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Measurements of the photoproduction from
carbon of wide-angle electron-positron pairs
in the energy range from 1 to 6 BeV were made
at the Cambridge electron accelerator. This
experiment, which was proposed by Drell® and
discussed in detail by Bjorken, Drell, and
Frautschi,? is a new test of quantum electro-
dynamics at high energies and small distances.
The object of the experiment is to study the
behavior of the electron propagator for large
spacelike virtual momenta by measuring the
cross section for the photoproduction of sym-
metrical electron-positron pairs. The exper-
imental results do not agree with the predic-
tions of quantum electrodynamics for pair pro-
duction; they suggest a breakdown of the the-
ory or the presence of other processes.

The apparatus is shown in Fig. 1. A 10-mil
tungsten ribbon was used to produce the brems-
strahlung beam. A circular magnet bent charged
particles away from the gamma-ray beam so
that pairs with small opening angles could be
detected. The electrons and positrons were
detected and momentum analyzed by two mir-
ror-image magnet-counter systems. The mo-
mentum-analyzing magnet was one-half of a
conventional quadrupole to which was bolted
an iron plate as an image plane. The half quad-
rupoles focused in the vertical plane, and they
were used as spectrometers by placing lead
obstacles in their centers. The smallest pro-
duction angle which could be accepted was de-
termined by the height of the lead obstacle.

INTERNAL

TARGET , BEAM
CITCERS e CLEARING SHUTTER
7 LI g MAGKET \
Lo - oot = -
ot 8t i y
|

VACUM PIPE |5

> /////:(\\\\\\\\\\\\\

A brass mask at the front of each half-quadru-
pole defined the entrance aperture.

The particle trajectories were defined by
scintillation counters placed behind the quadru-
poles. On each arm a large, threshold-type,
gas Cerenkov counter set below the thresholds
of pions and muons was used to detect electrons.
Behind the Cerenkov counters were scintilla-
tor-lead sandwiches in which electrons show-
ered; these counters provided additional dis-
crimination against pions and muons. The
Cerenkov counter, shower counter, and cer-
tain of the fast-coincidence pulses were dis-
played on a fast oscilloscope and photographed
for many of the events. Two methods were
used to determine the contamination due to
pion pairs; both methods yielded the same re-
sult. The total energy of the bremsstrahlung
beam was measured with a quantameter. The
calibration of the quantameter was checked
against two Cornell quantameters as well as
other quantameters in this laboratory.

Table I summarizes the experimental and
theoretical electron pair yields. All of the
yields have been normalized to the rate for
a 3-in.-thick carbon target per unit charge
collected by the quantameter. The experimen-
tal data have been corrected for random coin-
cidences, counting-rate loss, and pion contam-
ination. The target thickness ranged from §
to 3 in. and was selected so that the chance
electron-pair coincidences were always less
than 10% of the real rate. The average count-
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FIG. 1. A drawing showing the general layout of the apparatus and its relationship to the electron synchrotron.
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Table I. This table summarizes the measured electron-pair yields and the calculated electron-pair yields. The
angle 0 is the angle between each member of the pair and the direction of the incident photon beam; E is the ener-
gy of each member of the pair in BeV; k4 is the end-point energy of the bremsstrahlung spectrum in BeV. The
experimental yields have been normalized to the rate for a 3-in.-thick carbon target per unit charge collected by
the quantameter. The theoretical yields include radiative corrections and were calculated by a Monte-Carlo inte-
gration over the acceptance of the system. The integration program used the cross-section expression of Bjorken,
Drell, and Frautschi and an analytic fit to the experimental data for the carbon form factor measured in elastic
electron scattering. The inelastic contributions are estimated in all cases to be less than 6 %; they have not been
included in the calculated theoretical yields. The radiative corrections were calculated from the formulas of

Bjorken, Drell, and Frautschi.

