant-mass distributions. The
arrow indicates the position of the w mass 1.782
GeV/c .

100 MeV/c2 of the p mass.
The beam-constrained I+-+p mass distributions

obtained after applying the above cuts are shown

in Figs. 17 and 18 for the p-p and e-p candidates.
We see no evidence for the decays w—+p+p or
~~e+p.

The acceptance using those events within 20
MeV/c of the z mass is 5.5% for the 7~p+p
and 6.5% for the r~e+p decay. Given that no

p-p events are detected within the acceptance win-

dow, the 90%-confidence-level upper limit on the
branching ratio for the decay r~p+p is 0.044%.
There are also no e-p events detected within the ac-
ceptance window. The 90%-C.L. upper limit on
the branching fraction for the decay r~e+p is
0.037%.

B. Search for l-++X

The search for I—+ +K is somewhat more in-
volved than the search for I—+ +p . Since we only
use the decay node Kz~m++m, the net accep-
tance will be reduced by a factor of 0.34. How-
ever, the fact that the kaon decay vertex is most
often located away from the primary vertex can be
used to significantly reduce the background. But
we can no longer demand that the two pion tracks
originate in the primary vertex. All the other ver-
tex, topological, and background-removing cuts
used in the three-charged-lepton ~-decay search are
retained.

The K reconstruction algorithm is straightfor-
ward and yields a relatively clean kaon sample.
We exploit the fact that in the uniform magnetic
field of the Mark II, the charged-particle trajec-
tories projected in the xy plane are circles. The de-

ttnnnr At tt() () ()

I.6 I.S 2.0
t +p'MASS (GeV/c )

2.2

FIG. 18. The l +p invariant-mass distributions in
the neighborhood of the v mass. The mass-resolution-
function curve is centered on the v mass 1.782 GeV/e .

60
I

~ 40—

I

460 480 500
7r+7r MASS (MeV/c )

520

FIG. 19. The m+ri. invariant-mass distribution for
I +E candidate events.

cay vertex is located at one of the two points
where the circles intersect, and the invariant mass
of the two tracks, calculated with the momenta
measured at the decay vertex (not the point of
closest approach to the interaction region) is-
within errors —the K mass. The algorithm is
described in detail in Ref. 5. Figure 19 shows the
dipion invariant-mass distribution from a sample
of Inultiprong as well as two-prong events. The
ln.
'

mass resolution is cr=6 MeV/c . Only those
pairs with a mass within 18 MeV/c of the kaon
mass are retained.

We now address the question of the kinematic
constraints which exist for this decay mode. We
use Z and y as defined in Eqs. (24) and (25). The
beam-energy constraint applies as before although
the Z restriction must be made looser because the
momentum resolution is degraded for tracks which
do not originate near the interaction region. We
use
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p, +K: 0.960(1—0.0077y)

&Z & 1.040(1+0.0077y),

(27)
e+Ko: 0.950(1—0.0077y)

&Z & 1.040(1+0.0077y) .
These cuts were determined using the Monte Carlo
simulation program and are looser than the I+-+p
cuts both because the resolution is poorer and the
background is much reduced due to the K re-
quirement.

For those candidates which pass the Z cut, we

apply the beam-constraint technique to improve
the I-++X mass resolution. This yields a mass
resolution o.=8.7 MeV/c .

The p+K and e+E mass distributions are
shown in Fig. 20. The distributions contain no
evidence for these decay modes of the v.. The ac-
ceptance is 2.4% for the IM+K decay and 3.1%
for the e+K decay of the r Given .that no

p+E events are observed which have an invariant
mass within 20 MeV/c of the r mass, we can set
a 90%-confidence-level upper limit on the branch-
ing fraction for the decay r~p+K of 0.10%.
The single e+K event observed in the 40-MeV/c
acceptance window determines the 90/o-C. L. upper
limit on the branching fraction for the decay
r~e+K of 0.13%.

~—+e+m decays. This analysis is in many ways
similar to that of the search for the 1-+y decays
discussed in Sec. IV. A subset of the events used
in that analysis is used here: two oppositely
charged, acoplanar tracks which originate in the
interaction region, one or more of which is identi-
fied as a lepton, with two or more photons detect-
ed in the liquid-argon shower detector. Therefore,
there are the same sources of background. The re-
strictions discussed in Sec. IV to eliminate events
of purely electromagnetic origin are also used in
this analysis as they have a negligible effect on the
acceptance, less than 2%, but reduce the back-
ground significantly. Because the I +m. mass reso-
lution is dominated by the photon energy resolu-
tion, the beam-constraint technique yields nearly
the same mass resolution as existed in the radiative
decay search, and the inclusion of the pion mass
constraint improves this somewhat. The accep-
tance is significantly smaller, however, as the two
photons from the decay must be detected, and the
sensitivity of this search is correspondingly re-

duced.
The m reconstruction algorithm is simple: all

photon pairs whose invariant mass is consistent
with the neutral-pion mass are called m 's. No at-
tempt is made to resolve the ambiguity if a photon
is used in more than one m. . The ~ mass resolu-
tion (Fig. 21) depends upon the nenergy a.nd the

decay asymmetry parameter

C. Search for I+mo

The final charged lepton + neutral hadron r
decays we shall discuss are the ~~p+m and

