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We have set an upper limit on the v, mass from a study of the four-pion invariant-mass
distribution in the decay v
3m -m v, . We obtain the limit m„& 164 MeV/c at 95% confidence level.
PACS numbers:

14.60.6h, 13.35. +s

Previous upper limits on the v, mass of 250
MeVl c2 have been determined from a study of the
electron spectrum' from the decay ~
ev, p, and
from a study of the pion spectrum2 from the decay
mv, . In this Letter we report a new upper limit
based on a study of the four-pion invariant-mass
3m. -+m. ov, . This decay
spectrum in the decay ~
mode is more sensitive to the v, mass since the invariant mass of the four-pion state approaches the v
mass. 3
The data described in this Letter were taken with
the Mark II detector at the e+e storage ring PEP
(Stanford Linear Accelerator Center) at a centerof-mass energy of 29 GeV. This detector has been
described elsewhere. 4 We briefly describe the apparatus relevant to this analysis. The detector contains two charged-particle tracking devices, a highprecision drift chamber, known as the vertex
chamber, s and a large drift chamber. The vertex
chamber has seven layers of axial drift cells divided
into an inner band of four layers at an average radius of 11 cm and an outer band of three layers at
an average radius of 31 cm. The main drift
chamber consists of sixteen layers of sense wires at
radii between 41 and 145 cm. Both tracking
chambers are immersed in a 2.3 kG solenoidal magnetic field. For high-momentum
charged particles,
the rms momentum resolution, a.~/p, is approximately 0.01p, where p is measured in GeV/c.
The central electromagnetic calorimetry is provided by eight rectangular lead-liquid-argon
modules
which surround the magnet coil. These modules
are approximately
14 radiation lengths thick and
provide an energy resolution of 14'/o/QE, where E

is the energy measured in GeV.
The integrated luminosity of the data used in this
analysis was 158 pb ' and corresponds to a sample
of 16 300 produced 7. +7 pairs.
We selected events as i+~ candidates if they
had a total detected energy larger than 8 GeV and
exactly four charged particles with zero total charge.
Each event was divided into two hemispheres by a
plane perpendicular to the thrust axis and was required to have three charged particles in one hemisphere recoiling against a single charged particle in
the other. The acollinearity angle, defined as the
angle between the total momenta of the particles in
each hemisphere, had to be smaller than 50'. To
select well measured events, we required each
charged track to have signals in at least fourteen
layers of the two drift chambers, and to approach
the vertex within 2 cm in the plane transverse to
the beam direction and within 15 cm along the
beam direction. We also required the total energy
of the three charged particles to be less than 15
GeV. Events with a low-mass pair of tracks, one of
which was identified as an electron, were rejected
since this pair was most likely from a mo Dalitz decay or from a photon which converted close to the
interaction point. Electrons were identified6 by the
calorimeters when the electron energy was greater
than 1 GeV and by the time-of-flight counters when
the electron energy was less than 350 MeV.
Each photon accompanying the 7 decay that contained three charged particles was required to be
detected well inside the fiducial volume of the
calorimeter modules, to have a measured energy
greater than 250 MeV, and to be separated by at
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least 20 cm in the calorimeter from all charged
tracks with energy deposit in the liquid argon smaller than the minimum ionizing energy. To discriminate further against backgrounds due to chargedparticle interactions in the calorimeters, photons
with measured energies less than 60Q MeV were required to have a ratio of energy deposited in the
rear layers to that deposited in the front layers of
less than 1.5. Additional requirements were applied
if the photon shared energy with other particles in
one or two of the calorimeter coordinates.
Those events having only two photons obeying
the previous criteria were retained. A fit to the rr
mass was performed by adjusting the photon energies.
Figure 1 shows the yy invariant-mass distributions after the above event selection requirements.
There is a clear rra signal with little background.
There were 61 events in which the fit had a confidence level larger than 10'/o and these were retained. The fitted values for the photon energies
used in the calculation of the
were subsequently
four-pion invariant mass.
The total energy of the 3m -m state was required
1.5 GeV/c2 and
to be greater than 8 GeV for m4
greater than 10 GeV for m4 & 1.5 GeV/c2. This
requirement loses 7% of the v events, while rejectFigure 2
ing 50 /0 of the hadronic background.
distribution for the 58
shows the invariant-mass
events which survived all of the event selection criteria. There are no events between 2.0 and 2. 5
GeV/c2. The background in Fig. 2 from hadronic

(

O

events was determined fmm a Monte Carlo simulation to be 3'/0 in the total sample, and (10+10)'/o
in the region m4 & 1.5 GeV/c . The resolution in
invariant mass was determined from the Monte
Carlo simulation as a function of m4 . Its average
in the range m4 &1.5
value is 53+S MeV/c

GeV/c .
The upper range of the m4 spectrum, m4 & 1.5
GeV/c2, was compared to the expected behavior 7
for different values of the v, mass and different assumptions about the four-pion state. Only the
upper part of the m4 spectrum is sensitive to the v,
mass. The value of 1.5 GeV/c was chosen because
it gives the best compromise between sufficient
sensitivity and adequate statistics. A maximumlikelihood method was applied to determine an
upper limit from the fifteen events in the m4 & 1.5
GeV/c2 region. The hadronic background was taken to be distributed uniformly over the invariantmass range, as suggested by the Monte Carlo simulation.
If the ~ 37r +7rot, -decay is assumed to have a
pure phase-space distribution, the upper limit on
the w, mass is 155 MeV/c at the 95% confidence
level. If, as is more likely, the four-pion state is assumed to be dominated by a p' resonance' of mass
1570 MeV/c2 and width 510 MeV/c2, the limit is
also 155 MeV/c2. The results are not very sensitive
to the various assumptions about the four-pion
state since, in all cases, the m4 spectrum close to
the r mass is largely determined by the available
phase space. The solid curve in Fig. 2 shows the
calculated spectrum with the p' hypothesis and with
m„= 0. It is in good agreement with the data.

We checked the stability of the results by varying
some of the parameters involved in the fit. If the
experimental resolution in invariant mass is 20%
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FIG. 1. y-y invariant-mass distribution for the 3m -m
candidates before requiring that the confidence level for
a fit to the n hypothesis be greater than 10%.
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FIG. 2. 3m —m invariant-mass distribution for the
selected decays. The curves are drawn for rn„=0 (solid)
and 250 MeV/c' (dashed) and with the assumption that
the four-pion state is dominated by a p' resonance of
mass 1570 MeV/c' and width 510 MeV/c2. The dashdotted line represents the hadronic background,
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worse than we have assumed, then the limit increases by 8%. If the fraction of background is increased from 10% to 30%, then the limit also becomes 8'/0 worse. If the range of the invariant-mass
spectrum used in the fit is enlarged to m4 & 1.3
GeV/c2 instead of m4 &1.5 GeV/c, nothing is
added to the sensitivity and the limit does not
change.
%hen we take into account the systematic uncertainties in our knowledge of the hadronic background, our experimental resoltuion, and the mass
and width of the p' resonance, we obtain an upper
limit on the mass of the ~ neutrino of 164 MeV/c2
at 95'/0 confidence level.
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