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intercomparison of photoproduction amplitudes using
various assumptions about quarks by L. S. Kisslinger
and H. Feshbach, Ann. Phys. (New York) 66, 651
(1971).

This cancelation is demonstrated experimentally by
the lack of bumps in the 0' and 180' differential cross
sections, This becomes an input. to the quark models
and is used to evaluate the radial —wave-function param-

etrization with respect to the quark magnetic moments.
However, some recent data by T. Fujii, H. Okuno,
S. Qrito, H. Sasaki, T. Nozaki, F. Takasaki, T. Taki-
kawa, K. Amako, I. Endo, K. Yoshida, M. Higuchi,
M. Sato, and Y. Sumi, Phys. Rev. Lett. 26, 1672 (1971),
shows a small "bump" in ~ photoproduction at 180'.

See the Argand diagrams in A. Bittenberg et pl.
(Particle Data Group) Rev, Mod. Phys. 43, S1 (1971).
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An improved cross-section upper limit of 1.9 times that of V -& theory is determined
for the reaction v, +e -v, +& . The target, a 7.84-kg plastic scintillator, was enclosed
by a composite 830-kg NaI and 2200-liter liquid anticoincidence detector, and was oper-
ated in a fission v~ flux of 2.2&& 10 cm sec . We note some constraints which this lim-
it imposes on theoretical conjectures.

In this Letter we present the current status of
our continuing search for the elastic scattering of
electron antineutrinos v, by electrons using a
fission reactor as a P, source. ' As will be seen,
we have substantially improved the previous elas-
tic scattering cross-section upper limit (&4 times
that of U —A theory), enabling us to place more
restrictions on the interactions which are permit-
ted. The equipment is much the same as that re-
ported earlier except for some additions designed
to reduce backgrounds. The results also reflect
an increase in total run time from the l5 days on
which the first report was based, to 147 days,
live time. In brief, the detector consisted of a
7.84-kg segmented plastic scintillator target
block entirely surrounded by a 330-kg NaI anti-
coincidence detector' which was in turn enclosed
by a 2200-liter liquid anticoincidence detector.
The elastic scattering mode accepted only events
occurring in the plastic, in anticoincidence with
these outer detectors. The system was operated
concurrently in the mode designed to detect in-
verse p decay, P, +p-n+e', in the plastic target,
so as to study the background from this reaction
as well as to determine the fission &, spectrum.
Changes made in the detector included the addi-
tion of 2.5 cm of Pb around the NaI scintillator
(for a total of 6.3 cm) to provide further shield-
ing against reactor Z rays. A cadmium sheet im-
mediately external to the Pb reduced the y back-
ground arising from neutron capture. Further
shielding against reactor neutrons and y's was
provided by the addition of water tanks where

practicable. The result of these measures was
to reduce the reactor-associated rate as mea-
sured by the Nal detector from R = 1.3 + 0.4 counts/
min in the 4.1-10.3-MeV region to levels consis-
tent with statistical fluctuation in the rate of ra-
dioactivity, i.e, R ~ 0.15 counts/min. Cosmic-
ray-associated backgrounds were reduced by the
addition of a large rectangular liquid anticoinci-
dence detector (2.59 m&&1.43 mx0. 28 m) above
the cylindrical liquid antieoincidence detector.
Measurements of events associated with muons,
such as those due to neutrons and those produced
by muon capture which lead in turn to decays of
B" (end point, 13.4 MeV), suggested the incorpo-
ration of electronic vetoes which were effective
in a large fraction of these cases.

The rapidly falling spectrum characteristic of
the background makes it essential to maintain a
continuous check of the system gain. Such a
check is provided by the P decay (3.2-MeV end
point) of Bi"' contaminant. The procedure used
was to measure the rate of Bi" decay as identi-
fied by a delayed daughter ct particle (7.7 MeV),
T] /2 ~ 64 p sec. The energy as soeiated with a
preselected Bi"' rate was taken as the reference
value and all runs were normalized to it. The ab-
solute energy scale was set to within + 2% by
means of a Tl'o' y source (2.62 MeV). Both
sources were viewed by the entire plastic in anti-
coincidence with the surrounding NaI. The mean
correction to the overall gain of the system as
measured by the B"' was within + 2%. Figure 1
shows these calibration spectra.
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FIG. 1. Calibration spectra.