E, —E
2(Ei+E2)

Here E~ and E2 are the energies of the y's.
Two major cuts are used to decide whether a

(28)

e+K 60

CV

I

O
0

LLI0
La)

p. +K

40—
O

O~ 20-
~ e ~ ~

All p

p =O. l

~ ~ ~ ~ ~ ~ ~ p o—' —p =0.5

I I

lz
te+K MASS (Gev/c )

I I I

I 2 3
m' ENERGY (GeV)

FIG. 20. The I +E invariant-mass distributions.
The arrow indicates the position of the ~ mass 1.782
GeV/c'.

FIG. 21. The calculated m. mass resolution o. for
various values of the asymmetry parameter a, defined in

Eq. (28).
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FIG. 22. The Y=(EI+E p
—Eb„)/o(EI+E p) dis-

tribution for I +a candidates. The curve is the calcu-
lated distribution for the ~~l+m. .

CV
O
~oIo—
a I, i &~ .~~i%

p. +7K

LIJ
0
LIJ p Il

I 2
MASS (GeV/c }

FIG. 23. The I+a invariant-mass distributions be-
fore the application of background-reducing constraints.

~=«i.i —Eb. )«(Ei.i» (29)

where o(E„,) is the o for E„,. Y'~ is equal to the
X for the 1C fit constraining E„, to the beam en-

ergy. Figure 22 shows the measured F distribution
for both the e +m and p+m candidates along
with the expected distributions for l +~ r decays
calculated with the Monte Carlo simulation pro-
gram. All combinations for which the magnitude
of Y is greater than 2 are rejected.

The 3+m. mass resolution varies with the asym-
metry of the decay, and deteriorates rapidly as the
lepton energy approaches the beam energy. Hence
we reject events with EI/Eb am )0.8.

Figure 23 shows the constrained I +~ mass for
all candidates passing the decay constraints. A
large background is present which originates from
several sources, and the following restrictions are
used to suppress it.

(a) The a must not contain a photon coming
from an electron bremsstrahlung.

(b) Each photon in the m must have greater
than 200 MeV energy. This removes background
due to false photons created by noise in the

given photon pair is to be called a m . The pair is
required to have an invariant mass between 50 and
250 MeV/c . Pairs which survive this cut are sub-

ject to a 1C fit to the ~ mass in which all the
photon parameters are varied, and those which
have a 7 less than 5 are called m 's. These cuts
are loose and maximize the m detection efficiency
at the expense of a large background.

Having reconstructed the m. 's, the invariant
mass is calculated for all I+-+~ combinations
which have a total energy consistent with the beam
energy. As the resolution in Efot EI+E p varies

with the lepton and pion energy, a cut is applied to
the normalized variable

shower-detector electronics.
(c) The a of the n. , Eq. (28), must be greater

than 0.15. This reduces the background in m 's of
moderate to high energy due to the incorrect but
statistically preferred pairing of one low-energy
and one high-energy background photon.

(d) The acoplanarity angle must be greater than
12'.

(e) The invariant mass of the rr and of the non-l
charged particle must not lie in the p mass region
of 650 to 950 MeV/c . This eliminates back-
ground from ~-pair decays which contain

~p + 'p.

Figure 24 shows the I +m. mass distributions
with these constraints. No evidence is seen for the

p+m decay of the ~. The acceptance is 2.9%.
No events are detected within the 40-MeV/c re-

gion which defines the acceptance. This deter-
mines the 90%-confidence-level upper limit to the
branching fraction for r~p+nto be 0.0.82%.

OJ
O

&~ 2—
o ~

~ 0
V)
l—

lIJ
2—

LIJ

t

e+77

0
0

I I I

I' 2

MASS (GeV/c )

FIG. 24. The I+@ invariant-mass distributions after
the application of background-reducing constraints. The
arrow indicates the position of the ~ mass 1.782
GeV/c .
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Finally we turn to the search for r~e+ir . Ap-
plication of all constraints discussed above, three
events remain in the 40-MeV/c -wide bin encom-
passing the r mass. The acceptance is 3.5%. The
90%-confidence-level upper hmit on the branching
fraction for the decay r~e +ir is 0.21%.

in order to calculate the probability of the x+x
pair fitting the basic event signature of Eq. (8).

