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The reaction n p~m. n at rest was used as a source of tagged monoenergetic m 's in a search for
the decay m ~e +e with the SINDRUM I spectrometer. The measurement resulted in

B o + =I o + /I o (1.3X10 (90% confidence level), consistent with the QED pre-

diction B p + = (6.5 0.5) X 10 . The combined result of two previous measurements,~e e

B p + = ( 1.8+p'6) X 10, had suggested sizable additional contributions to the decay ampli-
m ~e e

tude. This possibility now seems unlikely.

I. INTRODUCTION

The decay of pseudoscalar mesons into lepton pairs
P ~l+l is thought to proceed dominantly as a higher-
order electromagnetic process via a 2y intermediate
state. For on-shell photons quantum electrodynamics
gives a value for I p, +, /I p, the branching ratio
relative to the two-photon decay mode, from unitarity
only: B„„;,= [ctrin[(1+P)/(I —P)]I l2P, where r is the
ratio between the lepton and meson masses and
P=+1 4r is t—he lepton velocity in the meson c.m. sys-
tem. The contribution from off-shell photons increases
the predicted value of the branching ratio by about 30%%uo

(see Ref. 1 for a review). For the decay ir ~e+e, for
which B„„;,=4.75 X 10, a large number of calculations
have been made using vector-meson dominance, disper-
sion relations, and asymptotic QCD arguments. '

Despite this wide range of approaches the results for the
branching ratio only vary between 6.2X 10 (Ref. 4) and
6.9X 10 (Ref. 3). The insensitivity of the decay ampli-
tude to details of the model is discussed in Ref. 5.

The large helicity suppression of the electromagnetic
amplitude of the decay ~ ~e+e has led to speculations
that additional contributions might be important. The

e8'ect of most other couplings is small, i.e., weak neutral
currents (B o + —10 '

) (Ref. 4) or axion couplings

(B, + &5X10 ") (Refs. 4 and 6 ). However,
anomalous quark-lepton couplings could lead to
significant enhancements of the value for the branching
ratio. ' Bergstrom has shown that a sizable contribu-
tion could only come from a new pseudoscalar interac-
tion. A branching ratio below the unitarity value would
be a sign of CP-violating neutral currents. "

Because of the small branching ratios only three decay
modes P ~/ l have been observed so far. Table I
shows the experimental results. ' A discrepancy could
exist in the case of the decay m ~e e where the mea-
sured branching ratio is roughly three times larger than
the QED prediction, but with a large error. Fischer
et aI. ' at CERN used tagged m. 's from K+ —+~+a de-
cays in ffight and quote a value of
B 0 + =(2.23+i i) X 10 (90% confidence level)

from a signal of six events. Frank et aI. '" at LAMPF
produced m 's by m p ~~ n in ffight and obtain
B 0 + =(1.7+0.6+0.3) X 10 on the basis of 59+21
events on a 1arge background. A third experiment, '

done with the OMICRON spectrometer at CERN, also
studied m p~m n in ffight and quotes an upper limit of
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TABLE. I. Experimental values for the branching ratio of
the decay of pseudoscalar mesons into lepton pairs relative to
the 2y width (Ref. 12). Processes for which only upper limits
exist have been left out.

Decay

m'~e+e
'9~P P
Z,0~p+p-

P I I

I 0P ~2y
expt

{1.8+ ) X 10
(1.7+0.5) X 10
(1.7+0'3) X 10

~unit

4.7S X 10-'
1.11X 10
1.20 X 10-'

Ratio

3 8+1.5

1.5+
1 4+0.4

8 0 + —& 5 ~ 3 X 10 (90% confidence level). The com-

bined result of the first two measurements,
8 0 + =(1.8+o 6) X 10, indicates that nonelec-

tromagnetic contributions might be involved. To reach
definite conclusions on such contributions the large ex-
perirnental uncertainty has to be reduced.

