
Vol, UME 56, NUMBER 23 PHYSICAL REVIEW LETTERS

Search for the Decay p,
+ e+y

9 JUNE 1986

R. D. Boiton, J. D. Bowman, M. D. Cooper, J. S. Frank, A. L. Hallin, ~'~ P. A. Heusi, ~ C. M.
Hoffman, G. E. Hogan, F. G. Martam, H. S. Matis, (' R. E. Mischke, D. E. Nagle, L. E. Piilonen,

V. D. Sandberg, G. H. Sanders, U. Sennhauser, td) R. Werbeck, and R. A. Williams

Los A/amos Xationa/ Laboratory, Los A/amos, %ex Mexico 87545

S. L. Wilson, "R. Hofstadter, E. B. Hughes, and M. W. Ritter'"
Hansen Laboratories and Department of Physics, Stanford University, Stanford, California 94305

D. Grosnick and S. C. Wright
The University of Chicago, Chicago, illinois 60637

V. L. Highland and J. McDonough
Temp/e University, Philade/phia, Pennsylvania 19122

(Received 7 February 1986)

This Letter reports a new experimental search for the family-number-nonconserving decay
p,

+ e y. There is no evidence for the presence of this decay mode. The upper limit for the
branching ratio is I (tt, ey)/I'(p- evv) ( 4.9&& 10 ' (90% confidence limit).

PACS numbers: 13,35.+s, 11.30.Er

No process that violates the conservation of separate
lepton numbers' has even been observed. Such
processes are forbidden in the minimal standard
model2 of electroweak interactions; their observation
would indicate the need for new physics. In many ex-
tensions to the standard model, s decays that do not
conserve muon number, such as p,

+ e+y, are al-
lowed. The theoretical rates for these processes gen-
erally depend upon undetermined parameters such as
mixing angles and heavy-particle masses. The existing
experimental upper limits for these rates provide
model-dependent constraints on these parameters.

The best present experimental upper limit for the
branching ratio for p,

+ e+y is

+ ~ p +
B„,„= " & 1.7&&10 " (90'/ C.L.).

I'(p, + e+ vv)

We report here an improved limit for B„,„ from data
taken with the "Crystal Box" detector in the stopped-
muon channel at the Clinton P. Anderson Meson
Physics Facility (LAMPF). This detector5 is designed
to identify rare decay modes of the muon. The signa-
ture for a p,

+ e+) decay at rest is a positron and a
photon with E, =E„=52.8 MeV, a time coincidence
between the e+ and the photon, and an opening angle
8, between the positron and the photon equal to 180'.
The apparatus must be able to measure with precision
the energy, direction, and time of emission of photons
and positrons to detect the decay p,

+ e+y and to re-
ject backgrounds from muon inner bremsstrahlung
(p, + e+ very) and random coincidences.

The Crystal Box detector, shown in Fig. 1, consists

of 396 NaI(Tl) crystals, 36 plastic scintillation hodo-
scope counters, and a cylindrical drift chamber6 sur-
rounding a thin polystyrene target in which the muons
from a 26-MeV/c beam stop and decay at rest. There
is no applied magnetic field. Plastic scintillation veto
counters covering the regions upstream and down-
stream of the hodoscope counters are not shown in the
figure. Positron trajectories are measured with the
drift chamber. The plastic scintillators are used to dis-
tinguish positrons and photons in the trigger and to
provide a positron timing signal with a resolution of
290 ps (FWHM). The time of arrival of photons at

Xa~(Ti)
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FIG. 1. A schematic diagram of the Crystal Box detector.
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the Nal(TI) is measured with a resolution of 1.2 ns
(FWHM). The photon is assumed to originate from
the intersection of the positron trajectory with the tar-

get plane; the photon conversion point is determined
by the distribution of the energy deposition among the
NaI(Tl) crystals. The resolution in 8,„ is dominated

by the uncertainty in the photon conversion point; the
resolution function at 180' can be characterized by a

FWHM of 5'. The measured energy resolution at 50
MeV is hE/E = 8% (FWHM).

