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A search has been performed for the muon-number-nonconserving decay p, e+e+e
No candidate event has been found, the result yielding an upper limit for the branching ratio
of B~„(1.3 && 10 " (90'lo C.L.). From part of the data taken with a trigger that enhanced
p,

+ e+e+e v, v„events, eleven such events were observed. They agree in number and
spectra with expectations based on standard electroweak theory.

PACS numbers: 13.35.+s, 11.30.Er, 14.60.Ef

Separate muon, electron, and tau numbers are
conserved in the minimal standard model' of elec-
troweak interactions with massless neutrinos. How-
ever, in many extensions to the standard model
separate lepton numbers are not expected to be
conserved quantities. Examples of such extensions
to the standard model include theories with hor-
izontal gauge interactions, extended hyper color
theories, theories with flavor-changing neutral
Higgs bosons, composite models, and theories with
new electroweak interactions. The rates in these
theories for neutrinoless rare muon decays such as
p,

+ e+ e+ e that violate separate-lepton-num-
ber conservation generally depend upon undeter-
mined parameters such as mixing angles and heavy
particle masses and could be as large as present ex-
perimental limits. The present experimental limits
on neutrinoless rare muon decays already provide
strong constraints on many of the theories that go
beyond the standard model. The mass scale being
probed is typically in excess of 10 TeV. More sensi-
tive experimental searches for these decays are
needed either to discover separate-lepton-number
nonconservation or to help eliminate some of these
theories.

We report here an improved upper limit for the
branching ratio

B„3,= I'(iM, + e+e+e )/I (p, + e+v, v„)

from the first run with the Crystal Box detector
(Fig. 1) in the stopped muon channel at the Clinton
P. Anderson Meson Physics Facility (LAMPF). A

separated, 26-MeV/c p,
+ beam was stopped in an

elliptical, polystyrene target located at the center of
the detector. The target was tilted by 45' with

respect to the beam direction; the effective target
was 6.7 cm in radius and 52 mg/cm thick. The

muon stopping rate was typically 3 X10 s ' (aver-
age) with a duty factor of 6.8'/o. The trajectories of
charged particles emerging from the target and the
energies and times of arrival of electrons, positrons,
and photons were measured in the apparatus.

Decay positrons and electrons first traversed a
cylindrical drift chamber consisting of eight con-
centric shells of wires at alternating angles of from
10' to 16' to the axis of the cylinder. The basic

drift cell cross section is 8 &10 mm . The chamber
has 728 drift cells. The position resolution of each
wire is 140 pm (rms). The measured single-track
reconstruction efficiency is 95'/0. There is no ap-
plied magentic field.

Charged particles next traversed a scintillator
hodoscope containing 36 counters. Each counter is
44.5X5.7X1.27 cm, with a photomultiplier cou-
pled to each end by a light pipe. These counters de-
fine the fiducial volume for charged particles. The
measured time resolution of each counter is 290 ps
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FIG. 1. A schematic diagram of the Crystal Box detector.

full width at half maximum (FWHM). The regions
upstream and downstream of the hodoscope are
covered by sixteen veto scintillation counters, each
measuring 13.3 x23.8 &0.3 cm . These counters
were used to help distinguish between charged par-
ticles and photons.

The outermost part of the detector is an array of
360 NaI(TI) face crystals, 6.35 x6.35 cm in cross
section and 30.5 cm long, plus 36 corner crystals,
6.35 x6.35 &63.5 cm . These crystals are packaged
in a single hermetically sealed container. Paper
wrapping around each crystal provides optical isola-
tion. Each face crystal is coupled to a single pho-
tomultiplier while the corner crystals have pho-
tomultipliers at both ends. The measured energy
resolution function is approximately an asymmetric
Gaussian. The FWHM is 6.5% at 130 MeV. Each
crystal has its own constant fraction discriminator
with a threshold of 5 MeV. The timing resolution
of the NaI(Tl) detectors is 1.1 ns (FWHM). The
single-particle acceptance in the fiducial area [which
assures shower containment in the NaI(Tl) array] is
II /4 m =45%, including finite-target-size effects.

The trigger requirements for a p, 3e candidate
are as follows4: (1) at least three hodoscope-
counter signals within 5 ns of each other; (2) at
least three nonadjacent-hodoscope-counter signals
within 10 ns; (3) a counter topology consistent
with p, 3e decay; (4) each hodoscope counter
participating in the trigger having at least one
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discriminator from a NaI(T1) crystal in the row
behind that counter, or in an adjacent row, trig-
gered within 15 ns; (5) for most of the data report-
ed here, at least 80 MeV deposited in the entire NaI
array. Approximately 10% of the data were taken
without this last requirement to enhance the accep-
tance for p,

+ ~ e+e+e v, v„events.
A total of 2.2 &10" muons were stopped in the

target during the live time of the apparatus. This
resulted in 1.74 &106 p, 3 e candidate event
triggers. The data written on magnetic tape for each
trigger include timing and pulse-height information
from every scintillation counter and from each
NaI(T1) crystal having at least 0.1 MeV deposited
energy, and timing information from each drift-
chamber cell whose discriminator fired.