Table I shows the observed plastic-detector
events in the elastic scattering mode in the ener-
gy range 3.0-5 MeV for the reactor "on" (95
days) and "off" (52 days). We selected only
events which occurred in a single plastic element
and thereby reduced background, arising princi-
pally from y rays, to ~ the total rate. The rates
with reactor on, R,„, and reactor off, R,ff, and
run times have been corrected for dead time
(-22%). Also shown in Table I are R,„—R,ff

pt + ~ where 6 is the statistical uncertainty,
and A~ A the rate predicted by the V-A theory. "
The V-A. predictions take into account the in-
crease in rate due to detector energy resolution
(12% half-width at haU-maximum), and a decrease
in rate (-40% due to electrons escaping a single
plastic element). Also included in the predicted
rate is a statement of errors based on the uncer-

tainties in the fission T', spectrum and in the p-
decay coupling constants. More explicitly, the
calculation of ~& & involves the following:

A~ ~ = N, rif S(E)dE;

S(E) = ff(E')o(EE') dE' is the V —A —theory elastic
scattering recoil spectrum for fission neutrinos;
&(E,E') is the V-A elastic scattering cross sec-
tion', N, =2.52&&20" electrons, the number of
electrons in our plastic target; q =0.65, the de-
tector efficiency correction for recoil electrons
that escape a single detector element; k =1.098,
the correction for spectrum shift due to detector
energy resolution; and f(E') is the differential
spectrum of fission antieutrinos.

The Reactor-associated backgrounds are as fol-
lows:

(a) v, +P-n+e'. —Inverse P decay produces in
our detector a recoil positron which will masque-
rade a,s an elastic scattering event if we fail to
detect both of the accompanying positron annihila-
tion y' s aM the delayed neutron-capture y' s.
Fortunately, we can estimate this source of back-
ground by measurements of the annihilation y de-
tection efficiency for positrons in the plastic de-
tector and the neutron detection efficiency for
neutrons from inverse p decays in the plastic de-
tector.

If we denote the probability of observing a sin-
gle annihilation y as g&, and the probability of
seeing at least one of the neutron-capture y' s as
7I„, then the probability of an inverse P-decay
event masquerading as an elastic scattering event
is given by I' = (1 —g„)(1 —q&)'. From observation
of positron annihilation in our detector, for those
events exhibiting neutron capture, we conclude
that p y

0 8 5 0'0 The neutron detection effi cien-
cy is estimated to be -0.2 by comparing the rate
of observed inverse P decays with the predicted
rate. Hence I' = (1 —0.2)(1 —0.85)2=0.018. The
number of P, +P reactions per day in our plastic
target capable of depositing between 3.6 and 5.0

TABLE I. Experimental results and theoretical predictions for plastic detector (7.84 kg).

(MeV)

Bates
(counts/day, E~„-E-5 Mev)

&off &eq i+ ~
+V-A

+off

Batios

3.0
8.2
3 4
3.6
8.8

6.48 + 0.26
8.28+ 0.18
1.82 + 0.18
1.05 + 0.11
0.68 + 0.08

6.49+ 0.35
8.49+ 0.85
1.81+ 0.18
0.90+ 0.18
0.54 + 0.10

—0.06+ 0.44
—0.21 + 0.81

0.01+0.22
0.15+ 0.17
0.14+ 0.18

0.40 + 0.03
0.29 + 0.02
0.21 + 0.02
0.16+ 0.01
0.12 + 0.01

0.06
0.08
0.13
0.18
0.22

1.10
1.06
1.05
1.06
1.25
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MeV in a single plastic element is calculated to
be 6.2/day. This calculation took into account
the fraction of single-element events which we
measured with our detector and allowed for the
1-MeV annihilation energy which added to the
positron recoil energy in these cases. The num-
ber mistaken as elastic scattering is approximate-
ly (0.018)(6.2/day) = 0.11/day.

(b) Neutrons. It c—an be imagined that neutrons
produce background events by direct recoil from
protons in the plastic. However, this process is
discriminated against by the poor scintillation ef-
ficiency of the plastic for recoil protons in the
relevant energy range. (It is -0.5 times that for
electrons at -6 MeV. ) Neutrons of the requisite
energy, &6 MeV, cannot arise from natural photo
processes.

A test of maximum possible neutron-associated
background was made using a Pu-Be source. It
produced a count rate in the NaI detector of 92.9/
min (4-10 MeV) and a single-element rate of
0.002/min in the plastic detector (3.6-5.0 MeV).
The reactor-associated background in the NaI
was measured to be & 0.15/min. Assuming the
neutron spectrum from the reactor to be as ener-
getic as that associated with the source and fur-
ther assuming that all the annulus up-down differ-
ence is due to neutrons, we find that the maximum
reactor-associated background in the plastic aris-
ing from neutrons is

(0.1 5/92. 9)(0.002/min) (1440 min/day)

= 0.005/day (3.6-5.0 MeV).

