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VALIDITY OF QUANTUM ELECTRODYNAMICS AT SMALL DISTANCES

J. G. Asbury, * W. K. Bertram, j' U. Becker, P. Joos, M. Rohde, and A. J. S. Smith*
Deutsches Klektronen-Synchrotron, Hamburg, Germany

and

S. Friedlander, C. Jordan, and C. C. Tingt
Department of Physics, Columbia University, New York, New York

(Received 7 November 1966)

We have measured the yield of wide-angle
electron-positron pairs produced in the reac-
tion

@+C-e++e +C

in order to test the validity of quantum electro-
dynamics (QED) at small distances. The ex-
periment, performed at the Deutsches Elektron-
en-Synchrotron (DESY) 6.2-GeV electron syn-
chrotron, used a symmetrical magnetic spec-
trometer and counter techniques to detect the
pairs. The results show that first-order QED
correctly predicts the e+e pair yield for mo-
mentum transfers to the virtual electron up
to 400 MeV/c, in contradiction to earlier re-
sults where large deviations have been reported. '

The major contribution to Reaction (I), the
Bethe-Heitler terms, have been calculated by
Bjorken, Drell, and Frautschi (BDF).' The
Compton term is estimated to contribute less
than a few percent to the yield. 3 The syrnmet-
rieal nature of the detector eliminates the con-
tribution from interference between the Bethe-
Heitler and Compton diagrams. At symmetry,
if F.+ is the energy of the positron and 9 is its
production angle, the momentum transfer to
the virtual electron is given by t'=2K+'0, while
the momentum transfer q to the recoil nucleus
is given by q =F.+'8 . Under the kinematical
conditions of this experiment, t ~ 400 MeV/c
and (q')'~' ~ 50 MeV/c. Because q is small, a
heavy nuclear target may be used; the yield
is proportional to Z', and very little correc-
tion is necessary for the nuclear form factors. ~

The accuracy with which the experimental yield
may be compared with QED is limited to a few
percent by one's inability to calculate the Comp-
ton term exactly, and by the lack of precise
measurements of the inelastic form factors of
the ta,rget nucleus.

Experimental arrangement. —The apparatus
is shown in Fig. 1. The bremsstrahlung beam
is produced when the DESY circulating electron
beam strikes an internal rotating target. The
average photon intensity is 3 x10'o equivalent
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FIG. 1. Plan view of the spectrometer.

quanta per second; the duty cycle 2-4'. The
beam is defined by two lead collimators 10x10
mm' a,nd 15x15 mm', and clea.red of charged
particles by three dipoles. The first two di-
poles bend horizontally, the third vertically.
Approximately 35 m downstream from the ro-
tating target a 2.5-g/cm'-thick carbon target
was mounted on a calibrated optical bench. '
At the target position the beam spot is approx-
imately square in shape, 2.5 cm x 2.5 cm. The
beam intensity is measured by a Wilson-type
quantameter, which was calibrated in an ex-
tern1 electron beam against a Faraday cup. '
The photons travel to the quantameter inside
a vacuum pipe encased throughout its length
by heavy concrete and lead.

The spectrometer itself consists of dipole
magnets (MD, M&, M&), scintillation count-
ers (L„L„L„L„R„R„R„R,), shower
counters (SLC, SRC), threshold Cherenkov
counters (LC, RC, HL, HR), and scintillation-
counter hodoscopes (TL, TR, QL, QR, VL,
VR). The magnet MD separates charged par-
ticles from the y beam and also sweeps very
low-energy particles out of the system. Par-
ticles with a central spectrometer momentum
Pp are bent an angle of I5' —e by MD, where
6I is the horizontally projected production an-
gle with respect to the y beam. After passing
through MD, the central-momentum particles
are bent a constant -8 by the M& located 2.18
m downstream from the center of MD. The
target position and the field of MD are chosen
such that the trajectory of the central ray (cen-
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tral momentum Po and angle 8o) after it enters
the M~'s is identical for all settings of the spec-
trometer. The magnets M&, 5.39 m downstream
from the M&'s, then bend the central ray a con-
stant angle -17.47 . This arrangement has the
following properties essential to the experiment:

(1) The acceptance of the spectrometer is
not limited by the edges of magnets or by shield-
ing, being defined instead by the scintillation
trigger counters L,-L4, R,-R4. All counters
are located such that their surfaces are not
directly exposed to the target. The instantan-
eous rate in L, and R„ the "hottest" of the trig-
gering counters, is always &3 Mc/sec.