The absolute gain of each NaI(T1) crystal was
calibrated by use of a Pu-n-Be source (E„=4.43
MeV) and the reactions m p n m ( pro ~ yy)
(55 (E ~83 MeV) and n p ny (E~=129.4
MeV). The pion data were taken with a liquid hy-
drogen target replacing the drift chamber. The rela-
tive gain of each NaI(T1) channel was monitored
every 2 h by use of a Xe flash tube and fiber optics
cables connected to each photomultiplier. Typical
gain variations over the course of the run were less
than 2%.

The signature for a p,
+ e+e+e event is (a)

the three trajectories emerging from a common ver-
tex in the target in time coincidence, (b) $E, the
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sum of the three energies deposited in the NaI(Tl)
array plus the ionization energy losses in other ma-
terials, equaling the muon mass, and (c) the vector
sum of the three momenta ( ~ $p ~ ) being zero.

The main source of triggers was the random coin-
cidence of positrons from three independent ordi-
nary muon decays. These events tend not to satisfy
any of the above constraints. Events due to
p,

+ e+e+e v, v„, a process that does not violate
separate —lepton-number conservation, have gE
+

~ gp ~
& M„and XE generally much less than

M„.
The first analysis pass required that three

nonadjacent-scintillator signals occur within a 15-ns
interval and that each of these scintillators have
behind it a NaI(T1) clump with at least 10 MeV
within a 5-ns interval. A clump is defined as the
crystals with the largest local pulse height plus the
nearest 24 surrounding crystals. The output of the
first pass was 1.3 x10 events.

For the second pass, the drift-chamber informa-
tion was used to reconstruct tracks that intersected
the struck scintillators. The reconstruction program
required hits in at least seven of the eight drift-
chamber layers for each track. The analysis re-
quired three tracks that intersect the target plane
with an angle of more than 3', such that the rrns
sum of the distances between the three track inter-
section points on the target (the vertex) is less than
6 cm. Finally, a cut gE+ ~$p~ & 120 MeV, was
imposed. A total of 3112 events survived these
cuts.

The third analysis pass tightened the vertex cut
after weighting each track-target intersection point

according to the uncertainty in the ineasurement of
that point. The 1.5-ns scintillator timing cut was
reimposed after correction of each particle's time-
of-flight for the path length from the vertex to the
scintillator. This pass reduced the number of
events to 83.

The final cuts required that $E +
~ gp ~

& 110
MeV, ~ Xp ~ & 12 MeV, and that the three scintilla-
tor signals occur within a 1-ns interval. No events
passed these cuts. The acceptance of the apparatus
was calculated with a Monte Carlo program that ac-
curately reproduces the response of the detectors to
positrons, electrons, and photons. Electromagnetic
showers are simulated with the shower code EGs.
The product of the acceptance and detector efficien-
cy for p, 3e events, under the assumption of a
constant matrix element, is (8.5 +0.8)%. We ob-
tain an upper limit of B„3,& 1.3x 10 ta (90%
C.L.). Bertl et al. 6 at the Swiss Institute for Nuclear
Research have also recently reported a new upper
limit of Bp3e & 1.6x 10 "(90% C.L.).

As a check of the performance of the apparatus
and the normalization, the portion of the data taken
without the total NaI energy requirement
(2.55 x 10'o muons stopped) was analyzed for
p,

+ ~ e+e+e u, v„events. Since these events
tend to have a nonzero vector momentum sum, the

~ Xp ~
cut was removed. Eleven events passed these

cuts. The only significant source of background is
random coincidences. We expect less than one
background event for this data sample. Background
events have a 90% probability to have XE ) 80
MeV: We observe no such events. The Monte
Carlo program predicts 12 +2 events, using a ma-
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FIG. 2. (a) The vector sum of the momenta for the two positrons and the electron (~ Xp ~) vs the sum of their ener-
gies (gE) for data events. The sloping line represents the condition XE+~gp~ =M„. The area enclosed near
QE=100 MeV, ~gp~=0 contains 90% of Monte Carlo p, + e+e+e events. (b) The distribution of Monte Carlo
p,

+ e+e+e v, v„events. The number of Monte Carlo events is not normalized to the number of data events.

1417



VOLUME 53, NUMBER 15 PHYSICAL REVIEW LETTERS 8 OCTOBER 1984

trix element based on standard electroweak theory. '
The measured branching ratio is

I'( p,
+ —e+e+ e v, v„) = (3.2 +1.0) x10

1(p+ —e+v, v„)

for E,+ ) 10 MeV, E, ) 10 MeV, and gE )55
MeV. The distributions of gE, gE +

~ gp ~, vertex,
and timing for the data and the Monte Carlo events
agree with each other. The agreement of these dis-
tributions and of the number of events verifies the
validity of the assumed detector resolutions, effi-
ciencies, calibrations, and the beam normalization.
Figure 2(a) shows the distribution of gE vs g~p~
for the detected p,

+ e+e+e I,I „events and the
contour containing 90% of p,

+ e+e+e events.
Figure 2(b) shows the unnormalized distribution
for p,

+ e+e+e v, v events from the Monte
Carlo simulation.

In conclusion, we have searched for the
separate —lepton-number-nonconserving decay p,

+

e+e+e . We observe no such events and set
an upper limit 8„3 (1.3x10" (90% C.L.). We
also observe the decay p,

+ e+ e+ e v, v~, which
does not violate separate —lepton-number conserva-
tion, at a rate that agrees with the standard elec-
troweak theory.
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