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The production of p, co, A1, and A~ resonances has
been observed, and partial cross sections are given. The
cross section for the pp~ to'2sr+2Ir Iro process appears
to vary slowly with energy, while the PP~to2Ir+2sr
shows a maximum around 2.7-GeV total c.m. energy. A
structure of about 2 mb was observed by Amaldi et al."
in pp total-cross-section measurements; this suggests
that the co2x+2~ channel could have an important
contribution to this structure.

Our data show some indication of small bumps in the
(p'Irs), (p'p') mass for seven-pion production. No simple
explanation has been found for those effects. In order to
understand the nature of these structures better, the
statistics will have to be increased.

The charged multiplicity was found to be (4.4&0.2).
The F/8 ratios and the collimation parameters are
compared with data at other energies and multiplicities.
For a given energy the collimation parameter decreases
with increasing number of outgoing pions.
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A search for a heavy electron of the type considered by Low and Blackmon has been made by studying
the inelastic scattering of 5-BeV electrons from hydrogen. The search was made over a range of values of the
mass of the heavy electron from 100 to 1300 MeV. No evidence for such a particle was observed. Upper
limits on the production cross sections were determined and employed to deduce limits on the values of the
electron —photon —heavy-electron coupling constant in Low and Blackmon's theory.

I. INTRODUCTION

ECENT experimental investigations of detailed
predictions of quantum electrodynamics (QED)

have failed to establish conclusively any breakdowns in

QED theory. High-energy reactions which have been
studied include the photoproduction of electron' and
muon' ' pairs at wide angles, electron-electron scatter-
ing, 4 electron-positron scattering, ' and searches for
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or descending trajectory
caused the spark chamber
to be pulsed.

and for the hyper6ne splitting in hydrogen, "positron-
ium " and muonium ""Possible breakdowns in QED
theory can be described phenomenologically by ad hoc
modifications of a photon or particle propagator. " "
More explicit descriptions have recently been studied
by Low" and Blackmon, "who suggested that possible
breakdowns in QED may be the manifestations of new
undiscovered particles that take part in the electro-
magnetic interactions. One such description" employs a
heavy electron e' coupled to an electron and a photon,
e' —& e+y. This coupling would allow the e' to be pro-
duced by the electroproduction process

e+p~ e'+p

e
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The above reaction would produce a sharp peak in the
momentum spectrum of the recoiling protons at a given
angle. The peak would be similar in shape to the elastic
electron-proton peak, provided the lifetime of the e' were
typical of particle lifetimes for electromagnetic decay.
We have made an experimental search for such a peak
and have analyzed our data assuming that the pro-
duction of the e' is described theoretically by Low's
model.

Three other searches have been made for the e' and
reported prior to this one. Betourne et al."and Budnitz
et cl."looked for the e' by measuring the recoil-proton
momentum spectrum in inelastic e-p scattering. Beh-
rend et al." performed a coincidence experiment, mea-
suring the recoil protons in coincidence with the pre-
sumed decay products from the e'.

II. EXPERIMENTAL ARRANGEMENT

We employed a scattering facility at the Cambridge
Electron Accelerator used in our study of electron-
deutron elastic scattering. "The facility, illustrated in
Fig. 1, consisted of a liquid-hydrogen target located in
the vacuum chamber of the synchrotron, a quantameter
to monitor the bremsstrahlung produced by the beam
interacting with the target, and a quadrupole magnet
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FIG. 2. Proton momentum spectra from electron-proton inelastic scattering. The data illustrated have been corrected for experimental
eGects and are proportional to d'0/dQtfP. They represent about 10'%%uo of the data obtained in this experiment. Some of the observed struc-
ture in the inelastic spectrum is due to variations in the efIjLnency of the spark chamber as a function of momentum channel number.
The systematic errors included in the limits given in Fig. 3 were based on the observed magnitudes of these variations.

spectrometer. The detection system consisted of a wire
spark chamber and 6ve scintillation-counter arrays.
Protons were distinguished from other particles of the
same momentum by means of speci6c ionizat. ion require-
ments imposed on three of the counter arrays. This re-
quirement was enforced with the use of differential dis-
criminators which were appropriately adjusted to
match the momentum acceptance of the spectrometer.
The measured efFiciency for detecting protons was
greater than 95%. The momentum of a detected proton
was determined by measuring the point at which the
proton crossed the focal plane of the magnet, with the
use of the wire spark chamber which consisted of 64
wires comprising 16 momentum bins. The percentage
momentum acceptance of each momentum bin was
0.5%%uo. The recoil angle was determined by using a
seven-counter hodoscope. Each counter had an ac-
ceptance of approximately 0.3 .

