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The muon momentum spectrum in K 2 decay has been measured by using a high-resolu-
tion magnetic spectrograph to look for a discrete muon peak associated with heavy-neu-
trino emission. The spectrum revealed no distinct peak, and the upper bound of the mix-
ing ratio between the muon neutrino and a massive neutrino. has been determined to be
10 4—3.0 6 in the mass range of 70-300 MeV/c~.

PACS numbers: 14.60.Gh, 13.20.Eb

Neutrinos are generally considered to be mass-
less in the conventional theory of weak interac-
tions. Experimentally, a finite neutrino mass
cannot be excluded, especially if we take serious-
ly the nonzero value of 14-46 eV/c' reported for
the electron neutrino. ' For other types of neu-
trinos, the present limits are m(v„) &0.57 MeV/
c',' and I (v, ) & 250 MeV/c'. '

Finite (and nondegenerate) neutrino masses im-
ply neutrino flavor mixing since the weak neutrino
eigenstates v„v„, and &, are, in general, not
mass eigenstates themselves, but linear combina-
tions of the neutrino mass eigenstates as

v, =+U„v; (l =e, p, r, . . . ; i = 1,2, 3, . . . ).

The current belief is that the mixing matrix is
nearly diagonal, i.e. , &, is dominantly coupled to

v„v„=~„an& v, =—v, . In a series of papers
Shrock' emphasized that there is a very interest-
ing possibility that some of the neutrino mass
eigenstates including unknown generations are so
heavy that they may show up with probability
I U, ~l' in a two-body decay spectrum, well sepa-
rated from the dominant peak. Such a possibility
cannot be excluded by the presently known experi-
mental evidences. On the other hand, neutrino-
oscillation experiments' are only sensitive to
small mass differences with relatively large mix-
ing, and thus they cannot detect small mixing of
heavy neutrinos.

A sensitive test of this interesting idea was pro-
posed by Shrock, and involves measuring the lep-
ton momentum spectrum in two-body leptonic de-
cays of pseudoscalar mesons, such as ~&l2 or ~l2 ~
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The signature of a heavy-neutrino emission would
be a discrete peak at

p, =~Wc[1+x'+y' —2(x+y +xy)j'",

where M is the parent mass, x =~ &'/lI', andy
=m, '/M'. The intensity of this extra, peak M'
- l'v;, relative to that for the conventional decay
M'-l'v), is related to the neutrino mixing ratio
IU„I' as

where p is a kinematical factor including phase
space

[x+y —(x -y)'][1+x'+y' —2(x+y +xy)]'"
x(l -x)'

which enhances heavy-neutrino emission with re-
spect to helicity-suppressed massless neutrinos.

As summarized in Ref. 4, presently available
data can exclude only a small region in a neutrino
mixing versus mass plane; a dedicated experi-
ment which looks for heavy-neutrino emission
with high sensitivity and with a large mass win-
dow (since we do not know what values to expect)
is theref ore worthwhile.

Because of the larger mass window available,
we decided to use the & decay. In Ref. 6, we al-
ready reported on a survey experiment measuring
a range spectrum in &» decay. Here, we report
on the result of our new dedicated experiment us-
ing a high-resolution magnetic spectrograph with
a wider momentum range (100—250 MeV/c) and
much better momentum resolution [full width at
half maximum (FWHM) -1"/o]. Furthermore, we
employed a very effective photon veto system us-
ing Nai(TI) counters to suppress the continuum
background. Thus, we increased the sensitivity
and the mass range. The motivation and design
aim of this experiment are also described in Ref.
7, where an argument is made that the expected
v„mass may fall in the mass range just covered
by the present experiment (70-300 MeV/c').

Figure 1 shows a schematic diagram of the
spectrograph. The experiment was performed at
the K3 beam channel of the 12-Geg proton syn-
chrotron at the National Laboratory for High Ener-
gy Physics (KEK). A dc-separated 550 MeV/c

+ beam was degraded in a 7-cm-copper degrad-
er, and was stopped in ten layers of plastic scin-
tillators (seven 8&&20&&0.8 cm', two 8&&20&0.2
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FIG. 1. PIan view of the neutrino mass spectrograph.
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cm', and one 8&& 20 &&0.1 cm') tilted 30' to the
beam. The K/& ratio was typically 25%, and the
number of stopped &' was about 5000 per beam
spill

Because minimum-ionizing muons lose about
1.7 MeV in each 6-mm stopping counter, misiden-
tification of the & stopping layer would lead to
poor momentum resolution and a spurious shoul-
der in the spectrum. Therefore, the & stopping
layer in the stopping counters was carefully de-
termined by using both pulse height and timing in-
formation, and ambiguous events (about 15%)
were rejected.

Charged particles from K decays were momen-
tum analyzed by a magnetic spectrograph, consis-
ting of two entrance multiwire chambers (PC1 and
PC2), a 10-kG C-type rectangular-pole magnet
with the dimensions shown in the figure, and two
exit chambers (PC3 and PC4). The time differ-
ence between &' arrival and the TO counter lo-
cated at the spectrograph entrance was measured
to select delayed events (2-25 nsec), since
prompt events (mostly due to & decay in flight)
produced a broad shoulder around the 236-MeV/c
peak. Time-of-flight (TOF) measurements be-
tween the T0 counter and the TOF stop counters
and, in addition, range inf ormation from 46
range counters were used to identify muons.

