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A magnetic spectrometer at the Bevatron has been used to study the low-neutrino-energy
ends of the E&3 and E,3 spectra. The spectra are found to agree well with the V-A predictions
for massless neutrinos. The upper limits (90% confidence level) are 650 keV for the muon-

neutrino mass and 450 keV for the electron-neutrino mass.

I. INTRODUCTION

The most precise limits on the muon-neutrino
mass have been set by measuring the energy' or
momentum' of the muon in 7i - p, v„decays. While
this method is straightforward, it is quite sensi-
tive to the value of the pion mass. A determina-
tion of the muon-neutrino mass is presented here
which is practically independent of the uncertainty
in the pion mass. The method used is to examine
the low-neutrino-energy ends of the K~ —m'p, 'v

(K») and K~ - v'e'v (K„) spectra. As will be
shown, the use of Ko~ - v'v (K,„) events for mass
scale calibration decreases the sensitivity of the
neutrino mass determinations to previously mea-
sured particle masses.

A comparison of the results and methods of
muon-neutrino mass determinations is shown in
Table I. It should be noted that for all methods
the quantity actually measured is the square of the
rest mass; hence, reducing the mass limit by one
half involves an experiment which is four times as
sensitive.

Also determined in this experiment is a limit
on the mass of the electron neutrino. Very precise
measurements' of the positron spectrum from
tritium beta decay have set limits on the electron-
neutrino mass of -60 eV. The comparatively crude
limits set by the present experiment (450 keV)
offer both a check on the experimental method for
determination of the muon-neutrino mass and a

new limit on the mass of electron neutrinos from
strangeness-changing decays. The latter result
is significant when one considers the paucity of
experimental evidence on the existence of different
types of neutrinos.

In addition as a test of CPT invariance, the spec-
tra for neutrinos are compared with the corre-
sponding spectra for antineutrinos. Our limits on

the mass differences are much more stringent than

those implied by comparison of m' and m' life-
times.

II. EXPERIMENTAL METHOD

A. General

The V-A theory of weak interactions predicts
little dependence of the K„matrix element on the
neutrino mass. However, the boundary of the
Dalitz plot is modified for a nonzero neutrino
mass.

In the present experiment the measured invariant
mass m„, of the two charged secondaries is simply
related to the neutrino energy in the kaon center-
of-mass system by

~g PS ~ f + 2%fI
2 2 2

2' E
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TABLE I. Muon-neutrino mass measurements .

Decay mode
Limit (MeV)

90% C.L. Method Reference

7I' ~P v

p+ e+vv

K ~x~pL

3.6
1.5

2.2

1.6

1.15

0.65

Muon range in emulsion
Positron momentum measured
with magnetic spectrometer
Muon range in liquid helium
bubble chamber
Muon momentum measured
with magnetic spectrometer
Muon energy with Ge (Li)
detector
~p invariant mass with
magnetic spectrometer

Barkas (1956)
Peopl. es (1966)

Hyman (1967)

Booth (1967)

Shrum (1971)

This experiment

W.H. Barkas, W. Birnbaum, and F.M. Smith, Phys. Rev. 101, 778 (1956).
J. Peoples, Ph.D. thesis, Nevis Laboratory Reports No. 8-457, CU-253, NEVIS-147,

1966 (unpublished) .
L.G. Hyman, J. Loken, E. G. Pewitt, M. Derrick, T. Fields, J. McKenzie, I.T. Wang,

J. Fetkovich, and G. Keyes, Phys. Lett. 25B, 376 (1967).
See Ref. 2.

~See Ref. 1.

Simultaneously detected K 0~ - w'w (K„)decays
are used to measure the resolution of the apparatus
and calibrate the absolute invariant-mass scale.
Since the K„„events effectively measure the kaon
mass, the present results are independent of pre-
viously measured values of the kaon mass. Since
the neutrino energy depends only in second order
on the pion mass, the uncertainty in the pion's
mass (14 keV) leads to an uncertainty of about 8
keV in the neutrino-energy measurement.

B. Apparatus

Figure 1 shows the plan view of the detection
apparatus. The 6-m-long evacuated decay volume
began 7.6 m from the production target in the

Bevatron External Proton Beam. The 0.8-msr
beam yielded -6x j.0' K~ in the momentum range
0.8-3.2 GeV/c for 6 x 10"protons on the target
The momenta of the decay secondaries were mea-
sured in symmetric spectrometers, each with a
0.9-m&0.6-m aperture picture-frame magnet and
five double-gap magnetostrictive wire spark cham-
bers. The chambers were designed with low mass
(5.2x 10 ' radiation lengths) and the volumes be-
tween the spark chambers were filled with helium
to reduce Coulomb scattering.