We felt that it was worthwhile to carry out such
calculations for hypothetical excited leptons. ' We
studied two types. The p* has only one decay
mode

(31a)

VII. SEARCH FOR UNCONVENTIONAL
PAIR-PRODUCED PARTICLES

In the analyses described in Secs. IV —VI, we
did not require that the particle have the ~ mass
until the acceptance was calculated. Hence the
mass spectra in Figs. 9, 12—15, 17, 20, and 23 ap-
ply to any pair-produced particle x-+with the indi-
cated decay mode. Since the spectra extend from
less than 1 GeV/c to above 3 GeV/c these fig-
ures summarize a general search for particles in
this mass range produced via

and is produced via

+ — Q+

We have not considered

e++e ~p —+p+ .

Analogously we considered

e ——+e-+y

produced via

e++e —+e ++e

(31b)

(32a)

(32b)

e++e x++x (30)

80

The bin width in the figures is 25 or 40 MeV/c,
and the 0. of the expected mass resolution is 8 to
30 MeV/c . A new particle would be indicated by
a peak of substantial statistical significance with a
width of up to several bins. We do not observe
such a peak in any of these spectra.

A great deal of work is required to convert this
qualitative observation to quantitative upper limits
on the products of production cross sections and
branching fractions. Monte Carlo methods must
be used to calculate the acceptance and mass reso-
lution at all masses of interest. Furthermore, one
must assume a knowledge of all the decay modes

Pioneering searches for the e' were carried out at
the ADONE e+e colliding-beams facility. "

A. Search for p~~p+y

We assume

2@a P(3 —P )0(ee~p'p*) =R,
3E,

(33)

where P is the lepton velocity in units of c and a is
the fine-structure constant. We use Fig. 9(b) to
calculate upper limits on R ~. Figures 25 and 26

show, respectively, the p* mass resolution and the
acceptance for detecting the decay p*—+p+y. Fig-
ure 27 gives the number of p*~p+y which would
have been detected if R „=1. For masses between

60—

O
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O
LLI

20—

Ec.m. = 4.0 GeV

Ec m
= 5.2 GeV

Ec.m. = 6.6 GeV

0.5

0.4—
LLJ

z' 0.3
CL

o 0.20

O.I—

Ec.m = 4.0 GeV

Ec.m. = 5.2 GeV

Ec m
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0.2
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FIG. 25. The width of the mass resolution function
containing 80% of the detected events for p*~p+y as
a function of mass ~/Eb

0.8
0 II I I I

0 0.2 0.4 0.6 1.0
M ASS/ E b~am

FIG. 26. The acceptance for p ~p+y as a function
of mass /Et
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0.6 and 2.2 GeV/c we would expect to detect ap-
proximately 8000 p*'s if they were produced with
the point cross section and decayed with unit
branching fraction to the p+y final state. For
masses below 0.5 GeV/c, the decreasing accep-
tance limits this while above 2.6 GeV/c only the
high-energy data contribute. The steep shoulder
between 2.2 and 2.6 GeV/c is a reflection of the
threshold function in the cross section and the
large fraction of data with E, =5.2 GeV.

Using Figs. 9(b) and 27 we can determine an

upper limit for the cross-section suppression factor
R, . In Table V we list, for various mass inter-

P
vals, 90%-confidence-level upper limits on R, .
These are the worst case values obtained by divid-

ing the 90% Poisson probability for the largest
sum of three adjacent bins within the mass interval

by the minimum expected number of detected
events. Within these intervals there are certain re-
gions where the limits are considerably better than
the worst case values, but never better than 0.0004.

FIG. 28. The e-y invariant-mass distribution for
e++e ~e ++e* candidates.

way that upper limits on R + were set. Here
S4

2n.a P(3 —P )0(ee —&e e*)=R e
3E,

(34)

However, the condition used to search for
~~e+y in Sec. IV, that the track opposite to the
e +y not be an electron, cannot be used. This
leads to the e +y mass distribution shown in Fig.
28. The expected number of detected e+y events
(shown as a function of the e* mass in Fig. 29) is
less than the p* case due to the tighter acoplanari-
ty cut. Table VI lists the resulting 90%%uo-confi-

dence-level upper limits on R, for various masse~

intervals.
Before concluding the paper we return to the

question of whether significance should be attached
to the existence in Fig. 10 of 5 ey mass pairs and 4
py mass pairs in the vicinity of 1730 MeV/c .
Figure 10 shows a small mass range of Fig. 9. In

B. Search for e —+e+y

We determine upper limits on R + for e*'s pro-

duced via e++e ~e*++e' in exactly the same

l2 500

IO 000—

TABLE V. 90%%uo-confidence-level upper limit on R +.

