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Experimental limits have been set on the cross sections for p+p ~ e++e for antiprotons with incident
momenta of 1.47 and 2.40 GeV/c. These results imply upper limits on the magnitude of the proton form
factors for timelike four-momentum transfer of 5.1 and 6.6 (GeV/c)'. The reaction p+p -+ y+y has been
studied at the same incident momenta. This process has apparently been observed for incident antiproton
momentum of 2.47 GeVfc, while an upper limit for the two-photon annihilation cross section is found at
2.40-GeV/c incident momentum.

I. IHTRODUCHOH

N antiproton beam and counter spark chamber
array have been used at the Brookhaven National

I.aboratory's alternating gradient synchrotron (AGS)
to study the reactions

e +P~e +p. (3)

The pertinent lowest-order Feynman diagrams for
reactions (1) and (3) are shown in Fig. 1. In the one-
photon exchange approximation, if no structure is
assumed for the ye+e vertex, the angular distribution
of the electron in the annihilation reaction will directly
yield the electric and magnetic form factors of the
proton in the region of timelike four-momentum trans-
fer squared q'. These form factors are then functions of
q' only in the one-photon approximation. The only
previous experiment to determine the timelike form
factors of the proton was carried out at the CERN
Proton Synchrotron. ' This experiment was done at
q'=6. 8 (GeV/c)', and attempts were made to detect
both electron pairs and muon pairs. No events were
observed, and thus upper limits were set on the mag-
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(2)

for incident antiproton momenta of 1.47 and 2.40 GeV/e.
The first reaction is related by crossing symmetry to

nitudes of the form factors in the timelike region. The
extensive electron-proton elastic scattering experi-
ments' have given information on electric and magnetic
form factors for spacelike momentum transfers.

In terms of the electric form factor Gs(q') and the
magnetic form factor Gie(q') the differentia cross
section for the 6rst reaction is given by'

du 1 cP—(PP e+e-) =-
dQ 16 E(E' Mp')'"—

N~ '-'

X
~
Gir(q') i'(1+cos"-0*)+

E

X
~
Gg(q') 1-"sin'tt*, (4)

a = 1/137 = fine-structure constant,
M„=proton mass,

q'-=+2M', (E+M„),
E= total energy of the p in the center-of-mass system,
8*=angle between p momentum vector and e mo-

mentum vector in the center-of-mass system,
and with

Gs(0) = 1 and G~(0) = 1+y = 2.79,
where p = anomalous moment of the proton.

' T. Janssens, R. Hofstadter, E. B.Hughes, and M. R. Yearian,
Phys. Rev. 142, 922 {1966);E. B. Hughes, T. A. GriGy, M. R.
Yearian, and R. Hofstadter, ibid. 139, B458 (1965); M. Goitein,
R. J. Budnitz, L. Carroll, J. Chen, J.R. Dunning, Jr., K. Hanson,
D. Imrie, C. Mistretta, J. K. Walker, R. Wilson, G. F. Dell,
M. Fortino, J. M. Patterson, and H. Winick, Phys. Rev. Letters
18, 1016 (296/); W. Albrecht, H. J. Behrend, F. W. Brasse,
W. Flauger, H. Hultschig, K. G. SteGen, ibid. 17, 1292 (1966);
D. H. Coward, H. DeStaebler, R. A. Early, J. Litt, A. Minten,
L. W. Mo, W. K. H. Panofsky, R. E. Taylor, M. Breidenbach,J. I. Friedman, H. W. Kendall, P. N. Kirk, B. C. Barish, J. Mar,
and J. Pine, i'. 20, 292 (1968).'L.

¹ Hand, D. G. Miller, and R. Wilson, Rev. Mod. Phys.
35, 335 (1963).
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e +p —e+p

FrG. 1. Feynman diagrams
for e p —+ e p and pp —+ e+e
assuming one-photon exchange.

p+p —e +e

If the diBerential cross section has the dimensions
cm'/sr, and if energies and masses are measured in GeV,
the coefficient a'/16 becomes numerically equal to
1.33X10 . The cross section can also be written in
terms of the Dirac and Pauli form factors Ii ~ and F~,
related to Gz and G~ by

Gs(q') =~i(q')+(q'/4M')i ~2(q'), (5)

G~(q') = Pi(q')+~~2(q') (6)

They are mentioned here because if Fz(q') is to remain
finite at q'=4M„', the condition

Gg(4M„') =G~(4M~') (7)

must be satisfied. In addition, since the proton current
operator is Hermitian, Gg and G~ must be real for
spacelike momentum transfers; they can be complex,
however, for timelike momentum transfers.