Downstream of the last spark chamber on each
side of the apparatus, counter hodoscopes F and 8
selected trajectories with maximum horizontal
divergences of +45 mrad from the beam line. This
angular requirement selected secondary particles

re-entrant beam stop

R H

spark, chamber

2nd vertical

sweeping magnet

caters I
I
I
I
I
I
I

I

y volume

vacuum )

neutral

beam

0 I

meter

I

range box

carbon degrader
Cherenkov counter

helium box spark chambers

FIG. 1-. Plan view of the apparatus. E and R are counter hodoscopes. H is a six-counter array. T is a fast timing
counter.
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emerging from the decay volume with transverse,
momenta within a rather narrow interval; the de-
sired interval mas selected by setting the magnet
current appropriately. A six-counter array H mas
mounted in front of each I' hodoscope, and a large
counter T for fast timing mas mounted behind each
8 hodoscope.

Electrons mere identified in 2.3-m-long Freon
Cherenkov counters, which were found to be more
than 99.6% efficient during preliminary tests.
Muons mere identified by range measurements.
The range detectors each contained a 2-m-long
carbon block followed by 17 cells of steel and
scintillator. Each cell consisted of one or more
2.2 m x 2.2 m x 2.5 cm steel plates. The number of
plates in each cell was chosen to give a muon range
interval of approximately 7% for momenta between
0.5 and 1.6 GeV/c.

The data discussed here mere accumulated as
(useful) background during a search for the rare
decay modes Koi- p p ~ e e, and p'e' which has
been previously reported. '' The spectrometer
magnets mere set to correspond to a transverse
momentum of 225 MeV/c, the center-of-mass
momentum of the decay Ki- p, 'p, . The trigger
logic required a particle on each side which satis-
fied the angular requirement and also counted in
the H array and the timing counter. Events with
an electron mhich bent inmard at angles between
25 and 45 mrad were rejected; this veto reduced
the K 3 backg round in the dil epton sampl e at the
expense of the data presented here. The signals
from the Cherenkov counters (except as noted
above) and the range counters were not used in
the trigger, but were recorded for use later in the
analysis. The signals from the counters and the
spark-chamber information for each event mere
accumulated, checked, and then stored on magnetic
tape by a PDP-9 computer. Beam intensity and

magnet currents mere recorded for each Bevatron
pulse.

For the low-neutrino-energy (or high-m„, )
region of the K» Dalitz plot the spark-chamber
trigger used for the rare-decay-mode search mas
ideal. By requiring both charged secondaries
to have transverse momenta greater than 200
MeV/c, only those K„events of interest here
mere accumulated. The only significant background
with respect to particle identification involved Ki-m'~ decays in which a pion decayed upstream of
the magnets and simulated a K» event. This
background mill be discussed in Sec. VII.

III. DATA SAMPLE

The events mere reconstructed and analyzed with

a CDC-6600 computer. An event was considered

a K» or K„candidate if the tmo reconstructed tra-
jectories met within 2 cm in the decay volume and
if the reconstructed angles and momenta mere ki-
nematically consistent with such a decay. Any
particle accompanied by a Cherenkov count mas
assumed to be an electron; other particles mere
tried as pions and muons. Each event with no
Cherenkov count was also considered as a possible
K„„candidate if the vertex cut described above
was satisfied and if the reconstructed parent par-
ticle originated at a point less than 4.0 cm from
the production target.

For this first-stage analysis, an effective-length
parameterization of the magnetic fields mas used.
This simple procedure provided adequate mass
resolution for the initial selection of events with
a minimum expenditure of computer time. Better
momentum resolution and discrimination against
impossible trajectories couM be achieved by a
step-by-step integration of the trajectories through
the measured magnetic fields. Accordingly, for
one out of five K„, events and for all K„events
with m„greater than 475 MeV (as determined from
the first analysis), each charged-secondary tra-
jectory was numerically integrated using the mea-
sured magnetic-field maps. Events with discon-
tinuous trajectories, indicating a decay in flight
or an error in spark association, were eliminated.
The cuts were quite stringent and corresponded to
about tmo standard deviations on each of eight
parameters measuring deviations from orbit con-
tinuity. Approximately 60/o of the data survived
these cuts. The integrated trajectory was also
used to correct the momentum estimate.