(2) The spread in position and angle of the
particles as they pass through all the thresh-
old and shower counters is nearly independent
of the spectrometer setting. Therefore, any
slight inefficiency of these counters cannot lead
to a momentum-transfer-dependent effect.

(3) The spectrometer recombines rays of
constant P8-t and, therefore, has a large ac-
ceptance and at the same time a good t reso-
lution. For a given spectrometer setting, the
acceptance is 5P/&=+0. 18, 58/8=+0. 14, 5t/t
=+0.10, and 5P =+8 mrad, where g is the pro-
jected vertical production angle. '

The efficiency of all counters was measured
in a 1-GeV electron beam. Each trigger and
hodoscope counter was &99.9% efficient over
its entire area. For the angular acceptance
needed in this experiment, the efficiency of
all four threshold counters and both shower
counters was &99%. During the experiment
the pion rejection' of the threshold and show-
er counters was constantly monitored. Even
under the highest instantaneous rates encount-
ered, the combined rejection of the pair (LC,
RC) was always &4x10', of (HL, HR) always
&1x10', and of (SLC, SRC) always &100.

Logic circuits capable of operating at 125
Mc/sec were used to minimize dead time and
accidentals as well as the following corrections
to the master rate M = (R, +R, +R, +RC+SRC,
L2+ L3+ L~+ LC + SLC):

(1) Random accidentals. Because the single-
arm electron rate was as much as 2000 times
higher than the electron-pair rate, the contri-
bution of random coincidences had to be mon-
itored and kept lower than a few percent. For
this reason, the incident beam intensity was
always kept low enough so that the rates of co-
incidence circuits with resolutions of 16, 12,
8, 7, 6, 5, and 4 nsec between the two arms

never exceed each other by more than 5%.
Normally, for (2-3) x 10~o equivalent quanta/
sec incident photon intensity the rates differed
by &1%. Therefore, the random accidentals
in the rate M are &1/o and can be calculated
from the relative rates of these circuits.

(2) Pion contamination. The ratio of pion
pairs to electron pairs was in some cases as
high as 1000 to 1. Although the requirements
for M provide a pion rejection &10', we used
the counters HL and HR to monitor the adequa-
cy of this rejection. Coincidences MHL (MHR)
were made between M and HL (HR), and final-
ly the coincidence MC was made between MHL
and MHR. The rates of M, MHL, MHR, and
MC all agreed to within 1% throughout the ex-
periment. We are thus certain that the data
are not contaminated with pions; if they were,
the additional pion rejection of HL and HR would
cause the rates MHL, MHR, and MC to be sig-
nificantly lower than M.

(3) Dead time. We monitored each circuit
with a fast sealer, and kept the beam intensity
low enough such that the total dead time of the
system was normally 2-3%, and never more
than 5%.

The stability of all counting rates was con-
stantly checked during the experiment, and
all counter voltages were kept constant to with-
in +10 V. The left-arm rate agreed with the
right-arm rate to within a few percent, and
the reproducibility of the e+e rate was better
than 3% over a two-month running period.

