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Neutrino Experiment to Test the Nature of Muon-Number Conservation
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This paper reports on a search for v, from p+-e+ p, v» allowed by multiplicative
but not additive muon conservation, and for v, from p, +-e+v, v&, allowed by both.
Neutrinos from the Clinton P. Anderson Meson Physics Facility have been used, to-
gether with a six-ton Cherenkov counter filled with H20 (D20) to look for v,P —ne+

(v~d-ppe ). The branching ratio (p+-e+ v, ~&)/(p'- all) = -0.001+ 0.040 is in ex-
cellent agreement with the additive law. The cross section (o(v, d —ppe )) = (0.52
+ 0.18)x 10 cm' agrees with theory.

Muon conservation, distinct from total lepton
conservation, was introduced to account for the
absence of p.-ey, p, -3e, p.Z-eZ, and v&Z-eZ'. Muon and electron numbers are defined p. -e +v+v .p.

by L„=+1 (-1) for tl, v„(p', v&) and L, =+1
(- 1) for e, v, (e', v, ). In place of the usual, ad-
ditively conserved quantum numbers, gL„=const
with+(L„+L, ) =const, one could, as Feinberg
and Weinberg' pointed out, introduce a multipli-
catively conserved muon number g (- 1) & = const
with p(L„+L,) = const. Most recently Derman'
has considered multiplicative muon conservation
in the context of gauge theories. v, p-ne

Both formulations prohibit the reactions above,
but they are not equivalent. In particular, the
additive law forbids muon decay with inverted
neutrinos,

p'-e++v +v& (1)

allowed by the multiplicative law. Both laws al-
low the decay

(2)

In order to test whether muon conservation is
a multiplicative law, we have built an apparatus
which is sensitive to either v, from (1) or v, from
(2) and used it to look at neutrinos from p' decay
at the neutrino area of the Clinton P. Anderson
Meson Physics Facility (LAMPF) at I os Alamos.
%e utilized the neutrino reactions

ve d ppe

on protons and deuterons in a six-ton Cherenkov
counter filled alternately with H,O and D,O. By
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comparing the rates of neutrino events in the wa-
ter and heavy water, we measured the branching
ratio for the exotic p,

' decay mode (1),

R —= (p,'-e'v, v&)/(p, —all), (5)

Drift chambers

Beam
stop

O
0 O

Q
CL m

I

yxzxmmmrxmmzzimniiirirmy

HpO /DpO

Cerenkov
counter

/immwizrmzsxzmmzmsrrsrss
AXXXV,Q.XQ.VAYV,N'4 x

I I I

l.8m

4crn Pbh ~Scintillator
$6.3m Fe+ anti —counters

FIG. 1. Schematic plan view of apparatus.

in a largely bias-free fashion. Previous informa-
tion on R comes from Eichten et al. ,

' with R & 0.25,
and recently from Blietschan et a/. , with R=0.13
+ 0.15.

Our source of p, decays was the beam stop at
LAMPF with an incident proton beam of 780 MeV
producing m+ and m mesons. The sequential de-
cays of stopped z' and p.

' yield neutrinos, while
the z are mostly absorbed upon stopping, leav-
ing a contamination of p /p' (0.2%. A measure-
ment of m'- p.'- e' in a simulated beam stop by
Chen et al.' gave (g' decays)/proton = 0.057
+ 0.004 at 720-MeV proton energy. Extrapolated
to the I AMPF energy, this gives a rate of (p,

' de-
cays)/proton = 0.069+ 0.007 and a neutrino flux of
about 2&10' cm ' sec ' into our detector.

Our experimental apparatus is shown schemat-
ically in Fig. 1. The LAMPF neutrino area was
a steel and concrete blockhouse with a 1.2-m
steel roof, separated from the beam stop by 6.3
m of steel shielding. The neutrino detector, de-
scribed in detail. elsewhere, ' was a (180 cm)' non-
directional water Cherenkov counter used as an
electron total-energy calorimeter. It contained
6000 liters of water with a dissolved wavelength
shifter, had diffuse reflector walls, and was
viewed by 96 12.5-cm phototubes. Its resolution
was o= 12/0 at the typical e' or e energy of 40
MeV. The expected event rates, for 300 pA of
protons on the beam stop, were 70&&R/day on
H, O and 20/day on D,O. To first order the rate
on D,O is independent of R, since deuterium pro-
vides a target for either v, or v, .

There are no significant neutrino reactions
competing with (3) and (4). Muon neutrinos from
pion and muon decay at rest are below threshold
for charged-current reactions. Inverse P decay
by v, (or v, ) on the oxygen in the water is expect-
ed to be a very small background since the cross
sections are greatly reduced by Pauli exclusion
effects and the negative Q values involved. '

We reduced the cosmic background by 104 with
the cosmic-ray shield shown in Fig. 1. Plastic
scintillators completely surrounded the Cherenkov
detector to veto charged cosmic rays. Neutral
backgrounds from muon and electron bremsstrah-
lung were attenuated by covering layers of lead
and drift chambers. In addition, we accepted
neutrino events only during the beam spill (6%
duty factor) for a final cosmic background of 120/
day (30-60 MeV). To subtract this background,
which dominated our observed neutral events,
we also accumulated data between beam spills,
renormalizing to the live time during the beam.
This beam-in, beam-out subtraction, monitored
continuously, was bias-free to 0.2%.