To be identified as a muon, a particle was re-
quired to stop within 2..5 counters of its expected
range. This corresponds to requiring that the
muon range be within about 10% of the expected
value. A pion was identified by a range more than
1.5 counters short of the expected range of a muon
of the same momentum. If both particles in an
event satisfied the muon-range criterion, the
event was removed from the K» sample. The
laboratory momenta of the secondary particles
were determined primarily by the kaon laboratory
momentum ((Pz) =2.2 GeV/c) and only weakly
correlated with the Dalitz-plot positit. a. There-
fore, over the small invariant-mass interval used
for the neutrino mass determination, elimination
of events with ambiguous r or p identification did
not bias the K„,decay spectra.

Having determined the momenta and identities
of the charged secondaries, one could calculate
the invariant mass m„and the neutrino energy E„
in the kaon rest frame. Events for which the re-
constructed kaon could not have originated within
5 cm of the production target were eliminated.
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This cut was purposely very loose because the
calculation of the distance of closest approach of
the parent kaon to the target is coupled to the
invariant mass calculation. If the cut were too
tight, it could distort the shape of the spectrum.
Scatter-plot studies of K„data comparing the
distance of closest approach to the target as a
function of m„ indicated that no bonafide events
were lost by the kinematic compatibility require-
ment.

IV. APPARATUS RESOLUTION AND
INVARIANT-MASS CALIBRATION

Figure 2 is a semilog plot of the K„invariant-
mass distribution. The spectrum can be fitted
quite well by a superposition of two Gaussian forms
centered about the same mass plus a linear. back-
ground. Changing the cut on the distance of clos-
est approach to the target from 5 cm to 2 cm does
not appreciably change the width of the E„peak
although the linear background does decrease.
The wider Gaussian is compatible with K„events-
in which a pion has decayed in flight or scattered
from the materia) in the spark chambers while the
linear background is compatible with K» events

in which a muon has been misidentified as a pion.
To eliminate as much of the K» contamination as
possible, all E„events with kaons which could
not have originated within 2 cm of the production
target were eliminated.

The invariant-mass plot shown in Fig. 2 has
been used as the resolution function of the appara-
tus. Although the resolution should be normally
distributed as a function of the square of the in-
variant mass, the results of this experiment are
insensitive to such details of the fitting procedure,
primarily because the invariant-mass intervals
for the E» fits are small.

The tails of the distribution shown in Fig. 2 are
from K» decays in which the neutrino direction
is parallel to the kaon direction or from K„,events
in which one pion has decayed in flight. For each
of these two sources of broadening, the measured
width of the K„peak is greater than the resolu-
tion width expected for K„. (Note that there are
two pions which can decay in flight for K„as com-
pared to one pion for K„.) For this experiment
the tails of the E„peak were small enough that
they did not affect the fits appreciably. Further-
more, the use of a resolution function wider than
that of the apparatus would lead to less stringent
limits on the neutrino masses.
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~ ~ V. DETECTION EFFICIENCY

The detection efficiency of the apparatus was
determined with a numerical integration scheme
(the program LAS VEGAS) in which events were
generated uniformly in phase space and traced
through the apparatus. Figure 3 shows the E»
detection efficiency and the V-A spectrum as a
function of neutrino energy. The efficiency is
normalized to unity at the zero neutrino-energy
end. The efficiency at 5 MeV neutrino energy
drops by only 14/& from the maximum at the tip.
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FIG. 2. Semilog plot of the xm invariant-mass spectrum
used as the resolution function of the apparatus and the
absolute invariant-mass scale calibration for the
neutrino-mass fits.

FIG. 3. Detection efficiency of the apparatus compared
with the theoretical V-A K&3 spectrum as a function of
the neutrino center-of-mass energy. In the interval 0
to 5 MeV neutrino energy the detection efficiency changes
only 14%.
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The K,s efficiency is further distorted because
the Cherenkov counters were used in anticoinci-
dence to reject events if the electron bent inward
downstream of the magnets. Although this trigger
scheme had litttle effect on the events at the tip
of the Dalitz plot, it decreased the detection ef-
ficiency for K„events relative to that for K„,
events for lower values of m„.

VI. &,3 SPECTRA

Figure 4 shows the K„data compared to the
V-A prediction for a zero-mass neutrino, in-
cluding the effect of resolution. A value of 4,=0.04
is used for the K„form factor. The only adjust-
able parameter is the normalization. For the
mass interval 485&m„& 499 MeV, the X' is 1P
for 27 degrees of freedom (confidence level 90%)
and the data agree with the spectrum in the inter-
val 475& m«& 485 MeV. The quality of the fit in-
dicates that the V-A theory gives a good repre-
sentation of the data and that the LAS VEGAS pro-
gram is a good representation of the apparatus.