Analysis. —The theoretical e+e yields were
calculated by two independent methods. The
first was a conventional Monte Carlo technique
whereby events with randomly generated pro-
duction angles, momenta, and target positions
were exposed to the magnetic fields and aper-
tures of the system. In this manner the aver-
age cross section, the spectrometer acceptance,
and various kinematical quantities were simul-
taneously calculated. Corrections for brems-
strahlung and multiple scattering in the tar-
get and along the spectrometer were included
in the calculation. The decrease in the theo-
retical yield due to bremsstrahlung, while sig-
nificant, varied little over the spectrometer
settings, ranging from 32 to 37%. The effect
of multiple scattering, a decrease in the the-
oretical yield, was always less than 12%. Es-
sential to the Monte Carlo integration was the
accurate determination of the magnet transport
equations. Because of the large momentum
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range accepted, neither first- nor second-or-
der transport theory could be used. Instead,
the equations were determined by numerical-
ly integrating a family of 40 trajectories through
a grid of the measured field values of each mag-
net (these fields were known to 3 parts in 10~).
The transport coefficients were then obtained
from the trajectories by a least-squares meth-
od. The transport equations included all terms
linear, bilinear, and pure quadratic in x, x,
z, z', and 5P/P (except those excluded by sym-
metry) and terms up to fourth order in (5P/P)/
(1+ 5P/P). Comparing these coefficients with
those obtained from first- and second-order
theory, we found good agreement, any differ-
ences being attributable to the greater accu-
racy of the fourth-order calculation. A suffi-
cient number of events were treated by the
Monte Carlo technique to determine the theo-
retical yield within an uncertainty of +2.5%.

In the second method by which the yield was
calculated, each magnet was assumed to have
a uniform field over its effective length; ray
tracing was then used to determine the accep-
tance-limiting trajectories. An accurate approx-
imation to doBH was then numerically inte-
grated over the acceptance window so obtained.
The acceptance and average cross sections
agreed in all cases with those of the Monte Car-
lo calculation to within 5%. As a further check,
we averaged the exact cross section as given

by Drell and Walecka" over the spectrometer
acceptances, finding agreement with BDF to
better than 1%.

Many experimental checks were made to en-
sure that the spectrometer behaved as designed:

(1) We found that the experimental yield at
low momentum transfer agrees with the pre-
diction of QED.

(2) Wire-orbit measurements performed on
both spectrometer arms agreed with the cal-
culated central angles and momenta to within

0.5%, the accuracy limit of the wire-orbit tech-
nique.

(3) To test our treatment of multiple scatter-
ing and bremsstrahlung, we placed in each arm
of the spectrometer (in front of L~ and R, ) a
0.63-cm-thick Lucite sheet large enough to
cover the spectrometer aperture. For p, =2250,
8, =4', a 20+ 5% decrease in the yield was ob-
served, in good agreement with the calculated
decrease.

(4) At a production angle of 4' and a maximum
bremsstrahlung energy km~=3. 05 GeV, the

e+e yield was measured as a function of the
spectrometer momentum setting over the mo-
mentum range 1.167-2.000 GeV/c. At the up-
per end of this momentum range, where the
bremsstrahlung spectrum cuts off, the yield
depends very sensitively upon the spectrom-
eter acceptance. The measured and calculat-
ed yields were in good agreement, showing
that the acceptance had been accurately calcu-
lated.

(5) To check the properties of the spectrom-
eter and of the programs used, the distributions
of electron-pair events were measured by the
hodoscopes. In a typical data run, with central
angle 4', central momentum 1.830 GeV/c, the
distribution shown in Fig. 2 was obtained in
the hodoscope QL, the expected and observed
distributions being in good agreement. Simi-
lar results were obtained for the other hodo-
scopes.

(6) The electron-pair rate did not change when
the shielding inside the gap of MD was moved
either toward or away from the accepted region.
This is good evidence that the shielding is not
a source of background events. Checks (3)-(5)
above indicate that scattering from M& and

M~ pole faces also did not contribute to the
measured yield.

Results and conclusion. —Half the data were
taken at each polarity of the spectrometer to
eliminate interference between the Compton
and Bethe-Heitler processes. Corrections were
made for the dead time of the electronics, ac-
cidentals, beam attenuation in the target, tar-
get-out rates, multiple Coulomb scattering,
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FIG. 2. Comparison of calculated and observed event
distributions in the Qg hodoscope counters, for cen-
tral spectrometer angle Op=4' and momentum pp=1 83
GeV/c.
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and bremsstrahlung losses along the spectrom-
eter. Approximately 25% of the running time
was spent measuring target-out rates. These
rates were found to be nearly independent of
angle and momentum, never exceeding 10%
of the rates with the target in place. As dis-
cussed earlier, pion contamination was mea-
sured to be always less than 1%. In calculat-
ing the theoretical yield, we used analytical
expressions for the nuclear form factors, "
but did not consider contributions from inelas-
tic carbon form factors or from the Compton

term. The total radiative correction (includ-
ing corrections for hard photon emission) is
almost constant over the various spectrometer
settings, decreasing the theoretical yield by
(3.0+ 1.0) %.