The liquid-hydrogen target consisted of a 0.5-in. —

diam cylindrical vessel made of 0.0005-in. Kapton film
and was located approximately 1 in. inside the equilib-
rium orbit of the circulating electrons. After the elec-
trons were accelerated to 5 BeV, the accelerating radio-
frequency power was decreased so that the electrons
drifted inward and struck the target. The incident-elec-
tron Aux was determined by measuring with a quantam-
eter the bremsstrahlung yield produced in the target by
the circulating beam. The fractional contribution from
the target walls was measured to be 0.11&0.013 with a
technique to be described elsewhere. "

III. EXPERIMENTAL METHOD

Measurements were made of the momentum spectra
of recoil protons with the spectrometer positioned at
50', 55', and 60 .The yields from elastic electron-proton
scattering at 55 and 60' were measured and used as a
check of the calibration of our equipment. The inelastic-
proton yields were measured in a series of momentum
intervals below the momentum corresponding to the
elastic peak. The interval spacing was about 4%%uo, so
that there was a 50%%ural overlap of adjacent measurements.
Since the detector had seven angular bins, the data
consisted of the momentum spectra measured at 21
different angles. The range of momenta covered at 50
was 0.76 to 1.12 BeV/c; at 55', 0.76 to 1.16 BeV/c; and
at 60, 0.82 to 0.96 BeV/c. The corresponding ranges of
e' masses at these angles were 900 to 1300 MeV, 100 to
1000 MeV, and 100 to 700 MeV.

IV. DATA ANALYSIS

The measured vields were reduced to differential
cross sections d'o/dQdp by correcting for the eKciencies
of the spark. -chamber channels, dividing out the solid-
angle-momentum acceptances associated with each mo-
mentum-angle bin of the detector, and dividing by the
product of the target thickness and the number of inci-
dent electrons. This product is proportional to the quan-
tameter yield, corrected for target-wall contributions.

The efFiciencies of the spark-chamber channels were
measured with the use of a Kapton target, by comparing
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FIG. 3. Limits of X versus mass of the heavy electron. The points represent upper limits
with 97% confidence of values of X' derived from our data as described in Sec. IV.

the number of events detected by the chamber with the
number of events that satisfied proper trajectory and
specific ionization requirements. This procedure required
a knowledge of the momentum spectrum of the recoil-
proton spectrum from. Kapton. This dependence was
measured during the experiment. The spark-chamber
yield was corrected for dead-time losses. The solid-
angle-momentum acceptances of the bins were calcu-
lated using a ray-tracing technique. "Two examples of
the 6nal momentum spectra of the 21 measured during
the experiment are shown in Fig. 2.

The proton elastic-peak yields were evaluated by
6tting a resolution function to the elastic peak with the
use of the method of least squares. The resolution func-
tion was approximately Gaussian and the fractional full
width at half-maximum was determined to be 0.0223.
This value was in good agreement within the uncertainty
of the determination, with a value of 0.0216 calculated
from the geometry, the momentum and angle-accept-
ance intervals of the equipment, and multiple scattering
in the target. The elastic electron-proton-scattering
cross sections measured in this experiment were in
agreement with other recent measurements. '4

The search technique was designed to detect peaks in
the recoil-proton momentum spectra arising from e'

production. At each angle the spectra were analyzed
for peaks by 6tting the resolution function plus a back-
ground function at a series of values of the recoil momen-
turn. These values were separated by about ~~ of the full
width at half-rn. aximum of the resolution function to
insure that a possible peak due to the e' would not be
overlooked. The method of least squares was used to
make the 6ts. The errors in the cross sections were
evaluated from the error matrices resulting from each
fit.