Mass interval Maximum bin 90%-confidence-level
(GeV/c2) sum upper limit on R ~

~ 7500—
LLI

5000—

2500—

0.6—1.6
1.6—2.1

2.1 —2.5
2.5 —2.9
2.9—3.2
3.2 —3.3

0.0010
0.0014
0.0025
0.0043
0.0090
0.0193

I 2
e' MASS (Gev/ce)

FIG. 29. Number of e ~e+y events which would
have been detected if R(e+e ~e +e* )=1 versus the
e* mass.
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P (30 MeV/c, 9,4) =0.065,

P(40 MeV/c, 9,4) =0.30 .

(35)

The coincidence of the peaks in Fig. 10 would
still be apparent if each of the peaks had at least 3
pairs and the total was at least 9. Therefore, we
also consider the larger probabilities

P (16 MeV/c, 9,3)=0.0021,

P(30 MeV/c, 9,3)=0.10,

P(40 MeV/c, 9,3)=0.42 .

(36)

TABLE VI. 90 Jo-confidence-level upper limit on
R ~.

Fig. 9 there are 70 py mass pairs and 72 ey mass
pairs. Our first task is to calculate the probability
that these 9 pairs occur in the vicinity of 1730
MeV/c by chance.

These 9 mass pairs occupy a mass range of 16
MeV/c which makes their appearance so striking.
However, as shown in Fig. 10 the width of the
mass resolution curve at the ~ mass is about 40 to
SO MeV/c . Since this width varies slowly with
the mass (Fig. 25}, we will have similar resolution-
curve widths at 1730 MeV/c .

We can calculate the probability of obtaining by
chance this combination of 9 pairs in a 16-MeV/c
width, and we do so below. However, we believe
that a larger width should be used to give such a
calculation physical significance. We choose that
larger width as being 30 or 40 MeV/c, since a
reasonable fraction of the area of a resolution
curve falls within that width. We define P(W, 9,4)
as the total probability of finding two peaks within

a range of 8'; each peak having at least 4 pairs,
and the total being at least 9 pairs. Assuming the
backgrounds of Fig. 9 and Poisson statistics we find

P(16 MeV/c, 9,4) =0.0013,

There are two comments to be made on the
probabilities given in Eqs. (35}and (36). First, 8 of
the 9 mass pairs come from events with
3.85 &E, &4.45 GeV. As shown in Table II,
this energy range constitutes about one quarter of
the data. If we use this eriergy range there is less
background and the probabilities are smaller.
Specifically for 3.85 &E, &4.45 GeV,

P(16 MeV/c, 8,3)=0.00047,

P(30 MeV/c, 8,3)=0.011,

P(40 MeV/c, 8,3)=0.040 .

However, since this E, criteria was set after
looking at the data, this is a dangerous way to
reduce these probabilities.

The second comment is that our method of cal-
culating the probabilities underestimates them.
The method assumes that the positions of the bins
on the mass scale are fixed, and then the probabili-

ty of obtaining the desired peaks in any of these
fixed bins is calculated. The method does not al-
low for sliding the bins along the mass scale to
enhance the peaks in a particular pair of bins. But
that is what the eye does in picking out the coin-
cidence of peaks in Fig. 10. We have not corrected
the probabilities upward for this effect because the
unevenness of the background makes such a corr-
ection unreliable.

The probabilities in Eqs. (35)—(37) are not small

enough to demand a nonrandom explanation of the
coincidence of peaks in Fig. 10. An example of a
nonrandom explanation would be a mass 1730
MeV/c particle with ey and py decay modes.
And even this explanation does not explain the ab-

normally narrow width of the peaks. Therefore,
we conclude that this is a random effect in our
data.

Mass interval Maximum bin 90%-confidence-level
(GeV/c ) sum upper limit on R + VIII. SUMMARY

0.5 —0.6
0.6—0.8
0.8 —1.0
1.0—1.3
1.3—2.0
2.0—2.3
2.3—2.5
2.5 —3.0
3.0—3.2
3.2—3.3

0
3
5
8

22
15
16
10

1

0

0.0014
0.0027
0.0023
0.0025
0.0041
0.0030
0.0051
0.0096
0.0039
0.0110

Table IV summarizes the 90%%uo-confidence upper
limits on the branching fractions. We have also
given the detection efficiency for each decay mode
and the number of events found at the ~ mass.

We have not found any decay modes of the v.

which violate the concept that the ~ and its associ-
ated neutrino have a unique, conserved lepton
number. This agrees, as do all other published re-
sults, with the ~ being a sequential lepton.

The upper limits in Table IV are factors of 10 or



K. 6. HAYES et al. 25

more smaller than previously measured upper lim-
its. ' This improvement comes chiefly from the
large data sample. Since it is difficult to increase
the detector acceptances by more than a factor of 2
or 3, any substantial reduction in these upper lim-
its will require the acquisition of a yet larger data
sample.

We have not found any evidence for the ex-

istence of leptons which decay via e'~e+y or
p,

*—+p+y up to a mass of 3.3 GeV/c . .
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