Among the major E' decay modes, & —p, '&'v

(3.2'%%uo) and K' —p 'vy (0.6/o) decays produce a
continuous background to the muon momentum
spectrum, below the 236-MeV/c main peak
(63.5%%uo). To achieve high sensitivity to small dis-
crete peaks, these decay modes must be vetoed.
We surrounded the & stopping region with 112
modular NaI(T1) counters (6.5 cm'&& 30 cm) with
discriminator thresholds set around 1 MeV to
veto &' and y from these decay modes.

The veto efficiency of the p &'v mode was quite
high because of 2y emission, better than 99%,
while the p'vy mode was difficult to eliminate.
Even with 92% solid-angle coverage by the Nal
counters, about 30/o of the p'vy photons escaped
undetected for P„~ 220 MeV/c, becoming much
worse toward the 236-MeV/& peak, since low-en-
ergy photons are pref erentially emitted along the
muon momentum direction. '

Much effort has been made to achieve good mo-
mentum resolution: large bending angle, first-
order horizontal focusing, high-resolution two-
dimensional readout of the multiwire proportional
chambers, and a helium gas bag between the mag-
net poles to minimize multiple scattering. Mo-
mentum reconstruction was performed by nu--
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FIG. 2. The momentum spectrum of charged particles
analyzed by the spectrograph is given by open squares.
Closed squares represent the final muon momentum
spectrum with photon veto and particle identification.
The momentum dependences of the acceptance (relative)
and resolution (F97HM) are also shown.

merically integrating the equation of motion, '
and a y' test was applied to eliminate spurious
tracks (about 50%). The reconstructed momentum
was then corrected for energy loss in the &' stop-
ping counters by using the pulse- height inf orma-
tlon.

The final spectra are shown in Fig. 2. Open
squares represent the overall charged-particle
spectrum without photon veto; major &' decay
modes such as p v, Tt &', e &'v, p'&'v, and

can be readily identified by distinct peaks
and shoulders as indicated in the figure.

Closed squares represent the final muon mo-
mentum spectrum with photon veto and particle
identification. The accidental loss through the
photon veto amounted to 40/o. The muon identifi-
cation applied did not lose muon events but served
to remove a slight &'&' peak at 205 MeV/&. The
total number of muons in the spectrum is 2.54
x 10'.

The momentum resolution at 236 MeV/& is 2.1
MeV/c FWHM (0.9%%uo) with a perfectly Gaussian
line shape, and decreases gradually toward lower
momenta, as shown, because of multiple scatter-
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ing and energy losses.
Note that the ordinate is in a logarithmic scale,

and the upper tail of the 236-MeV/& p'v peak
falls quadratically over almost five orders of
magnitude. Also note the wide momentum accep-
tance of the spectrograph, which ensures an al-
most flat acceptance of about 100 msr between
120 and 250 MeV/&. The continuum in the muon
spectrum and the slight lower tail of the p'v peak
are due to the JU. 'vy decays which evaded photon
veto. This assignment was checked by Monte
Carlo calculations, and was found to be consis-
tent. To investigate the peak region, a better
spectrum (FWHM - 0.5%) from only the thin down-
stream stopping layers was used.

There is no distinct peak in the muon momentum
spectrum except for the normal one at 236 MeV/c.
From a g' test assuming a fictitious peak, we set
the upper limit on the mass and mixing of heavy
neutrinos as shown in Fig. 3. In terms of the mix-
ing ratio I U„) I ', where & is presumably 3 in the
ordinary v, —=v, and v„=—v, assignment, the 90%-
confidence-level limit is about 10 ' for rn, , =100
MeV/&' and 10 ' for ~, , =200-300 MeV/c'. The
limit becomes exceedingly loose for lighter mass-
es as shown, 10 ' form, , =70 MeV/&' for in-
stance, because of the p'&y background and the
finite momentum resolution of the spectrograph.

In the same figure, bounds given by other ex-
periments are also shown. Marked KEK' is the
result of our previous &» range measurement, '
and LBL is from the rare decay experiments'- p, 'vvv. " The bound on ~ U„;I ' in a different
mass range can be obtained by using &» decay.
Recent results are reported by Calaprice et al."
and by Abela et al. ,

"of which the latter gives the
best limit, as shown in the figure ( SIN ). The
wavy line is the bound from the result of a v„-v,
oscillation experiment, "which is relevant to the
Up, mixing in our terminology.

The figure shows how sensitive the present
method is in comparison with neutrino-oscillation
experiments. The only mass range that is not ac-
cessed by either K» or m» is &5 MeV and 30-70
MeV. A similar plot on the bound of I U„~' can be
made by using the &„result" and the recent re-
sult from the &„measurement. "

So far there is no positive evidence for the
existence of heavy neutrinos in the mass range 5-
300 MeV/c', but such a possibility still cannot be
excluded. Further experiments with improved
momentum resolution and background suppression
aimed at increased sensitivity to small mixing
al e under w'ay.
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Flo. 3. On a neutrino mass vs mixing plane, the new
limit (90'fo confidence level) obtained by the present
work is indicated. Other bounds shown in the figure are
from K 2 range measurement (Ref. 6), K+-p'vvv decay
experiment (Ref. 10), and recent 7t.„,heavy-neutrino
search (Ref. 12). A wavy line shows the limit from the
result of a neutrino-oscillation measurement (Ref. 13).
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