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SEARCH FOR INTERMEDIATE BOSONS IN HIGH-ENERGY NEUTRINO INTERACTIONS*
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This Letter reports on a continuation of the
search for intermediate-boson production' via
the high-energy neutrino reactions

v +Z- p, +W +Z'

and

v +Z —p,++ W +Z'.

We have observed no evidence for the existence
of the W, and so interpret our results in terms
of a lower limit on the mass of the W, if indeed
such a particle were to exist. This is in agree-
ment with a result recently published by the
CERN group. ' In order that the limit be rea-
sonably firm, particular care must be taken
with the various factors which contribute to
the sensitivity. These factors are (i) the ex-
pected production cross section as a function
of neutrino energy, (ii) the neutrino flux, and

(iii) the efficiency of the detector for the adopt-
ed signature. Since this depends on a set of
selection criteria, the efficiency may possibly

be a sensitive function of production dynamics,
e.g. , polarization of the W, as well as decay
kinematics. In addition, we are faced with cer-
tain unknowns, the influence of which must be
considered: the magnetic moment of the W

and the branching ratio into the selected decay
mode. Since we have observed no events, con-
siderations of backgrounds are only relevant
to future extensions of this work.

The search was carried out in a new high-
energy neutrino arrangement based on an ex-
ternal proton beam at the AGS. This arrange-
ment is shown in Fig. 1. Neutrinos are gen-
erated by the decay-in-flight of pions and kaons
produced in a 1.5-cm-diameter &30-cm Be tar-
get by 30-BeV/c protons near zero degrees.
No focusing device was employed. The 22-m
flight path was followed by a 27-m iron shield
which permitted about one muon per five pulses
to pass into the detector. This was an aluminum

spark chamber composed of 184 plates, each
6 ft&6 ft&& 4 in. and weighing a total of 12 tons.
This "production chamber" was followed by
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FIG. 1. General layout.
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p. + v

—pions, kaons,

(4)

(5)

with a lifetime &10 "sec. Our approach was
to design the search around decay mode (3).
This was guided essentially by the rela, tive
freedom from backgrounds and relative insen-
sitivity to calibration problems which beset
Reactions (4) and (5).

Thus, the over-all signature is a neutrino-
event vertex out of which appears a muon track
and an electron track. This track configura-
tion can be simulated by events of the follow-
ing type:

V +Z p, +77 +Z

0 +v -e +e +y

v +Z-e +v +Z'
ie

+ +~ -p+v

(6)

v +Z- p. +e +v +Z'.
p, e

Reaction (6) is "naturally" suppressed by the
small probability of ~ production in our neu-
trino interactions. Reaction (7) is suppressed

a "range chamber" consisting of 90 plates,
each 8 ft&8 ft&1 in. thick, with interspersed
steel plates designed to measure the range of
muons up to about 2 BeV.

The cha, mbers were triggered after every
pulse in order to avoid bia, s due to counting
efficiency. The spark chambers were designed
to integrate over the 2.5-IL(,sec spill and main-
tain multitrack efficiency for this dura. tion.
In this mode of operation, the clearing field
was pulsed off (to &1 V) just before the sensi-
tive time. In addition, it was found necessary
to purify continuously the Ne-He gas mixture
by circulation through a liquid-N, -cooled char-
coal trap.

The data, reported here come from about 300
hours of exposure amounting to 1.2~10" pro-
tons on target. This run yielded about 800 events
with a muon of visible momentum greater than
400 MeV/c in a fiduciary volume of 24 tons.
For the TV analysis only the production cham-
ber was used.

Among the many well-known properties of
this (still hypothetical) particle are the decay
modes

by the small ve component (-3 /0) and the re-
quirement that the track associated with the
electron not interact. Reaction (8) has been
calculated theoretically' to contribute 5 &10 4

of the total elastic neutrino yield.
The production chamber was designed to have

good discrimination between electrons and pho-
tons. This was verified in calibration runs
with electron beams of 500 to 2000 MeV. The
main point is that an electron maintains single-
track integrity for many gaps before develop-
ing a, shower. We selected events in which the
"muon" had a, visible momentum of more than
200 MeV/e and the "electron" at least four clear
sparks before shower development. The cali-
bration runs dictated a, minimum electron en-
ergy of 500 MeV for reliable detection efficien-
cy, and this was also imposed. To establish
the geometric efficiency a fiduciary volume
of 8 tons was defined and only projected angles
of less than 45' with respect to the neutrino
direction were accepted. These criteria influ-
ence the efficiency. To estimate this, we took
the case of minimum momentum transfer and

100%%up-polarized W's, i.e., the case of minimum
efficiency. For this case the efficiency within
our cone, and including the requirement of no
shower for four plates, is &60'%%up.