[0} . .
6 E kmax Experimental Theoretical U—E%
(deg) (BeV) (BeV) yield yield R Bethe-Heitler
4.75 0.5 1.25 (4.40%1.03)x 10~1 6.08x 107! 0.72+0.17 0.018
2.5 (2.18+0.13)x 101 3.56x 101 0.61+0.04 0.103
1.0 2.5 (5.88+0.34)x 102 7.58%x 1072 0.78+0.05 0.021
5.0 (3.41+0.26)x 1072 4,42x 102 0.77+0.06 0.117
1.5 5.0 (1.47+0.08)x 102 1.73%x 10™2 0.85+0.04 0.079
2.0 4,52 (1.21+0.13)x 10™2 9.97%x 1073 1.21+0.13 —0.018
b (1.07+0.09)x 102 9.97x 1073 1.07+0.09 —-0.018
5.0 (1.05+ 0,04)x 10—2 9.10x 103 1.16+0.05 0.023
5.15 (8.57+0.93)x 1073 8.87x 10™3 0.97+0.11 0.032
2.25 5.5 (6.94+0.96)x 1072 6.44x 1073 1.08+0.15 0.017
2.5 6.0 (7.09+0.67)x 1073 4,72% 1073 1.50+0.14 0.010
6.26 1.0 2.5 (6.83+1.56)x 10~3 9.80%x 1073 0.70+0.16 0.022
4.0 (4.13+3.24)x 1073 6.76x 1073 0.61+0.48 0.010
4.5 (3.40+1.47)x 1073 6.23%x 1073 0.55+0.24 0.113
5.0 (4.92+0.72)x 10~3 5.80% 1073 0.85+0.12 0.123
1.5 5.0 (2.09+0,20)x 1073 2.23%x 1073 0.94+0.09 0.082
2.0 4.5 (1.29+0.19)x 1073 1.26x 1073 1.02+0.15 -0.019
5.0 (1.52+0.14)x 1073 1.15%x 10~3 1.32+0.12 0.024
5.5 (1.43+0.32)x 1073 1.06x 1073 1.35+0.30 0.050
2.25 5.5 (1.09+0,08)x 10~3 8.09% 104 1.35+0.10 0.017
2.5 6.0 (9.94+ 1.36)x 10~ 5.86x 10~4 1.70+0.23 0.011
7.50 1.0 4.0 (1.94+0.41)x 1073 1.73x 1073 1.12+0.24 0.103
4.5 (2.53+0.51)x 1073 1.60x 1073 1.58+0.32 0.116
5.0 (1.53+0.33)x 1073 1.49% 1073 1.03+0.22 0.126
5.5 (1.37+0.35)x 103 1.39% 103 0.98+0.25 0.135
1.5 5.5 (6.84+2.98)x 10~4 5.28% 104 1.30+ 0.56 0.098
2.25 5.5 (2.01+1.09)x 104 1.99%x 10— 1.01+0.54 0.018
5.55 (3.12+ 0.46)x 10—* 1.97x 104 1.58+0.23 0.021
10.88 2.0 5.1 —(0.27+1.70)x 105 9.67x 10~ —0.28+1.76 0.033
11.74 1.8 5.0 —(0.07+2.08)x 104 6.04x 1078 —0.04 + 34.46 0.056

2Target thickness =-; in,

ing-rate loss for electron pairs was 20%; the
range was 10 to 30%. The largest correction
for pion-pair contamination was 10%. The er-
rors quoted in Table I include the statistical
errors and the errors due to the uncertainties
in the various corrections. At each data point
approximately half of the measurements were
made with all the magnet polarities normal,
and the other half with all the magnets reversed.
The yields for the two polarities were equal
within the statistical errors.

bTarget thickness =—; in.

Due to the sharp dip at symmetry in the Bethe-
Heitler cross section, it was necessary to use
a Monte-Carlo method to calculate the theoret-
ical yields. The differential cross section giv-
en by Bjorken, Drell, and Frautschi? and the
results of an independent calculation of the
magnet acceptance were folded together. An
analytic expression was used to represent the
elastic carbon form factor.’»* Table I summa-
rizes the calculated yields and the radiative
corrections.?
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The correction due to inelastic pair produc-
tion was estimated from the sum rules for in-
elastic electron scattering® and the general
formulas of Drell and Walecka.® For those
points in this experiment at which the momen-
tum transfer to the nucleus was largest, the
inelastic contributions increased the theoret-
ical yield by less than 6%; this additional con-
tribution from inelastic processes has not been
included in the calculated yields. The exper-
imental results indicated that inelastic process-
es were not important.

The ratios of experiment to theory for data
which differed only in &, were combined
by calculating the weighted mean. These re-
sults are presented in Table II. Figure 2(a)
shows these data plotted as a function of the
square of the mass of the virtual electron,
-Q", and the square of the mass of the elec-
tron-positron system, Qy,°. Figure 2(b) shows
the data as a function of the square of the to-
tal energy, #*=(E, +E_)?, of the electron-pos-
itron pair.