(c) Gammas. —Although reactor-associated y's
probably arise in large measure from neutron
capture, we make a separate limit for complete-
ness. Deductions as to the maximum background
contribution from these y's can be made by com-
paring reactor-associated rates in the NaI anti-
coincidence detector before the addition of 6.3 cm
of Pb outside the NaI (12/min) and scaling the pre-
Pb plastic rate (6/day):

-2.0

-1.5
Excluded

ing 5/4„„and maximizing &~ „/&,«. Based on

the data in Table I, we find a 1-standard-devia-
tion upper limit on this elastic scattering signal
of 0.15+0.17 —0.14 = 0.2/day. This corresponds
to an elastic scattering cross-section limit 0, pt

& 6 & 10 " cm per fission P, for production of re-
coil electrons in the energy range 3.6—5.0 MeV.

It is apparent from Table I that we are search-
ing for a small elastic-scattering signal superim-
posed on a very rapidly falling background. Thus,
gain shifts which may be - 1% could produce
count-rate shifts - 0.1/day. Hence, in the inter-
est of a conservative upper limit, we arrive at
the result, relative to the V —A prediction, in
this energy range

o„p,/cr~ ~ & (0.2+ 0.1)/0. 16 & 1.9.

Figure 2 indicates the limits which these data
place on various theoretical possibilities. "

Consideration of the data in Table I indicates
that the system used in these measurements was
seriously limited by the small target mass and a
high background which placed a premium on in-
strumental stability. An estimate shows that the
primary source of background was from unla-
beled Bi'" decay. Accordingly, we have rebuilt
the detector, doubling the size of the plastic tar-
get and thinning the aluminized Mylar optical di-
viders to 5.3x 10 ' g/cm' in order to make visi-
ble the otherwise absorbed n particle which fol-
lows the Bi'" decay. In addition, we have low-
ered the unlabeled inverse P background by re-
moving the MgO packing material, which sep-
arated the NaI and plastic scintillators. Prelimi-
nary runs with the modified system indicate a
marked reduction in the background from unla-
beled B"'.

It is a pleasure to thank A. A. Hruschka for his

(0.15/12)(6/day) = 0.075/day.

Since 3 of these will be single-element events,
we obtain a maximum background due to reactor-
associated y's of 0.025/day (3.6—5.0 MeV).

The sum of the above reactor-associated back-
grounds (-0.14/day) is approximately the same
as our observed reactor on-off difference (for
E;„=3.6 MeV), and the data suffer from a large
statistical uncertainty. %e chose the results for
E;„=3.6 MeV as a compromise between minimiz-
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FIG. 2. Experimental limits for the vector, &, and
axial-vector, ~, coupling constants appropriate to the
v~ +e elastic scattering process.
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We present the results of a calculation of a part of the direct-emission amplitude in
& -m n. y for which an unambiguous, finite, gauge-invariant expression is obtainable
in terms of known parameters. The amplitude produces a small distortion of the Dalitz
plot through its destructive interference with the bremsstrahlung amplitude.

Currently, there are two independent experimental studies" of the decays K' -n'm'y in the course
of being analyzed. The information to be derived from these experiments concerns (1) the possible
existence and nature of a direct emission amplitude, and (2) if the latter does exist, the possibility of
a CP-invariance-violating asymmetry between the K' decay distributions. "' On the theoretical side,
estimates of various possible contributions to the direct-emission amplitude are necessarily very
model dependent. However, there is one (small) piece of this amplitude for which an unambiguous,
finite, gauge-invariant expression is obtainable in terms of known parameters. This amplitude is in
the nature of a rescattering correction to the usual bremsstrahlung amplitude and corresponds to the
matrix element from the sum of Feynman diagrams in Figs. 1 and 2. The matrix elements from Fig.
2 do not vanish because the p is virtual, and are necessary for the gauge invariance. The effective
interaction Hamiltonian density for the calculation is

a=I —te[m (e„tt') —(s„n )n']A„—te[K (B„R')—(&„K )K']A„+te[p, (s„p„')—(&„p„)p,']A„

+te[(s,p& )p„+ —p„(&,p&')]A„ig+[n (&&tr') —(s„n )n']p& +genan'pz A&+GK n'tt' +H.c.

K „P K'

K' K „p
TX~q i virtual)

FIG. 1. Feynman graphs leading to a finite effective
direct-emission amplitude.

FIG. 2. Additional Feynman graphs leading to the
finite, gauge-invariant direct-emission amplitude in
Eq. (2).