In order to eliminate possible systematic
errors, the data points were chosen in the 4
x 4 matrix form shown in Fig. 3(a). The errors
shown are statistical, including those introduced
by the subtraction of the target-out rates. At
least 400 events were accumulated at each point,
most points having =1000 events. In each col-
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FIG. 3. Results. (a) The ratio of experiment to theory is shown for all data points. The points are arranged in
a matrix, the detailed study of which (see text) shows that systematic errors in the experiment are insignificant.
(b) The ratio of experiment to theory is shown as a function of the e+e- invariant mass. The straight line is the
best fit to our data. Earlier work at CEA (Ref. 1) is also shown. To facilitate comparison, the normalization of
the CEA data is changed in the figure so that the best-fit curve agrees with our best fit at zero pair mass.
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umn the production angle and the ratio k jkmax
are constant (k is the central pair energy; kmax
is the peak bremsstrahlung beam energy). There-
fore, the relative yields within each column
are subject to the same radiative corrections,
bremsstrahlung corrections, and spectrometer
acceptance. Except for multiple scattering and
possible small variation with energy of the quan-
tameter constant, the yield should follow (after
form-factor corrections) a simple 1jk' law.
In a given row, where both k and k jkmax are
constant and only the production angle is varied,
the relative yields are insensitive to multiple
scattering, bremsstrahlung loss, scattering
from pole faces or shielding, radiative correc-
tions, and energy dependence of the quantame-
ter constant. The only possible systematic
error could be in the calculation of the spec-
trometer acceptance. As seen in the figure,
each point of the matrix is consistent with the
prediction of QED. Thus we conclude that no

significant systematic errors are present, and
that the present form of QED correctly describes
the production of electron-positron pairs.

Figure 3(b) shows our results (as a function
of the invariant mass M =W2t of the e+e pair)
along with other published data. The best fit
of our data linear in M is

R =0.95~ 0.04-(0.4+ 1.1)x 10

where M is expressed in MeV jc'. The uncer-
tainty in the normalization, estimated to be
5%, is not included. For comparison with the
Cambridge Electron Accelerator (CEA) result,
we give the best fit quadratic in M, namely, '2~'3

R =0.94+0.02-(5.8+15.7) x 10 sM2.

Both these fits are consistent with a straight
line of zero slope. The CEA result, on the oth-
er hand, is

R =0.67((1+0.04)+ (513+38) x 10 'M'),

which is inconsistent with our result.
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ERRATA

COMPOSITE MODELS OF HADRONS AND HIGH
ENERGY SCATTERING. Michael Ram [Phys.
Rev. Letters 17, 1222 (1966)].

Reference 12 should have read as follows:
The essential reason for this is that the con-

struction of particles with integral charge out of
quarks requires the use of combinations of quarks
with zero total triality [see M. Gell-Mann and
Y. Ne'eman, The Eightfold Way (W. A. Benjamin,
Inc. , New York, 1964), p. 163]. Such zero-trial-
ity combinations do not contain an SU(3) triplet
representation. We cannot therefore build the
triplet t out of quarks.

MELTING RELATIONS. Stanley E. Babb, Jr.
[Phys. Rev. Letters 17, 1250 (1966)].

Footnote c to Table I should be associated with
the 4T65oK column, and footnote d with 4Tm c ',

i.e., if the deviations from Eq. (1) are regarded
as being purely temperature errors the rms de-
viation is 2.15'K, or if purely volume errors the
rms deviation is 0.006. In a similar fashion foot-
note b of Table II should also be associated with
the hT.
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