Shown in the inset of Fig. 4 is the variation of X'

as a function of electron-neutrino mass. The min-
imum is at 0 keV and the corresponding 90%
limit is 350 ke7 where the g' increases by 1.6.
Since only the square of the neutrino mass enters
into all relevant formulas, an excess of events at
the tip of the spectrum would correspond to an
imaginary neutrino mass. Unfortunately the ne-
cessary expressions cannot be analytically con-
tinued to imaginary masses (the V-A current-
current interaction allows negative transition
probabilities in such cases, for example) and fits
for imaginary neutrino mass are model-dependent.

Predicted spectra for imaginary masses were ob-
tained by increasing the kaon's mass slightly in
the calculation of the matrix element to keep the
V-A helicity structure at the Dalitz-plot bounda-
ries. The Dalitz-plot boundaries for the phase-
space part of the transition probability were cal-
culated for imaginary masses. For this and other
reasonable models the minimum remained at zero
neutrino mass wh'en imaginary masses were. con-
sidered. The shape of the imaginary mass part
of the y' curve clearly depends on a particular
model, however, and so is not used in the deter-
mination of the errors on the mass limit. It
should be noted that even if the y

' minimum were
at an imaginary mass, we would still take the 90%
limit as the mass where the X increased by 1.6
over the ga at m, =0.

Events from the decays K~ - a' a' are a signifi-
cant background to the K„, end-point studies. Jn
fact, approximately 106 K„,decays were detected
during the course of the experiment; this is to be
compared with approximately 10' K» decays with
neutrino energies in the interval 0 to 5 Me7. Even
a fraction of a percent of K„events would cause
background problems if identified as K». A pion

h500

hOOO
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500

lA 4QQ
C)

300

UJ

200

D

100Ch

Kl

0
475 485

ere INVARIANT MASS (MeV)

500.
IX)

480 485

X IO

500

FIG. 4. The 7he invariant-mass spectrum compared
with the theoretical V-A prediction vrith the detection
efficiency and resolution included. The fitted interval is
485 & m„& 499 MeV. The inset shows the g2 as a func-
tion of neutrino mass.

1NYARlANT MASS (M8Y)

FIG. 5. The op, invariant-mass spectrum found by
purposely incorrectly identifying as a muon one of the
pions from X ~ decays. The vertical scale is expanded
hJJ a factor of 10 for m~& & 485 MeV. .
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from K„which decayed upstream of the momen-
tum-analysis system, for example, would gener-
ally cause the event to be classified as a K„, if the
muon entered the range device.

Such misidentified E„„events show up in the m, „
spectrum as a rather broad peak near m,„=480
MeV; Figure 5 shows the apparent m, „distribu-
tions for a subset of the K„, events shown in Fig.
2 with one secondary pion intentionally misidenti-
fied as a muon. Figure 6 shows the complete E»
spectrum compared to the predicted V-A spec-
trum normalized to the uppermost 5 MeV in the
mass spectrum. The K,„background is apparent.

B. Fitting procedure

To eliminate the E„,background in the K„3
spectrum, different intervals of rp, invariant
mass were tried in order to find the extent of the
background-free region. Leaving the upper limit
of the fitting interval fixed at 499 MeV, the V-A
fit for zero neutrino mass was tried, using differ-
ent lower limits. For all fitting intervals starting
at or above 493 MeV the fits are acceptable and
have X' probabilities, which are stable and are
similar to those of the E„events in the same
mass interval. When fits with V-A for neutrino
masses greater than 1.6 MeV were tried, no ac-

ceptable fits were possible for any mass interval.
As long as the ratio of the K„, background to

the K» spectrum decreases monotonically as the
neutrino energy decreases, any inclusion of this
background will lead to neutrino-mass limits
which are too large. That is, the higher back-
ground at the lower end of the fitted interval, when
used in the normalization, simulates a depletion
of events at high m, „corresponding to a massive
neutrino.

The m„„spectrum for the E» data is shown in
Fig. 7 along with fits for zero and 1.6 MeV neutri-
no mass. The inset shows the X' distribution as a
function of neutrino mass. The minimum is at
zero mass with a g'=13.7 for 10 degrees of free-
dom. The confidence level (C.L.) for the fit is
about 20%. The g' as a function of m„ increases
by 1.6 at about 550 keV and that is taken as the
limit (90% confidence level) for the neutrino mass.