Beam-associated neutron backgrounds were
studied with partial shielding, 4 and 5 m of steel,
between the detector and the beam stop. Expo-
nential extrapolation of the observed rate of neu-
tron-induced high-energy events gave 1.3+ 0.2
d ' for our full shielding. We tolerated a large
flux of few-megaelectronvolt y rays from low-
energy neutron capture, present even in the final
shielding configuration. The pileup and resolu-
tion tail of these events did not extend above our
chosen energy threshold of 25 MeV; 22% of v,
and 31% of v, events fall below this cut.

Data were accumulated at accelerator currents
between 225 and 500 p.A for a total of 1270 and
400 C of protons on the beam stop for H,O and
D,O, respectively. Figures 2 and 3 show the
background-subtracted energy spectra for D,O
and H,O, respectively; the dashed lines are the
expected neutrino event spectra for D,O and for
H, O (R = 1). Fits to the expected spectra yield
RD = (observed rate)/(expected rate) = 1.09+ 0.37
for D,O and R&= (observed rate)/[expected rate
(R =1)]=-0.001+0.044 for H,O. The expected
rates use cross-section calculations by O'Con-
nell. ' Both R„and RD have had small corrections
applied for beam-associated backgrounds. These
corrections are ~D = —0.06 and ARH = —0.025 for
neutrons, and LRD = —0.02 and AR „=—0.004 for
neutrino events on oxygen and on the counter
walls. The errors are dominated by the statisti-
cal error of the cosmic subtraction but include
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FIQ. 2. Background-subtracted energy spectrum for
D20 data.

systematic errors as well.
After the error on RD is increased for the 10%

uncertainty in neutrino flux, the D,O result trans-
lates to a spectrum-averaged cross section

(o(v, d-ppe)) =(0.52+ 0.18)x 10 4 cm',

in good agreement with O'Connell's predicted
value' of (c) =0.48x 10 "cm'. This is the first
measurement of inverse P decay by low-energy
v, rather than v, . The reaction is the inverse of
the reactions pp-de'v, and ppe -dv, , the pri-
mary energy sources in the sun.

For calculating the branching ratio (5) we elim-
inate the uncertainties of detector acceptance and
neutrino flux by taking the ratio of the H,O and

D,O results, R =R„/RD, with the errors added
in quadrature, to obtain

R = —0.001+ 0.040.
We have excellent agreement with the additive

law and see no evidence for a multiplicative one.
The error includes systematic and statistical
contributions. The result translates to an upper
limit R & 0.065 (90k confidence level).

An upper limit on a v, signal is also a limit on
possible neutrino oscillations of the type v„-v, .
For a maximal mixing parameter, we get a limit
of & 0.64 eV' (90% confidence level) on the slluare
of the mass difference between the neutrino eigen-
states. This limit is consistent with other recent
experiments. '

FIG. 3. Background-subtracted energy spectrum for
H20 data.

We acknowledge the support of LAMPF during
the experiment and we thank J. Kukulka who

wrote our data acquisition program. One of us
(P.N. ) thanks Leon Lederman and Albert Messiah
for helpful discussions. This research was sup-
ported in part by the U. S. Department of Energy
under Contracts No. EY-76-C-3075, No. W-7405-
ENG-36, and No. W-7405-ENG-48.

~Present address: Physics Department, Fermilab,
Batavia, Ill. 60510.

lpresent address: Department of Physics snd Lab-
oratory for Nuclear Science, MIT, Cambridge, Mass.
02139.

'Q. Feinberg and S. Weinberg, Phys. Rev. Lett. 6,
381 (1961). For a review, see also B. Pontecorvo,
Zh. Eksp. Teor. Fiz. 63, 1.717 (1967) [Sov. Phys. JETP
26, 984 (1968)l .

E. Derman, Phys. Rev. D 19, 317 (1979).
~T. Eichten et a/. , Phys. Lett. 46B, 281 (1973).
4J. Blietschau et 4., Nucl. Phys. B133, 205 (1978).

The relation between our R and their r is R = 1 —r.
The paper gives four values, &= 0.9+0.3, 1.0~0.6,
0.8 + 0.2, and 1.3+ 0.6; we have quoted the weighted
average of these results.

'H. H. Chen et al. , Nucl. Instrum. Methods 160, 393
(1979).

P. Nemethy et al ., to be published.
VT. W. Donnelly, Phys. Lett. 43B, 93 (1973); J. B.

Langworthy et a/. , Nucl. Phys. A280, 351 (1977).
J. S. O' Connell, Los Alamos Scientific Laboratory

Report No. LA-5175-MS, 1973 (unpublished). See

also N. T. Nguyen, Nucl. Phys. A254, 485 (1975).
~E. Bellotti et &., Nuovo Cimento Lett. 17, 533

(1976).

524


