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Evidence of massive neutrinos was sought in the R+ + p+z decay spectrum in the mass region 
A& = 30-33.91 MeV/c’. Upper limits an the branching ratio R,. 5 (4 - 6) x IO-’ (90 % C.L.) 
were set for this region, which correspond to the neutrino mixing parameter 1 U,., /‘< 1O-3-1O-4. 

PACS number(s): 14.6O.Pq, 12.15.Ff, 13.20.C~ 
Recently, the KARMEN group reported an anomaly 
in the time spectrum of the neutrinos produced from a 
pulsed beam stop source [l] and suggested the possibil- 
ity of the presence of a noninteracting massive neutral 
particle emitted in pion decay ?T+ + p+z with mass 
around J4, = 33.9 MeV/c? (a detailed discussion on 
the constraints associated with I couplings can be found 
in Ref. [z]). The possibility of z being a conventional 
neutrino is unlikely due to the masured 2’ width [3] 
and the recent upper mass bound of the 7 neutrino, 
M, 5 24 MeV/c2 [4]. However, “sterile” neutrinos such 
as iso-singlet neutrinos (vxl, vx., , vx,) (51 may exist 
without affecting the 2” width. The weak eigenstates 
vxr of such neutrinos are related to the mass eigen- 

states u; by a unitary matrix, VI = C;ztuw;, where 
1 = e, ~,7, x1,x2,. , mK. Such mixings would produce 
additional peaks in the lepton energy spectrum from two- 
body meson decays such as r+ + @v [6]. The branching 
ratio of ?r+ + p+z decay to the normal r+ + I.L’V decay 
can be written as 

where YZ is the conventional massless neutrino and p,, is 
a kinematic factor [6]. 

Previous direct searches for the production of mas- 
sive neutrinos coupling to the muon in pion decay have 
been carried out by Abela et al. [‘7] and Daum et 
al. [8]. Because of the experimental threshold for the 
muon detection, these measurements did not cover the 
region between M, = 30 MeV/c’ and the kinematic 
limit 33.91 MeV/c’. Shrock [6] estimated upper limits 
1 Up. 12< 2 x 10v3 (lu) using the p parameter in the 
muon decay spectrum, and this has been the tightest 
limit available for this mass region. 

The present work is based on the data taken for the 
branching ratio measurement of the decay ?r+ + e+v 
191. Positive pions of momentum P,+ = 83 MeV/c from 
the TRIUMF Ml3 channel were degraded by a 12.7-mm- 
thick plastic-scintillation counter Bl and stopped at a 
rate of lo5 s-l in a 12.7~mm-thick scintillator target B3 
sandwiched between two 1.6.mm-thick scintillation coun- 
ters B2 and B4. Positrons from the decay ?r+ + e+u 
(branching ratio R,, - 10-4, Te+ = 69.3 MeV) and from 
the decay p+ + e+vD following the decay ?r+ --t p+v 
(the ?r+ --t p+ + e+ chain, Te+ = O-52.3 MeV) were de- 
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te&d by scintillation counters with an effective diameter 
of 15 cm placed 22 cm from B3, and energy-analyzed by 
a 51.cm-long x 46.cm-diameter Na1 (TZ) crystal TINA. 

For the decay chain ?yc + ti+ --t e+, the energy in the 
pion stopping counter B3 involves three components: the 
kinetic energy of the stopping pion, the kinetic energy 
of the decay muon (normally TN = 4.12 MeV for M,, = 

0 MeV/e’) which would vary with the neutrino mass, and 
a small fraction of the positron energy (-0.5 MeV). The 
energy resolution for the decay chain & + /L+ + e+ 
in B3 was AE = 0.6 MeV (0) after correcting for the 
pion energy loss in Bl. A possible peak corresponding 
to T,, = 0 MeV would be separated from the normal 
decay and, thus, the energy spectrum in B3 can be used 
to search for evidence of x+ + p+z decay. 