A new ~ ~e+e experiment has been performed with
the SINDRUM I spectrometer at the Paul Scherrer Insti-
tut (PSI) (Ref. 16). The rr production process in this ex-
periment is m p~~ n at rest; so no analysis of the in-
coming beam is required. The m 's have a yield per ~ of
60.7% and are tagged by detection of the 418-keV neu-
tron emitted in the opposite direction. The major disad-
vantage is the enormous background from the reaction
m p —+e e n which has an e+e mass distribution with
a rate at the m. mass of 2.6X10 per MeV/c and per m

produced. By measuring the neutron with a time-of-
fiight resolution of 1.3% [full width at half maximum
(FWHM)t indirectly an e+e mass resolution of 90
keV/c (FWHM) is obtained; this gives a continuum
background level of 2.3X10 . Unfortunately, the price
for the neutron detection in our experiment is a reduction
in acceptance by 4 orders of magnitude. The e+e
opening-angle distribution has a pronounced peak at its
minimum value of 2 arccosP o. The low value of
P 0=0.204 for the reaction span .n at rest results in a

large value for the minimum e+e opening angle of
156.5'. This condition simplifies the trigger for data
readout and is favorable for the resolution of the direct
e+e mass determination, which helps to discriminate
against background from other m decay modes. Since
the momenta of all three particles in the final state are
measured there are three additional constraints, e.g., co-
planarity, which further suppress the m background.
Monte Carlo simulation shows that most of the remain-
ing m. background involves external y conversions in
liquid hydrogen. The rate of these events has been re-
duced to a negligible level by minimizing the target di-
mensions and improving on vertex resolution.

The main background process ~ p~e+e n gives a
precise normalization since the acceptances of the detec-
tion system for vr p~e+e n and vr p —+~ n followed
by m ~e e are nearly identical. In addition the reso-
lution functions can be obtained from m p~e e n
events with neutron momenta around the m resonance.
As a consequence no Monte Carlo simulation is required

to determine the response functions of the detection sys-
tern or the sensitivity of the measurement.

II. DETECTION SYSTEM AND ON-LINK EVENT
SELECTION

The experimental setup is shown in Fig. 1. The m 's

are produced by charge exchange, m p~m n, using a
beam of negative pions stopped in liquid hydrogen. The
target cell has the shape of a 12-crn-long cylinder with a
radius of 19 mm concentric with the beam axis and
closed by a half sphere at the side of the beam entrance.
The center of this half sphere is located 10 crn upstream
of the center of the SINDRUM I spectrometer to optim-
ize the acceptance for decays of m 's moving downstream.
Since the major background from m decays comes from

y conversion in liquid hydrogen (Compton effect and pair
production), the value of the target radius was chosen as
a compromise between the stop rate and the level of this
external background. The 95-MeV/c m beam passed
through a 5-mm-thick lead moderator giving the highest
stop density at the beginning of the target. This way the
loss of neutrons scattered from hydrogen was minimized
(418-keV neutrons have an attenuation length of 6.1 cm
in lead and 3.4 cm in liquid hydrogen). About 10% of
the incident 5X10 m s ' stopped in the first 5 cm of
the target.

The SINDRUM I detector was originally designed for
a search for the decay p~3e and has been described in
detail in Ref. 17. For this experiment the two innermost
cylindrical wire chambers were replaced by chambers
with smaller radii and wire spacing giving improvements
in vertex and momentum resolutions. The first one has a
wire spacing of 1 mm and a radius of 37.3 mm, which
leads to a lower threshold for the detection of hits from
additional charged particles between 2 and 6 MeV/c, de-
pending on vertex position and emission angle. Three of
the five wire chambers give full three-dimensional infor-
mation for every hit using cathode strip readout. The
momentum resolution was further improved by increas-

FIG. 1. The SINDRUM I spectrometer with neutron detec-
tor.
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ing the magnetic field from a value of 3.3 to 6.8 kG. The
geometrical acceptance of the spectrometer for
m. —+e+e decays depends on direction and position of
the decaying m . For decays tagged by the neutron detec-
tor the acceptance in the first 3 cm of the target is 70% as
defined by the solid angle of the hodoscope. In the fol-
lowing 2.5 cm the acceptance drops linearly to zero due
to the finite length of the innermost wire chamber.