A numerical calculation ha, s been carried
out by Wu et al.~ for the production of TV via
(1) and (2) for boson masses up to 1.5 BeV (see
also Bell a,nd Veltmann' and Uberall'). This
has recently been extended to 2.8 BeV.' This
calculation is parametrized by the unknown

magnetic moment of the W. The results for
zero anomalous moment are presented in Fig. 2.
The calculation was done using the theory of
Lee and Yang' in which the reaction proceeds
via virtual Coulomb scattering of the outgoing
muon or TV. Two production modes are cal-
culated, a coherent mode (-Z'n') and an inco-
herent mode (-Zo. 'o' ~+Nn'a~„). In our exper-
iment the incoherent mode dominates, and this
gives rise to some additional complications:
(1) The nuclear motion contributes energy to
the reaction having the effect of a shift in the
neutrino spectrum to higher energies, ' (2) the
Pauli principle involves consideration of nu-
clear structure details. ' This latter effect is
crudely included in Wu et al. We have made
an estimate of the effect of nuclear motion,
using the results of a study of high-momentum
tail via p production. ' It contributes less than
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Pl gf
(in Bev)

Expected number
of W mesons

1.5
1,8
2.0
2.2

netic-moment contribution (+e/2M~) and allow
for some of the theoretical uncertainties as
well as the neutrino flux uncertainty, a boson
mass of 2mp would predict 3+ 1.2 events where
we see none. The result, on the basis of -90c/o

confidence level, is then

) 2tH
W p

This conclusion re-enforces a, similar one re-
cently obta, ined by the CERN group. ' A study
of the backgrounds (6), (7), and (8) leads us
to believe that this limit may be extended to
about 2.5 BeV using the technique described
here.
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Table I. Number of W mesons as a function of boson
mass/1. 2&&10~' protons/8 tons. Branching ratio (W
—ev)/(W —all) of 4 is assumed. Detection efficiency
of 60% for e v mode is also included in this calculation.

*Work supported in part by the U. S. Atomic Energy
Commission.

)Present address: Physics Department, Princeton
University, Princeton, New Jersey.

f.Present address: Physics Department, Cornell Uni-
versity, Ithaca, New York.

~Q. Danby, J.-M. Qaillard, K. Qoulianos, L. M.
Lederman, N. Mistry, M. Schwartz, and J. Steinberg-
er, Phys. Rev. Letters 9, 36 (1962).

2M. M. Block, H. Burmeister, D. C. Gundy, B. Eiben,
C. Franzinetti, J. Keren, R. MPllerud, G. Myatt,
M. Nikolic, A. Orkin-LeCourtois, M. Paty, D. H. Per-
kins, C. A. Ramm, K. Schultze, H. Sletten, K. Soop,
R. Stump, W. V enus, and H. Yoshiki, Phys. Letters 12,
281 (1964); G. Bernardini, J. K. Bienlein, G. Von Dar-
del, H. Faissner, F. Ferrero, J. M. Gaillard, H. J.
Gerber, B. Hahn, V. Kaftanov, F. Krienen, C. Man-
fredotti, M. Reinharz, and R. A. Salmeron, Phys. Let-
ters 13, 86 (1964).

W. Czyz and J. D. Walecka, Phys. Letters 8, 77
(1964).

Alfred C. T. Wu, Chen-Ping Yang, Kurt Fuchel,
and Sidney Heller, Phys. Rev. Letters 12, 57 (1964).

5J. Bell and M. Veltmann, Phys. Letters 5, 94 (1962).
6H. Uberall, Phys. Rev. 133, B444 (1964).
~We are very grateful to Professor Wu and Dr. Fuchel

for extending these calculations for us up to a boson
mass of 2.8 BeV.

T. D. Lee and C. N. Yang, Phys. Rev. Letters 4, 307
(1960).

SG. von Qehlen, Nuovo Cimento 30, 859 (1963).
~ D. E. Dorfan et al. , Phys. Rev. Letters 14, 995

(1965).
~~For details, see R. Burns et al. , "Determination of

Neutrino Flux, " Informal Conference on Neutrino Phys-
ics, CERN, January 1965 (to be published).

~2See reference 2. The CERN group has presented the
results of more extensive data at the Informal Confer-
ence on Neutrino Physics, Geneva, January 1965 (to
be published).

~3G. T. Danby, G. K. Green, and E. C. Raka, Bull. Am.
Phys. Soc. 10, 34 (1965).

ELASTIC SCATTERING OF PROTONS, ANTIPROTONS, * NEGATIVE PIONS,
AND NEGATIVE KAONS AT HIGH ENERGIES

K. J. Foley, R. S. Gilmore, f S. J. Lindenbaum, W. A. Love,
S. Ozaki, E. H. Willen, R. Yamada, and L. C. L. Yuan

Brookhaven National Laboratory, Upton, New York
(Received 4 June 1965)

This Letter reports the extension to higher
energy of our previous measurements' ' of
the differential cross section for elastic P-P,

-p, p-p, and K -p scattering in the region
It(=0.2 to 1.0 (BeV/c)', where t is the negative
square of the four-momentum transfer. The
region of incident momentum covered was 15

to 26 BeV/c for v -P and P-P and 12 to 16 BeV/c
for K -P and P-P scattering, the main pur-
pose being to investigate further the energy
dependence of the differential cross sections.
Above 15 BeV/c incident momentum, the p-p
differential cross sections continue to shrink
with increasing energy while the ~ -P differ-