In the experiment to be described below, data were
obtained for the electron-pair annihilation mode using
antiprotons with momenta of 2.40 and 1.47 GeV/c.
These momenta correspond to squared four-momentum
transfers of 6.6 and 5.1 (GeV/c)', respectively.

Reaction (2) was studied not only for its own in-
trinsic interest, but also as a possible background to
(1). No previous measurements of this reaction have
been reported.

BasicaOy, the hodoscopes and electronic circuitry
for this experiment was designed to select out of all
possible antiproton interactions only the following
two-body reactions:

p+p~ e++e (8)

p+p~ ~++~ (9)

p+p ~ E++E (10)

p+p~ p+p. (11)
The results of measurements on reaction (11) have

already been reported4 and data from (9) and (10)
48. Barish, D. Fong, R. Gomez, D. Hartill, J. Pine, A. V.

To11estrup, A. Maschke, and T. F. Zipf, Phys. Rev. Letters 17,
720 (1966); 19, 142(E) (1967).

will be published later. In the following paragraphs a
general description of the apparatus will be given. Many
of the characteristics of the apparatus which were
pertinent for the present experiment were studied using
reactions (9)—(11) because their comparatively high
cross sections gave high counting rates.

Interactions (9)—(11) could be separately identified

by accurately measuring the angles between the in-

coming beam and the outgoing particles. However,
the angles for the e+ state differ from those for the ~+
state by only a few tenths of a degree and, hence,
reaction (8) was separated out by studying the electro-
magnetic interactions of the electrons in a combination
of lead-plate spark chambers and lead Lucite Cerenkov
counters.

A plan view and an end view of the apparatus are
shown in Figs. 2 and 3. Two thin-plate spark chambers
were placed syrruaetrically on the left and right sides
of the target to record the paths of the anal charged
particles. Before spark-chamber pictures were taken,
the directions of the 6nal charged particles were de-
termined roughly with six scintillation-counter hodo-
scopes. The channels in the outermost hodoscopes were
hori2'ontal and parallel to the target and provided a
measurement of coplanarity. The other four hodoscopes
had vertical channels and provided measurements of
the angles between the 6nal particles and the anti-
proton beam. The width of the channels in these hodo-
scopes was chosen so that they were able to distinguish
between p-p elastic events and e+e, 7r+vr, %+X
annihilations. The spark chambers were triggered to
record the tracks of charged particles only after (1)
the hodoscopes determined roughly that the two
charged particles in the final states were coplanar, that
they were kinematically consistent with e+ annihila-
tions but not with p-p elastic events, and (2) the
Cerenkov counters indicated a large electromagnetic
shower on both sides of the apparatus. Most of the
unused solid angle was covered by veto counters.

G. EXPERIMENTAL APPARATUS

A. Antiproton Beam

The antiproton beam~ used in this experiment was
the long branch of a partially separated beam designed
and built at Brookhaven National Laboratory's AGS.

The antiproton yield was

70 000/10" protons in AGS at 2.40 GeV/c
and

30 000/10" protons at 1.47 GeV/c.

At 2.40 GeV/c, the s and p to p ratio was about 1.5
to 1, and the beam divergence was about =0.6' at the
hydrogen target. The momentum spread was about
=3.5% of the mean beam momentum. The cross
section of the beam at the target was oval-shaped, and

~ B. C. Barish and R. F. Kycia (to be published),
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FIG. 2. Top view of the detection apparatus.
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FIG. 3. End view of the detection apparatus.

was about 1 in. X 2 in. depending somewhat on the
beam momentum,

Antiprotons in the beam were identi6ed by time of
Right. The main contamination of m 's and p, 's was
studied as follows at 2.40 GeV/c:

(a) When the electrostatic separators of the beam'
were tuned to select x or p, mesons, it was found that
the time-of-Right method to select anitprotons was
able to discriminate against x or p mesons with better
than 99% eSciency.