Much care was taken to calibrate each of the detec-
tor elements and to assure the stability of these cali-
brations throughout the experiment. For example,
the stability of the energy measurements with the
NaI(Tl) array is measured to be constant to better than
0.5% throughout the data and the absolute energy is
known to better than 0.25%.

The hardware trigger is based on the four quadrants
of NaI(Tl) crystals and hodoscope counters. The re-
quirements for a p,

+ e+y candidate are a coin-
cidence within + 5 ns of a "positron quadrant" and an
opposite "photon quadrant. ' A positron quadrant has
a hodoscope counter signal and more than 30 MeV
deposited in the NaI(Tl) in that quadrant. A photon
quadrant has at least 30 MeV in the NaI(Tl) with no
discriminator signal from the hodoscope or veto scin-
tillation counters for that quadrant. The muon stop-
ping rate was typically 4X IO' s ' (average) with a
duty factor between 5% and 10'/o. During the course
of the experiment, approximately 107 triggers were
recorded.

The data analysis requires events to satisfy a number
of additional criteria designed to eliminate the vast ma-

jority of the triggers and to retain for subsequent
analysis all good p, e+y events and an appreciable
sample of inner bremsstrahlung events and random
coincidences. Each photon candidate has to deposit
less than 0.25 MeV in the 1.27-cm-thick scintillator it
traverses and can have no drift-chamber track that
points to the photon conversion point in the NaI(Tl).
There can be no scintillator discriminator signal other
than the one in the positron quadrant. The e+ candi-
date has to have a track in the drift chamber with a tra-

jectory that intersects the target plane with an angle
greater than 3'. A restricted data sample of 17073
events satisfies ~At, „~ ( 5 ns, II, & 160', E, ) 44
MeV, and E„&40 MeV.

Figure 2(a) shows Ar, „, the photon-positron relative
timing, for a subset of these events. This figure sho~s
the broad timing distribution due to random photon-
positron triggers and a coincidence peak; the width of
this peak is 1.2 ns (FWHM). The majority of the
events in the coincidence peak are due to muon inner
bremsstrahlung but any p, ey events would also be
included. It is the task of the subsequent analysis to
determine how many of these events are due to p,
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FIG. 2. Spectra from 68% of the data sample for each of
the quantities used in the likelihood analysis. (a) The distri-
bution of 4t,„, the relative timing between the positron and
the photon. The solid curve is the fit to these data with a
Gaussian for p, e y v v plus a quadratic for randoms. The
dashed curve is the random background in the fit. (b)-(d)
The distributions of 8,„, E„and E„. The curves are the
sum of Monte Carlo spectra for p, eyvs and random spec-
tra obtained from out-of-time events.

ey. The kinematic quantity E+P =E, +E~+ ~P,
+P„~ is used to select events due to random triggers;
events with E +P & M„cannot come from a positron
and a photon emerging from a single muon decay.
The dashed curve in Fig. 2(a) comes from a quadratic
fit to the random background and a Gaussian line
shape for the coincidence events, but it is also a good
representation of ht, ~ for events with E+P ) 115
MeV. The curve is rounded by the differing losses of
efficiency for the many detector elements in the coin-
cidence logic for large ~&t,„l

To estimate the number of p, ey events in the
data sample we employ the maximum-likelihood
method. The likelihood function is defined to be

L (N, ~,NIa)

~P(x, + Q(x, ) R(x,),N(8

i =1

where N is the total number of events, N, ~ (N,a) is
the estimate of the number of p, ey (p, eyvv)

&e& &rs is the number of
events due to random backgrounds. The vector x has
components II,„,b, t,„,E„and E„. P, Q, and R are the
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normalized probability distributions for p, ey, inner
bremsstrahlung, and random background events,
respectively. The best estimates for X, and Nia are
those that maximize the likelihood function for posi-
tive Xe~ and +IB.