The neutron detector was an array of 60 plastic-
scintillator disks grouped around the beam pipe in front
of the last beam quadrupole at a distance of 132 cm from
the target. The light produced by a recoil proton with
energy below 418 keV is equal to the light output for an
electron of 50 keV or less. ' In order to obtain the re-
quired detection efficiency and time resolution an ex-
tremely high light collection eSciency is necessary. In
addition the uncertainty in the neutron flight path due to
the detector thickness should be minimized. For these
reasons the Pilot U (Ref. 19) scintillators were 6.5-mm-
thick disks with a diameter of 44 mm positioned directly
in front of the cathodes of 2-in. photomultipliers. This
way a yield of two photoelectrons per keV electron ener-

gy was obtained. The resulting total neutron solid angle
was 4.2 X 10 of 4m sr. The timing discriminators which
were especially designed for the experiment incorporate
three levels of amplitude discrimination: the lowest one
defining the time signal and the others defining an ampli-
tude window corresponding to 100-600-keV recoil-
proton energy. In this window the count rate is dominat-
ed by photon interactions, so veto counters against
charged particles were not necessary. The efficiency for
neutron detection drops smoothly in the range of kinetic
energies selected by the time-of-flight window, from 15%
at 400 keV to 12% at 800 keV.

The trigger for data readout required the occurrence of
a neutron signal in a time interval between 80 and 170 ns
after the detection of a lepton pair with an opening angle
in the rP plane perpendicular to the beam axis of at least
135'. Neutrons from the reaction m p ~~ n have a time
of Aight of about 148 ns. Since the neutrons are detected
at angles 6j relative to the beam direction larger than
165.5' the e e pairs from m. ~e+e have opening an-
gles of at least 174.1' in the rP plane. A programmable
FASTBUS track preselector was used to search for track
candidates in the pattern of the hodoscope strips and
groups of 8 or 16 anode wires. For each track the angle
of emission was stored. The opening-angle requirement
was then tested by a general purpose FASTBUS proces-
sor with a mean decision time of 50 ps. Before going to
tape the data were filtered by a full analysis of the infor-
mation in the rP projection. The filter program required
two tracks with a time difference within 1.6 ns and an rP
opening angle larger than 165'. The final event rate was
about 0.1 s '. In total about 4X10 tagged ~ 's were
registered during the measuring period of 50 days.

III. GFF-LINK EVENT SELECTION

In the off-line analysis the particle trajectories in the
spectrometer were reconstructed in all three dimensions
using the coordinates along the detector axis deduced

600-
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FIG. 2. Distribution of the total kinetic energy T„, deter-
mined from the e+e measurement only.

from the amplitudes on the cathode strips. Thanks to the
relatively simple topologies in this experiment the recon-
struction efficiency was as high as 97%. The neutron ve-

locity has been determined using the measured position
of the e+e vertex in the calculation of the Aight path
after correction of the time of flight for the walk in the
neutron time signal. Using the fitted track parameters
events were selected containing e+e combinations with
a minimum opening angle of 140', a maximum time
difference of 1.25 ns, and a distance of closest approach
(DCA) to a common vertex inside the hydrogen target of
less than 1.1 mm. These cuts correspond to 3—5 standard
deviations for ~ —+e+e events.