The values of the experimental cross section were
compared to the values of the theoretical electropro-

33 C. H. Moore, S. K. Howry, and H. S. Butler, Stanford Linear
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duction cross section computed from the Hamiltonian

Hz= (eX)m')g;a„„P,f&"+. H.c

where X is the ee'y coupling constant, nz' is the mass of
the e', and f"" is the electromagnetic Geld tensor. The
theoretical cross section for proton detection, evaluated
in the laboratory system, is given by"

do- 4n'A. ' ps

dQ tsm"I ME,(p(M+E, ) E„E,cos8—$

Frs+] [F,s &&L
—m'4M' —M't

l 4Msi

+(rm" +M') t'+ (2M'+m") st —s t—st' —
4r t'j

+(F,+F:)s[-,'t'+-', m"ts —-', m'4t), (2)

where t= q'=2M(M E—„) and s=M—(M+2Es). Here
E~, p, and 8 are the energy, momentum, and. angle of
the recoil proton (with mass M), Es is the energy of
the incident electron, and Ft(q') and Fs(q') are the
Dirac and Pauli form factors which. 'are normalized so
that F&(0)= 1, Fs(0) =p —1—1.79. This formula is equiv-
alent to another published expression. "

The following procedure was used for obtaining limits
on X' from the data. The e' mass associated with each
cross-section measurement was computed from the
kinematics of the measurement, and a value of X' was
obtained from the ratio of the measurement and Eq. (2).
The values of ) ' that resulted were sorted into e' mass
bins with a width selected to correspond to momentum
intervals of 0.5'%%u~. The Gnal value of X' for each mass bin
was taken as the weighted average of all the measure-
ments falling within this bin. The final values were con-
sistent with zero. We have taken as our limiting values
of P ' the sum of twice the statistical error in X' and our
estimate for the systematic error in the measurements.
The systematic error was largely a result of variations
in the efficiency of the spark chamber as a function of



167 EXP E RI M ENTAL SEARCH FOR HEA VY ELECTRON 1279

momentum channel number. The structure in the mea-
sured momentum spectra introduced by these varia-
tions did not have the same functional form as the
resolution function and thus did not lead to false peaks
in the inelastic spectrum. The limits on X' derived in
this way are shown in Fig. 3. The values of the e' pro-
duction cross section corresponding to these limits
ranged from 0.2 to 3.0X10 " cm'/sr at scattering
angles of 55 and 60, and from 0.7 to 3 OX10 "cm'/
sr at 50 . Figure 4 shows the results of this experiment
compared with the results of previous experiments. "' "

iO-I

7. RESULTS AND CONCLUSIONS

In this experiment we found no evidence for the exis-
tence of a heavy electron e' in the mass range investi-
gated, having assumed the e' would be electroproduced
through reaction (1) and thus produce a sharp peak in
the recoil-proton momentum spectrum. We found limiting
values for the size of a possible peak by 6tting the elastic
peak shape to the measured spectra at a series of values
of momentum separated by an amount small compared
to the width of the elastic peak. The values obtained for
possible peak heights were consistent with zero within
the errors of the measurements. Limiting values for
the ee'y coupling constant in Eq. (2) were obtained by
comparing our limits on the cross section for the electro-
production of the e' with the predictions of the theo-
retical model.

Compared with earlier measurements, "" this ex-
periment has set new upper limits on the values of ) '
in an extended mass range from 1000 to 1300 MeV and
has lowered existing limits over the range from 100 to
500 MeV. The results are summarized in Fig. 4.

The limits for X' determined in this experiment are
about a factor of 2 smaller than the limits imposed by
the measurements of the electron anomalous magnetic
moment based on the calculations of Blackmon. '~

Figure 4 shows this bound compared to our experimental
limits.
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FIG. 4. Comparison of upper limits on the values of )' from
various experiments (see Refs. 29—31).The limits on X' imposed
by the anomalous magnetic moment of the electron are also
shown. It should be noted that considerably different procedures
were used for calculating the quoted limits in the experiments
shown above. We have calculated the limits on ) ~ ascribed to
Budnitz et af., (see Ref. 30) from the limits quoted on their cross-
section measurements.

ACKNOWLEDGMENTS

This experiment would not have been possible with-
out the help of many people. We wish to express our
thanks to Dr. M. S. Livingston, Dr. G. Voss, and the
other members of the Cambridge Electron Accelerator
staff who assisted in many ways. We are grateful to
Professor Francis Low and Dr. M. Blackmc n for
many illuminating discussions. We wish to thank
Mrs. J. Miller, who programmed portions of the data
analysis.