It is apparent from Fig. 2 that the experimen-
tal yields do not agree with the theoretical cal-
culations. An equation which gives a least-
squares representation of the ratio, R, of the

experimental yield to the theoretical yield,
is

-0.66{(1+0.038) vl
R =0.669(1+0.038) - 357277 20.08) (”

where Qf° is in (MeV)?. There are two distinct
aspects of the disagreement —one is the abso-
lute normalization, and the other is the vari-
ation of the ratio R when the spectrometer arms
are kept at a fixed angle and the momentum
is varied. Some of the errors which can enter
the absolute normalization and an estimate
of their magnitude are these: synchrotron en-
ergy, +1%; quantameter calibration, +5%; the-
oretical calculation of the yield, +10%; Ceren-
kov counter efficiency. The efficiency of each
Cerenkov counter was measured to be great-
er than 949%. One can use these unknowns to
partially explain the failure to obtain the ex-
pected value for the absolute cross section at
low momenta. It is more difficult to explain
the variation of the observed rate with the mo-
mentum of the electrons.’

One process which could give additional elec-
trons is the formation of p®’s and the subsequent
decay of the p° into an electron-positron pair.?

Table II. This table summarizes the combined electron-pair results. The entries in this table were obtained by
combining the results of Table I for electron pairs of a given half-angle 6 and energy E. [—szlm is the mass of
the virtual fermion, [Qa%1Y/? is the mass of the outgoing electron-positron system, [-Qn?]/2 is the momentum
transfer to the nucleus for symmetrical pairs, and [—(QNZ)AVJU % is the average momentum transfer to the nucleus.
The average momentum transfer was obtained by weighting the momentum transfer with the cross section and then
integrating over the acceptance of the system. The ratios, R, of experiment to theory are based on calculations
using only the carbon elastic-scattering form factor, and they contain no correction for inelastic processes.

211/2 211/2 211/
0 E [-Qg"] (@, (-@,"1? @y, "
(deg) (BeV) (MeV) (MeV) (MeV) (MeV) R
4.75 0.5 59 83 3.4 7.5 0.62+ 0.04
1.0 117 166 6.8 15.1 0.77+ 0.04
1.5 176 248 10.3 22.7 0.85+ 0.04
2.0 234 331 13.7 30.0 1.12+ 0.04
2.25 264 373 15.4 33.6 1.08+ 0.15
2.5 293 414 17.2 37.0 1.50+ 0.14
6.26 1.0 154 218 11.9 20.4 0.75 0.09
1.5 232 327 17.9 30.6 0.94+ 0.09
2.0 309 436 23.8 40.5 1.21+ 0.09
2.25 347 491 26.8 45.4 1.34+ 0.10
2.5 386 545 29.8 50.3 1.69+ 0.23
7.50 1.0 185 261 17.1 25.2 1.13+ 0.13
1.5 277 392 25.7 37.6 1.30+ 0.57
2.25 416 587 38.5 56.0 1.50+ 0.21
10.88 2.0 536 755 71.9 83.7 -0.28+ 1.76
11.74 1.8 521 733 75.3 85.5 —-0.04+ 34.46
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FIG. 2. This figure summarizes the ratio, R, of the
experimental yields to the calculated yields. (a) R as
a function of the mass of the virtual fermion (—Q FZ)
and the mass of the outgoing electron-positron system
(QMz). (b) R as a function of the square of the total
energy (k=E, +E_) of the electron-positron pair. The
assigned error in the ratio, R, is due entirely to the
errors in the measured yields and contains no esti-
mates of the theoretical uncertainty, The theoretical
yields were calculated using only the elastic form fac-
tor for the carbon, and they do not include any correc-
tion for inelastic processes. It is estimated that the
increase in the yield due to inelastic contributions is
less than 6 % at those points at which the momentum
transfer to the nucleus is largest.

In a run taken to observe pairs with the mass
of the rho, 27500 pion pairs® and only one elec-
tron pair were observed, where 1.5 electron
pairs were expected from Bethe-Heitler pair
production, and 1.6 from contamination. Thus
we find that
o_ ,t -

e
and that the electromagnetic decay of the rho
cannot explain our results. The difference
between the theory and experiment could also
be due to an insufficiency of the present the-
ory of quantum electrodynamics, a Compton
process,? or to the presence of some new par-
ticle which is coupled to an electron and a gam-
ma ray.'°
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FIG. 1. A drawing showing the general layout of the apparatus and its relationship to the electron synchrotron.