(b) When the separators were tuned to select anti-
protons, it was found that the antiproton to x or p, -
meson ratio at the target was about 1.5 to 1..

The conclusion was that, with the combined use of
the separators and the time-of-Bight method, the con-
tamination of the antiproton count was less than 0.7'Pc.
At 1.40 GeV/c, it was expected Io be even better be-
cause of the more effective time-of-Qight selection.

After each antiproton was identified, a dead time of
4 p.sec was imposed on the beam electronics. This was to
prevent the spark chambers, which had a sensitive time
of about 2.5 @sec, from recording simultaneously the
final products of more than one p-p interaction.

B. Target

Liquid hydrogen for the target was contained in a
cylindrical M ylar Qask of 4-in. diam and 82.5-in.
length. The Mylar wall was 0.014 in. thick. The target
was wrapped in 30 layers of superinsulation (crinkled
0.00025-in. -thick aluminized Mylar). It was suspended
by thin stainless-steel wire hangers inside an evacuated
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aluminum chamber with 0.014-in.-thick Mylar side
walls. The liquid hydrogen was fed in and the gaseous
hvdrogen vented through a 2-in. -wide brass collar at the
upstream end of the fI.ask. The total usable length of
the target was 80 in. The total material, besides the
liquid hydrogen, through which a particle coming from
the target had to pass to enter the detection hodoscopes
was only 0.036 in. of Mylar. From the boilofF rate of
the liquid hydrogen during the experiment, a calcula-
tion was made to set a limit on the correction to the
liquid-hydrogen density due to gas bubbles. The
hydrogen density in the target mas found to be 0.069
g/cm'. '

C. Hodoscoye System

Six trays of scintillation counters were used in this
experiment. Their positions relative to the hydrogen
target are shown in Figs. 2 and 3. The setup was left-
right symmetric. In order to minimize the required
number of phototubes and to increase the efBciencies of
the hodoscopes, the scintillators in each tray were
overlapped as shown, and "channels" were de6ned
by coincidence or anticoincidence between adjacent
counters. All the scintillators in the hodoscopes mere

~ in. thick, and all the phototubes used were RCA
6655's.

The scintillators of the 11 counters in the outermost
tray on each side were all 80 in. long. They were placed
with their lengths parallel to the target and mere 6.6 in.
wide. They were overlapped to form 21 channels, each
of 2.2-in. width, and each counter had a phototube on
each end to increase the light collection efFiciency.
Vive-bit binary numbers between 6 and 26 were

' D. L. Hartill, Ph.D. thesis, California Institute of Technology,
1967 (unpublished).

generated electronically and corresponded to channels
numbered as shown from top to bottom for both trays.
These two hodoscopes, called the right and left P trays,
were placed equidistant (24 in. ) from the axis of the
target. They m'ere used to impose a rough coplanarity
condition on the particles coming from the target. A

pair of tracks from the target axis, perfectly coplanar
with the axis of the antiproton beam, would always
strike the hodoscopes at two channels, whose sum was
32, independent of the inclination of the plane deined
by these tracks. The sum of the two-channel binary
numbers was generated by adding a six-bit adder. The
output was decoded and the experiment triggered from
sums of 31, 32, or 33, in order to include efFects of
channel width and beam size.

In each of the other hodoscopes, there were 17
counters, forming 33 channels of 2.5-in. width. The
counters were placed vertically mith their lengths per-
pendicular to the target, and each had one phototube at
the bottom end. The scintillators of the innermost trays
were straight, 13.5 in. tall and 6.5 in. from the axis of
the target. They were called in inner-8 hodoscope trays.
The middle trays, called the outer-8 trays, were curved,
having a radius of curvature of 34 in. and mere 22.2 in.
from the axis of the target. They were 33.2 in. tall. The
channels again electronically generated 6ve-bit binary
numbers between 0 and 32 from upstream to down-
stream for the outer-8 trays, and from downstream to
upstream in the case of the inner-8 trays.