The remaining event sample was analyzed in two steps.
First events of the reaction ~ p —+e+e n were selected
which contain m p~~ n, followed by ~ ~e+e as
well. The distribution of P„was then analyzed assuming
contributions from m p —+e+e n and m. decays. The a
decays contain the decay ~ —+e+e and a series of other

decay modes for which the additional particles have
such a low energy that they remained unnoticed. Under
the assumption of a three-body (e+e n) final state the
total kinetic energy T„, has been calculated using the
e+e pair only. For final states with additional photons
or electrons this calcu1ation results in a value which is al-
ways less than the available kinetic energy of 137.3 MeV.
The T«, spectrum (see Fig. 2) shows an enhancement of
=6400 three-body events at the kinematical end point.
These events are due to the reaction m p —+e+e n with
a possible contribution from the decay m ~e+e . The
continuum has contributions from various m. decays:
~ —+e+e y, m ~e+e e+e, and decays involving
external y conversions (for example, n+e+e. —y fol-
lowed by Compton scattering in the target). Events with
more than five hits in the innermost wire chamber were
rejected since they are dominated by m decays with addi-
tional low-momentum tracks. Because of the high level
of random hits in this detector the multiplicity require-
ment removes about 2% of the e+e n events. This loss
would rise to about 50% if events with more than two
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hits would be rejected.
The distributions of the remaining observables, used to

remove background events from m decays and e+e n
events with accidental or scattered neutrons, are shown
in Fig. 3. For these histograms events were selected with
T„,& 125 MeV and P„ in two regions around the m

peak: 0.0265 (P„(0.0295 or 0.0304 (P„(0.0415. For
e+e n events the neutron is emitted with a momentum
of —(p ++p ). The error in the neutron direction is

decomposed into the component 0~» in the e+e plane
[Fig. 3(a)] and the component Ot perpendicular to it [Fig.
3(b)]. Both distributions show Cxaussian peaks of direct
neutrons on top of a constant background of scattered
and accidental neutrons. The resolution of Oi (cr =3.2')
is dominated by the e+e angular resolution in the rP
plane (IT =0.8 ) whereas the resolution of 8~~ (o =3.6 ) is
mainly determined by the momentum resolution in the rP
plane (IT~/p =2%%uo). The contribution from the error in
the neutron measurement is only 0.5' in both projections.
The remaining observable, the neutron velocity, was test-
ed using the information of the three angles of emission,
as follows. The velocity of the state decaying into the
e+e pair, P +, can be determined both from the neu-

tron velocity

pTOF
E /() Pl ) 1

0++8-
cos

6+ —0-
cos

(2)

3 3

(xi xp x3)=In+ R;(x;)= g lnR;(x;) (3)

where

pg pTOF

where E =1077h8 MeV is the total energy of the ~ pff P +atom and 0 is the angle between e —and the neutron.
The distribution of the di8'erence between these two
values for P + is shown in Fig. 3(c). Three contribu-

tions can be distinguished: a peak of events with unper-
turbed neutrons, a Hat contribution from accidental neu-
trons, and a contribution with p +" (p + from scat-
tered neutrons. The width of the peak (o =1.3%%uo) is
dominated by the resolution of P + which is deter-

mined by the z resolution of the wire chambers.
Only events with a probability for the neutron to be

unperturbed which is larger than 50% have been accept-
ed. For this purpose a modified y expression was used,
which accounts for the nonuniform P + —P +" distri-

bution of the scattered neutrons:

and from the emission angles
8;(x; )

R;(x;)~
—x,. /(20', . )
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FIG. 3. Distributions of 8~~, 8„p + —p +", and y' (see

text) for events with T„,) 125 MeV and p„outside the m peak.
In the first three histograms only those events were accepted
which fall inside the ranges of all three histograms. The
hatched areas indicate the contribution S from unperturbed
three-body events as assumed in the analysis. The dashed
curves are the corresponding distributions for the normalized
background-to-signal ratio R.

8, 2(x, z)=const,

83(x3) ~ 1+kf e ' dx .