The d t,„behavior of each distribution is obtained as
described above. A Monte Carlo program is used to
determine the dependence of P and Q on 8,„,E„and
E„. Out-of-time data events give the 8 probability dis-
tributions for 8,„, E„and E~. The Monte Carlo pro-
gram accurately reproduces the response of the detec-
tors to positrons and photons. Electromagnetic
showers are simulated with the shower code EGS3.
The output events from the Monte Carlo program are
processed by the same programs as the data with use
of the same algorithms for the Nal(Tl) energy and po-
sition determination. awhile the At, „dependences of P
and 0 are the same, the other distributions are
markedly different; these differences allow the
maximum-likelihood method to determine separately
the number of muon inner-bremsstrahlung and
p, ey events.

Figure 3 shows the normalized likelihood function.
The function peaks at N, a ——3470+ 80 and X,~=Q.
There is an additional uncertainty in Nia of + 300 due
to uncertainties in the shape of the random timing dis-
tribution under the coincidence peak; this uncertainty
does not affect N, „, Xia agrees reasonably well with
the 3960 + 90 inner bremsstrahlung events expected in
the data. The number of inner-bremsstrahlung events
is very sensitive to the absolute energy measurement
scale; a 2'/o change in the NaI(Tl) gain would imply a
factor of 2 change in the expected number of muon
inner-bremsstrahlung events. The agreement also ver-
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FIG. 3. The normalized likelihood function plotted as a
function of the number of inner-brernsstrahlung events and
the number of p,

+ e+y events. The projected distribu-
tion on the N, „-likelihood plane is also sho~n.

ifies our understanding of the muon flux, the accep-
tance and detection efficiency of the apparatus and the
shapes of the probability distributions.

The likelihood-function distribution implies W, ~~ 11 events (90'/0 C.L.). Using the number of muons
stopped in the target during the live time of the exper-
iment (1.35 x 10'2), the apparatus acceptance for
p, ey (0.305), and the detection efficiency (0.545)„
we obtain

8„, ( 4.9x 1Q " (90'/o C.L.).
We have subjected the data to a number of sys-

tematic checks. The measured opening-angle and en-
ergy spectra for the in-time and random events agree
with the Monte Carlo spectra. The agreement is
demonstrated in Figs. 2(b)-2(d) where the spectra for
8,~, E„and E~ for the data are compared to the spec-
tra for the appropriate sum of random events and
Monte Carlo simulations of p, eyvv. The normali-
zations for the latter spectra are taken from the
maximum-likelihood fit. Consistent results are ob-
tained for each of several data subsets including data
with the positron in a particular quadrant, data taken
with different instantaneous muon stopping rates, and
data taken early or late in the run.

As examples of theoretical constraints imposed by
our result, we show how this new value of 8„,„limits
the parameters in a complete model and in supersym-
metric theories. With use of the formula of Tomo-
zawa9 for the mass of the constituents of muons and
electrons, where the muon is taken to be a 2S excited
state of the electron, B„,„can be combined with

8„,» '0 to yield a lower limit on the mass of the con-
stituents of 5.8x108 GeV. In broken supersymmetric
theories, "where the symmetry is broken by gravity, '2

the mass of the supersymmetric partner of the muon
must be greater than 36 GeV. In both cases, the mass
limits vary as [8„,„1

In summary, we see no evidence for the family-
nonconserving decay p, ey at a level of 4.9x10
(9Q'/0 C.L.). The upper limit for the branching ratio
for this decay has improved nearly 3 orders of magni-
tude since the advent of "meson factories. " We ex-
pect a further improvement in the sensitivity by a fac-
tor of 500 in an upcoming experiment. '
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major way to the success of this experiment. It is im-
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to acknowledge the extraordinary assistance we had
from many people at each of our institutions and from
the operations staff at LAMPF. This work was sup-
ported in part by the U.S. Department of Energy and
the National Science Foundation.
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