If a particle coming from the target passed through
two 8 trays, the sum of the channel numbers for the
track was proportional to cot8, where 8 is the angle
between the track and the direction of the incoming
beam, and was independent of where the interaction
took place along the target. This sum was made in
six-bit binary adders in about 35 nsec. The purpose of
having the outer 8 counters curved was to eliminate the
dependence of this sum on the azimuthal angle qb of
the particle track. Thus, if the value of "channel sum"
was made into a continuous rational number, this
relationship could be expressed as

channel sum =5.9 cot8+25.3.
Figure 4 shows the 8-channel sum matrix in the

cot8 jgQt, versus-cot8ig fg plane. For a de6nite antiproton
beam momentum, the values of 8-left and 8-right for
the process p+p-+ (equal-mass pair) have a definite
relationship. Thus, processes like (8)—(11)can be repre-
sented by single lines in the cot8„~h&-versus-cot8i, f&

plane, as shown in Fig. 4. The curves are for an incident
antiproton momentum of 1.75 GeV/c.

In the CC1 (Caltech Computer 1), two five-bit
binary encoders registered the values of the channel
numbers for inner-8 and outer-8 hodoscopes on each
side. These encoders mere connected to the inputs of
six-bit fast adders. The answers, corresponding to
8-channel sums 23—38, were used to drive each of the
two sides of a 16X16coincidence matrix corresponding
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to a left-channel-sum-versus —right-channel-sum matrix.
An output signal K (for "desired kinematics"), could
be obtained from the CC1 if any one of a selected group
of coincidence matrix elements was activated. For
example, in Fig. 4, the squares inside the boundary
marked by the heavy line represent the coincidence
matrix elements (K matrix) for selecting e~, 7r+-pair,
and E+-pair events at an antiproton momentum of
1.75 GeV/c. With this K matrix, the p-p elastic scatter-
ing events could thus be completely eliminated, while
high efficiency was maintained for the desired events.

D. Shower Counters

Lead-Lucite Cerenkov counters of the type described
by Heusch and Prescott' were placed behind the outer
lead-plate spark chambers. These chambers provided
approximately four radiation lengths of lead in which a
shower could develop before entering the shower
counters. The response of the lead-Lucite Cerenkov
counters to electrons was determined by using electrons
selected from the antiproton beam by means of a gas-
filled Cerenkov counter. For this calibration procedure
the counters were placed in the beam, and energies and
angles of incidence of the electrons on the counter
array were matched with the electron kinematics in the
annihilation process. A pulse-height criterion was
chosen for these counters such that pion pairs and many
other types of events were e6ectively rejected. The
electron-detection e%ciency of the entire array of
Cerenkov counters was &92%. The gains of each of
the 40 5-in. photomultiplier tubes attached to these
counters were checked weekly by means of Sr~ sources
irradiating a —„-in. scintillator glued to the light pipes
of each of the Cerenkov counters. The pulse-height
spectrum from a given tube was compared with a
standard spectrum from the tube. The maximum ob-
served variation in gain was less than 4% during the
course of the experiment.

E. Spark Chambers and Camera System

Two thin-pla, te spark chambers were used for observ-
ing the paths of the charged particles in the final
states. They were placed symmetrically, one on each
side of the target, as shown in Figs. 2 and 3.

In each chamber, there were nine plates, each con-
sisting of 0.001-in.-thick tempered aluminum foil,
stretched and bonded over a 3-in. -wide aluminum
frame with dimensions ~ in. )&38 in. )&96 in. The plates
were separated by 0.340-in. -thick Lucite spacers, form-
ing eight gaps. The side walls of the chambers were of
0.014-in.-thick Mylar sheets. These chambers were
viewed by three cameras, one 16 ft above each chamber,
and one 32 ft away downstream, viewing both chambers.
On the end of each chamber was a field lens consisting
of a section of a spherical lens of focal length 32 ft.

' C. A. Heusch and C. Y. Prescott, Nucl. Instr. Meth. 29, 125
(1964).

Lucite prisms were placed over each gap in the top view

to bend the light into the camera,
The outer-shower chambers consisted of 0.11-radia-

tion-length lead plates arranged at 50 to the beam
direction in a herringbone pattern, so that particles
from the target traversed the plates as close to their
normal as possible. A shower could thus be seen in
about 30 gaps before leaving the chambers.