A similar analysis was performed for the E„
data in the m„ interval 493.5 to 499 MeV. The
fitted results are shown in Fig. 8 for zero and 1.6
MeV neutrino masses. The fit for zero mass is
good (g'=9.2 for 10 degrees of freedom; confidence
level -50%), although the 90% confidence-level
limit for the neutrino mass is only slightly worse
(-400 keV) than for the larger mass interval
shown in Fig. 4.
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FIG. 6. The ~p, invariant-mass spectrum from K&3 events compared with the theoretical V-A spectrum normalized
to the interval 495 & m~& & 500 MeV. The background centered at 480 MeV is from incorrectly identified K«decays.
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FIG. 7. The op, invariant-mass spectrum compared
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&
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corresponds to m» = 0.0 (1.6) MeV. The inset shows the
g2 as a function of neutrino mass.

VIII. RESULTS AND CONCLUSIONS

A. Systematic errors

The over-all normalization is affected by a num-
ber of parameters which have a negligible effect
on the final neutrino-mass limits. Examples are
the K„ form factors, the radiative corrections'
and uncertainties in the detection efficiency. In
gener@1, very large changes in the form factors
or the radiative-cutoff parameter or the detection
efficiency dropoff cause the V-A fits to become
slightly worse. However, even though the minimum
y' becomes worse, the position of the minimum
does not change. This is because the effect of a
massive neutrino is seen as a significant change
in the shape of the spectrum only at the low-E,
end rather than a gradual shift in the data or a
slight renormalization.

Two things to which the results are sensitive
are the width of the mass resolution function and,
for the K„, spectrum, the cuts on the muon-range
requirement. If the resolution function is made
wider by allowing more background events in the
K, „spectrum (Fig. 2), the quality of the fits for

FIG. 8. The ze invariant-mass spectrum compared
with the theoretical V-A predictions for the same inter-
val used in Fig. 7. The limit on the neutrino mass is
only slightly worse than for the complete interval. The
general character of the fits is similar to those in Fig. 7.

both the K„and K„, spectra deteriorate. When
the muon-range requirement is relaxed, m, „
events are not fitted as well, presumably because
more K„, background is included.

The 9(Po confidence levels on the neutrino mass
limits vary over a range of about 100 keV depend-
ing on the particular resolution function and muon-
range cut used. Including these systematic un-
certainties, the over-all limits are 650 keV for
the muon neutrino and 450 keV for the electron
neutrino (90% C.L.)

8. Test of CPTinvariance

CPT invariance implies equality of the neutrino
and antineutrino masses. Since muons and elec-
trons of both charge signs were accepted by the
apparatus, the final data samples conta, in about
equal mixtures of neutrinos and antineutrinos.
The spectra for the neutrinos are found to be the
same as those for the corresponding antineutrinos.
The mass difference is less than 450 keV (9(F/o

C.L.) between the electron neutrino and its anti-
particle and between the muon neutrino and its
antiparticle. The only other limit on a neutrino-
antineutrino mass difference seems to be that
implied by the limit on the difference in m' and m

lifetimes. '
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Wide-gap spark-chamber study of E~~ ~w+e+v decay~
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A wide-gap spark chamber operated in a magnetic field has been used to measure the ener-
gy dependence of the form factor f+(q } in KL- ~+e+~ decay. Decays of K~ mesons in
vacuum were detected in the —30' neutral beam of the AGS at Brookhaven National Labora-
tory. K~3 decays were identified by electromagnetic showers produced in a lead radiator
plate between the two 12-inch gaps of the chamber. The linear parameter ~+ in the form
factor f + (q2) was determined to be 0.040+ 0.012, where the error includes uncertainties
in the corrections for systematic effects. A study of these systematic effects and the re-
sulting errors is presented.

I. INTRODUCTION

The predictions of the V- A theory are very
successful for processes that involve nonstrange
particles. " It is natural to try to apply the same
theoretical considerations to weak processes in-
volving strange particles. ' In particular, the
three-body leptonic decays of K mesons have been
the subject of a number of studies.

The transition matrix element for K„decay is
usually written in the forms

M= sine[I, y„(1+y,)u„1(m( v' ~K),

the Cabibbo angle given by the Cabibbo theory of
semileptonic weak interactions. The pion and the
K meson are taken to have the same intrinsic par-
ity, and a pure vector interaction is assumed in
the framework of V-A theory. The last factor de-
scribes the hadron interaction in the decay.

The constraint of four-momentum conservation
reduces the number of independent four-momenta
in the interaction to two, and the matrix element
can be written in terms of the four-momenta:

e.=(Px -P.).,

0 =(P~+P.),
where G is the Fermi coupling constant and 8 is where a =1, 2, 3, or 4. The hadronic part of M


