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ABSTRACT

Using a surface muon beam and a magnetic spectrometer equipped with a
position-sensitive detector, we have measured the muon momentum from pion
decay at rest jr+ ->• /X+J/^, to be p,,+ = (29.79200 ± 0.00011)AfeV/c. This value
together with the muon mass and the favoured pion mass leads to an upper limit
of 0.17 MeV (90% CL) for the muon-neutrino mass.

1. Introduction

The question of whether neutrinos have non-zero masses is of fundermental im-
portance in both particle physics and cosmology. The main quantity to be deter-
mined from the present experiment is the muon-neutrino mass mVtl. This mass is
derived from three quantities: the momentum pM+ of muons originating from the de-
cay 7r+ —> fs+ufl at rest (p^+ «29.79 MeV/c, measured in this experiment) and the
masses of the negative pion m*.- and the muon raM+ (measured in other experiments).
Assuming the validity of the CPT-theorem and four-momentum conservation in the
decay of the pion, leads to an expression for the squared muon-neutrino mass, which
is based only on the above three quantities:

x = TO,.- + mM+ — 2m,r- (mM+ + pM+ ) • (1)

A new method employing a surface muon beam (a beam of muons originating
from the decay of 7r+-mesons at the surface of a pion production target) was chosen,
which gives significant advantages compared to our previous method using a 7r+-beam
stopped in a scintillator [1]. The main advantage being that the density of muons in
phase space is four orders of magnitude higher than previously.

2. Experimental Method and Set-up

In the present method protons with a kinetic energy of 590 MeV, from the PSI
isochronous cyclotron produce 7r+-mesons in a graphite target. A fraction of these
pions, which decay nearly at rest and at the surface of the target, produce muons
which have their momentum vector such that they can be accepted by the ~ 1% wide
momentum band of the TTEI beam-line, c.f. Fig.l. A Wien filter is used to suppress
the positron contamination in the beam. The selected muons are focussed onto the
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centre of the collimator A (width 0.12mm, height 10mm, thickness 0.3mm), one of a
set of three copper collimators, placed inside the homogeneous field of the spectrom-
eter magnet. The collimators B (width=height=10mm) and C (width 14mm, height
10mm) define respectively the horizontal and vertical angular acceptance.
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Fig. 1. Experimental set-up: 1) Central trajectory of 590MeV proton beam; 2) pion production
target(graphite); 3) central trajectory of muonbeam; 4) half-quadrupole magnets; 5) dipole magnets;
6) quadrupole magnets; 7) collimator defining the beam momentum acceptance; 8) concrete shielding
of proton channel; 9) crossed-field particle separator(Wien filter); 10) lead collimator; 11) remotely
movable collimator system (normally open); 12) magnetic spectrometer; 13) pole of spectrometer;
14) muon detectors (silicon microstrip and single silicon surface barrier detectors); A,B,C copper
collimators.

These are chosen such that the spectrometer accepts only the central, almost uni-
formly populated part of the beam phase space. The angular distribution of the
muons is measured by means of a remotely movable set of horizontal and vertical
slits, placed 1.5m upstream of collimator A and two small scintillators on either side
of the collimator opening. The muons are detected after passing collimator C by
means of two silicon detectors, one a microstrip detector placed just in front of a
large silicon surface barrier detector.
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Forty-four momentum spectra (each consisting of the distribution of hits in the
microstrip detector) were recorded at six different magnetic field settings (275.4-
276.4 mT), spaced closely about the corresponding initial decay momentum of 29.79
MeV/c. Figure 2 shows such a spectrum taken at a spectrometer setting of 275.5 mT.
The sharp edge, indicated by c) in Fig. 2 is due to decay muons which originate at the
surface of the graphite production target. The distribution between c) and g) contains
muons from stopped pion decays inside the target. The peak at d) originates from
energy-loss straggling of the muons. The flat distribution at b) comes from 'cloud'
muons i.e. muons from 7r+-decay in flight. The momentum band transmitted by the
xEl-channel corresponds to the part between a) and e). Where as the distribution
at f) is predominantly due to muons scattered on the jaws of the collimators.
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Fig. 2. Experimental Microstrip Spectrum taken at a spectrometer field of 275.5mT

3. Results

The measured muon momentum spectra, obtained from the microstrip detector
are fitted to Monte-Carlo generated spectra, taking into account: the spatial distrib-
ution of pions in the target, their kinetic energy distribution in graphite just prior to
their decay and the muon energy-loss on exiting the target. The magnetic field-map
of the spectrometer and the precisely measured distances of the collimators and the
microstrip detector to one another are also used.

The resulting momentum pM+ [2], based on the spectra taken in 1993 is

pM+ = 29.79200 ± 0.00011 MeV/c. (2)

This value together with the /i+-mass [3] and the two possible solutions (A & B)
of the 7r~-mass from the recent re-analysis [4] of the pionic X-ray measurement of
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Jeckelmann et al. leads to two solutions for the squared muon-neutrino mass. This is
based on the assumptions of m x - = mv+, as implied by the CPT-theorem and energy
and momentum conservation in 7r+-decay. The ml -dependence on the charged pion
mass is illustrated in Fig.3, together with the two solutions of the Jeckelmann et al.
pion mass. If one excludes solutions where the neutrino would be a 'tachyon' i.e.
have a negative squared mass, then only the upper of the two solutions (elliptical
overlapping regions) remains, since this extends into the region of positive m* -values
('physical' region). The lower solution is excluded by 6 standard deviations. Thus a
squared neutrino mass of

ml = -0.016 ± 0.023 (MeV)2 (3)

is obtained. By setting the probability density function to zero outside the 'physical'
region (Bayesian approach) one obtains

mVtL < 0.17 MeV (90%CL)

and a combined pion mass (Jeckelmann 94B and Assamagan 96) of

mw± = 139.57037 ± 0.00021 MeV.

(4)

(5)

This gives a somewhat smaller error than Jeckelmann 94B alone because only the
right-hand upper ellipse extends into the physical region.
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Fig. 3. Allowed regions of the (ml , m,) plane; shaded bands correspond to ± Iff.
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The uncertainty of ml in equation 3 is dominated by the pion-mass uncertainty
which at present has a relative uncertainty of 2.5 ppm [4]. A new pion-mass measure-
ment, at present underway at PSI, hopes to reduce this relative uncertainty to 1 ppm
[5]. Fig.4 shows how the upper limit of m^, given in equation 4, varies with the rel-
ative uncertainty of the pion-mass measurement (assuming the pM+-value of equation
2 and the muon mass stay the same). Shown are the two cases, one where the central
value of the pion-mass stays at its present value, yielding a slightly negative value for
m^ (equation 3) and the other case where the pion-mass value gives a central value
of ml equal to zero.
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Fig. 4. Upper limit of m ^ versus relative uncertainty of pion-mass
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