The functions S;(x;) and 8;(x, )are the x; .distributions
for unperturbed and background neutrons, respectively.
The value for the parameter k, which determines the rela-
tive yield of scattered and accidental neutrons, has been
adapted to the measured x3 distribution. The ratios
R;(x;) have been normalized by the condition
min[R(x)]=1, so the first two terms of y are simply
(xi 2/tr, z) /2. The functions 8;, S;+8;, and R; are
shown in Fig. 3. In the variable (y )

~ [see Fig. 3(d)]
events with unperturbed neutrons peak at zero whereas
events with accidental or scattered neutrons should have
a Hat distribution. The signal-to-background ratio
reaches the value I for y =35.

For three-body events with unperturbed neutrons
(y (35) the total kinetic energy T„, has been calculated
with improved resolution using a constrained fit of the
three mornenta. Since the remaining background from m.

decays is dominated by events with external photon con-
versions, which have a broadened DCA distribution, the
m background has been minimized using both T„, and
DCA as shown by the contour in Fig. 4. The contour fol-
lows a line of constant signal-to-background ratio in the
approximation of Gaussian T„, and DCA distributions
for the signal, and a background distribution which is
constant for T, , ~ 137.3 MeV and Gaussian for
T„,~ 137.3 MeV.
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window. In the distribution of Fig. 5(b) the number of
events at the position of the m. peak is slightly less than
expected from the neighboring regions, so there is no in-
dication of a contribution from m decays. The 90%-
con5dence upper limit on 6', the expected number of ~
decays, has been calculated under the assumption of a
linear P„distribution. The intercept Po and the expected
number of background events 8', were treated as addi-
tional free parameters, giving the following probability
distribution (see, for example, Ref. 21):

P(&,R'„Po)~ g &, 'e ', R, =R,.f, +R g, ,

(5)

125
0.0 0.2 0.6

DcA (rnrn)

0.4 0.8 1.0

FIG. 4. Distribution of total kinetic energy T„, vs the dis-
tance of closest approach between the two tracks (DCA) for
events with y' & 35 and with a value for P„outside the m. peak.
The contour indicates the area accepted for three-body events.

where i is the channel number, X the number of channels,
and n; the measured distribution. The shape of the m

distribution g; is taken from Fig. 5(a). As an example,
the distribution for n =12, corresponding to the previ-
ous experimental value for the m. —+e+e branching ra-
tio, is plotted in Fig. 5(b). The probability function for
R, is obtained by integration over R, and Po:

IV. RESULTS
P(R'„)=f fP(R„,R„Po)dn, d13c . (6)

In Fig. 5 the P„distributions of three diFerent event
samples are shown. For Fig. 5(a) events were selected
with T„, in the range 100—125 MeV and y & 150, where
the neutron peak from m p ~m n followed by
m. ~e +e X appears most pronounced. Figure 5(b)
shows distributions of e e n events satisfying the T„,-
DCA requirement for unperturbed neutrons (y &35)
and for background neutrons (100&y &200). The back-
ground distribution has been normalized to the same y

40-
N

0

The function P, shown in Fig. 6, has been extended to
unphysical negative values of R' . The maximum of P is
reached for n = —6.2 and the 68.3% confidence interval
is —11.3 (8 (—0.3. The distribution of the confidence
level (C.L.) for R' '", the upper limit on R', was calculat-
ed by constraining &„to be positive:

~ max

C.L. (R '")=f P(R )dR /f P(R„)dR . (7)
0 0

The upper limit on the number of m decays at
C.L. =90% is R '"=8.0. The corresponding upper lim-
it on the m —+e+e branching ratio has been determined
from the level of n p~e+e n events at the m peak.
The fitted number of m. p ~e+e n events in the interval
0.0297 &P„&0.0300 is 11.5+0.6 after correction for the
background of accidental and scattered neutrons. Events
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FICs. 5. Distributions of P„ for (a) a decays and (b) three-
body events selected by the T, ,-DCA cut. The hatched area in
(b) indicates the contribution of background neutrons. The dot-
ted distribution is expected for B 0 + =1.8X10

~r ~e e

FIG. 6. Distributions of the likelihood P for 8'„, the expected'
number of m decays in the three-body sample, and the
confidence level (C.L.) for the upper limit on 8
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FIG. 8. Experimental values for the m —+e+e branching ra-
tio. For finite results the most likely value is indicated by a dot.
The arrow points at the value for the QED prediction of about
6X 10-'.