Positron events in an early time region (5 5 t 2 30 ns, 
with respect to the pion stop time), which are enriched 
in ?r+ + e+~ events, were selected for a reference sam- 
ple of events without muon energy. For thesecondary 
peak search described here, events with positron energy 
‘I’.+ 5 56 MeV in a late-time region (100 5 t 5 150 ns) 
were selected to suppress ?r+ --f e+v events. Due to 
the response function of the Na1 detector, however, a 
very small fraction (5 x 10w4) of ?r+ + e+v .events still 
remained at this stage, and this component was sub- 
tracted from the spectrum before the search. The normal 
?r+ + p+ + e+ chain was suppressed by using pulse- 
shape information horn the B3 counter recorded by two 
analogue-to-digital converters (ADC’s): one with a gate 
sampling the first 7 ns of the signal and the other with a 
200-ns-wide ga@ to accumulate the total signal [9]. This 
technique allowed suppression of ?i+ + p+ + e+ events 
by a factor of -30 at a small cost of acceptance, and re- 
duced the low-energy tail which prevented complete sep 
aration of the two peaks at T,, = 0 MeV (& --t e+v) and 
T,, = 4 MeV (r+ --t /I+ --t e+). However, this approach 
introduced an acceptance variation with T,, because the 
detection probability of 7~+ + p+v decay depended on 
the amplitude of the second pulse. The acceptances of 
the above cuts were estimated to be 68% at Z’p = 0 MeV 
and 25% at Tp = 1 MeV by comparing with the un- 
suppressed spectrum. The background shape due to the 
radiative decay w+ + p+vy (5 0.1 of the background 
in the region of the search) was also distorted by the 
acceptance variation but the effect was still negligible 
at the level of this investigation. In the region of zero 
muon energy, the remaining events after these cuts were 
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FIG. 1. Typical B3 energy spectrum in an early-time win- 
dow 5 to 30 ns after the pion stop time (closed circles) and 
the same spectrum for Te+ < 56 MeV in the late-time region 
100-150 ns. The solid line indicates the fit at Z’,, = 0 MeV 
and the dashed line corresponds to the signal 1 U,.. I’=, lo-’ 
at M, = 33.905 MeV/2. 

due mostly to pion decays in-flight. Figure 1 shows the 
resulting B3 energy spectra for the early-time window 
(closed circles), and the late-time region (open circles). 
The horizontal scale of the figure does not include sat- 
uration effects in the scintillator but a correction was 
applied in the final results. There was a small energy 
shift of ~0.2 MeV (corrected in the figure) between the 
early- and late-time spectra because of the difference in 
the undetected fraction of positron energy. 

The data of Fig. 1 were examined for evidence of peaks 
attributable to the presence of mass eigenstates 2. The 
spectrum in the early-time region (closed circles) was fist 
fitted to define the parameters in the fitting functjon: a 
Gaussian peak for the ?r+ + p+ +, e+ decay, another 
Gaussian peak for the ?r+ + e+v decay (a “training” 
sample for the massive neutrino peak), and a quadratic 
background due to decays in-flight. Using the late-time- 
window spectrum, the search was then carried out by 

“ changing the ?r + --t e+v” peak energy representing a 
shift due to rf --t p+r decay and fitting the spectrum 
to the same function with the fixed &ergy and width 
for the “rf + e+v” component. The peak energy was 
stepped in - 0.06-MeV increments through the muon- 
energy range 0 - 0.8 MeV to find the most probable peak 
area at each energy. The resulting areas monotonically 
decreased from ‘24f80 to -116&88 events with increas- 
ing of muon energy. By normalizing to the unsuppressed 
K+, + p+ + .+ decays (the total number of events was 
5 x 106) and correcting for the acceptance, the pc&ar- 
eas were converted to branching-ratio upper limits (90% 
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FIG. 2. Upper limits (90% C.L.) of 1 U,,, 1’ with the 
muon energy (lower scale) up to 2 MeV and the neutrino 
mass (upper scale). The results from the present experim@nt 
(T,, 5 0.3 MeV/c’) are shown by the solid line. The previ- 
ous limits (90% CL.) of Shrock [6] are shown by the dashed 
curve, and of Abela et al. [7] by the open circles. 

C.L.) assuming the normal probability distribution with 
a constraint that the physical region of a peak area be 
positive; only the positive-area part of the normal distri- 
bution was used to calculate the limit. The solid line in 
Fig. 1 shows, the best fit at Tp = 0 MeV; the branching 
ratio obtained for the secondary peak at T,, 3 0 MeV 
was (0.68 f 2.28) x 10-5, which corresponds to a 90% 
upper limit, Ru. < 4.2 x 10T5. Using Eq. (l), an up 
per limit on the mixing coefficient for heavy neutrinos 
coupling to muons was derived 1 U,,, 1’5 1.4 x lOrn3 at 
M, = 33.905 MeV (T, = 5 keV). For comparison, the 
dashed line in Fig. 1 indicates the signal that would cor- 
respond to 1 U,,, I’= 1 x 10e2 with the same mass. The 
solid curve in Fig. 2 shows the upper limits on 1 U,,, 1’ 
from the present work for the region T,, < 0.8 MeV. The 
dashed curve and open circles in the figure indicate the 
results from Refs. [6] and [7], respectively. In the figure, 
the upper limits obtained by Sbmck (lu) were converted 
to 90% C.L., which gave 1 U,. I21 3 x 10-3. Although 
the present results do not eliminate the possibility of a 
massive neutrino around M, = 33.9 MeV/c’, they pro- 
vide improved constraints by a factor up to 40 in the 
mass region 30 to 33.91 MeV/c’. 
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