FIG. 7. Distributions of cosO for measured three-body events
and simulated ~ p~e+e n events, where 0 is the angle be-
tween the lepton direction and the beam direction. Only the
larger one of the two values of the e+e pair has been incre-
mented.

of the reaction ~ p ~e+e n have been simulated using
a matrix element given in Ref. 22, which is based on a
treatment of the inverse reaction by Adler and Gilman
with corrections from Ref. 24. The resulting rate in the
3X10 interval of p„ is 1.77X10 per rr Radiat. ive
corrections are automatically taken into account since
these are = —10% for both m. ~e+e (Ref. 25) and
m. p~e+e n (Ref. 26). As was mentioned by Frank
et al. ,

'" this correction would raise their value for the
m ~e +e branching ratio by 7.4%. The measured
value for the p„ intercept is po=(1.5+0.3)%, in agree-
ment with the predicted value of pc=(1.6+0.3)%. A
further check of the understanding of the m p~e+e n
events has been made using the parametrization

N(cos8', P + ) ~1+a(P + )cos 8',

where 0' is the angle between lepton and neutron in the
e+e c.m. system. For the two-step process m p~m n,
m —+e+e: a=0. For the reaction n. p~e+e n with
p + around the rr peak a(p + )=7%; This leads to a

slightly lower acceptance. In Fig. 7 distributions of the
cosine of the lepton emission angle 0 relative to the beam
direction are shown for measured and simulated events.
Since the two cosO values of the e+e pair are strongly
correlated only (cos8), the larger one of the two has
been incremented. The lowest value of (cos8) occurs
for symmetric decays (cos8) =(cos8) =p +,whereas

the maximum value is given by the hodoscope accep-
tance, cosO(0. 8. The shape of the distribution is deter-
mined by a(p + ), by the acceptance of the innermost
wire chamber, and by the m stop distribution in the tar-,

get. The mean e+e acceptance deduced from the event
simulation is 63.3+0.4% for m p —+e e n at
p + =p o and 64.0+0.4% for vr ~e+e . The ratio
between these two values is the only result of the Monte
Carlo simulation used in the determination of the
m —+e+e branching ratio.

The simulation program predicts 0.5 events in the final
sample which originate from the other m decay modes.
Since none of the processes give a dominant contribution

to the total spectrum anywhere in the measured region of
phase space, it is difficult to check the simulation and es-
timate the systematic uncertainty in this prediction. For
this reason the small m background has been set to zero
in the determination of the upper limit on the m ~e e
branching ratio. The result is

8 o + (1.3X10 (90% confidence level) .

V. CONCLUSIONS

The result of this search for the decay e ~e+e is
compared with previous experiments in Fig. 8. The new
upper limit gives a considerable reduction in the range of
values for the branching ratio allowed by experiment and
there appears to be no need to invoke the nonelectromag-
netic contributions to the decay which were suggested by
these earlier results. There is still a need, however, for
improved experiments to detect an unambiguous signal of
the decay.

This experiment is limited both by the low number of
expected m. —+e+e events (four events at the predicted
branching ratio) and by the relatively high level of
z p —+e e n background (15 events in a time-of-Aight
window corresponding to the FWHM of the resolution
function). The n ~e+e event rate is mainly restricted
by the rate of tagged m 's which is strongly aA'ected by
the solid angle and efficiency of the neutron detector.
The background level is proportional to the neutron
time-of-Aight resolution. As a consequence major im-
provements of the method would require modifications
especially in the neutron detection.
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