A plastic field lens filled with mineral oi18 was located
on top of each chamber, and a mirror system combined
the right and left chamber into one view for the camera.
Iights recorded which hodoscope counters were trig-
gered by the event, to make it easy to identify the
shower with the proper particle. Only the vertical view
of these chambers was photographed.

F. Triggering Requirements

The fast electronics described above had an over-aII
dela, y of about 150 nsec and were used to fire the spark
chanibers provided that (1) none of the veto counters
were hit, (2) only one particle passed through each of
the 8 and p hodoscope trays of counters, (3) the @
hodoscope coplanarity requirement was satisfied, (4)
the 8 hodoscopes gave an event in the acceptable region
of the kinematics (K) matrix, and (5) there was a,

larger pulse in each of the shower counters. When the
chambers were fired, the serial number of the event, the
pulse height of the two shower counters, and those
counters in the hodoscope which were triggered were
recorded for future analysis.

In the electron-positron measurement, the spark-
chamber trigger rate was about one per 4X10' antipro-
tons traversing the target (of which more than 10' inter-
acted) at an antiproton momentum of 2.40 GeV/c. At
1.47 GeV/c, the trigger rate was about three times higher,
mainly because of the large number of pion pairs.

The elements of the fast electronics were monitored
continuously by a PDP-5 digital computer. %hen the
fast electronics accepted an event, this device stored
the relevant addresses of the scintillation counters in
the hodoscopes and the coincidence channels. The com-
puter was programmed to present, in matrix format and
both in printed form and as oscilloscope display, the
distributions of counts in the various addresses. For
example, it could present the 8 hodoscope data (there
were 16 legal inner- and outer-8 counter channels on
each side of the target) as a 16&&16matrix. An element
of this matrix represented the number of events in
which the particIe on the right of the target formed an
angle with the incident-beam direction of Hg and that
on the left formed the angle eL,. In addition to the data.
from the scintillation counters, the computer stored,
according to the number of the counter, the pulse
heights of the lead-Lucite Cerenkov counters. At
frequent and periodic intervals during the course of
the data-taking runs, the data in the computer were

J. Pine, California Institute of Technology Internal Report
N'o. 14, 1965 (unpublished}.
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TABI,E I. Summary of Monte Carlo calculations of the solid-
angle acceptance of the detection apparatus for electron-positron
pairs and y pairs. The last three rows are calculated using the
Rosenbluth formula' and apply only to electron-positron an-
nihilations. The units are steradian meters (i.e., target-length
g fractional solid angle).

Form of angular
distribution

Isotropic
Gg =G~/(1+31) =G~/2. 79
Gs=Gu
Gp=0

Beam momentum
1.47 GeV/c 2.40 GeV/c

(Q.772~0.030)~ (0.957~0.034)~
{0.640&0.026)m (0.765w0.030}x
(0.664a0.030}~ (0.794~0.030)~
(0.616%0.025)~ (0.736~0.030)m.

printed and compared with those from previous runs.
Standard runs on p-p elastic scattering were used. As a
result of this procedure, failures in the rather large and
complex electronics system could be located and cor-
rected relatively soon after they occurred.

The data from the counter system and the spark-
chamber photographs were correlated by a data-display
system which was run in parallel with the PDP-5.
This system drove an IBM model 526 card punch and
a system of lights which were photographed with the
spark chambers. All counter and coincidence-channel
data pertinent to the event were punched on the IBM
card associated with that event. The system of lights
consisted of illuminated numbers placed adjacent to
each of the elements of the 8 and p hodoscopes. The
appropriate lights were activated when the spark
chambers were fired. Then lights were used later, as an
aid in scanning the film.

The angular resolution achieved with the thin-plate
spark chambers for single tracks was better than ~1
degree. In the electron-positron annihilation experi-
ment, this was sufBcient to distinguish electron-pair
events from E-pair events, but not from pion-pair
events. For the latter, an angular accuracy of ~0.1
degree would have been required.

The response of the outer lead-plate chambers to
electrons was determined by using electrons selected
from the beam by the gas Cerenkov counter. The
method used here was similar to that used to calibrate
the lead-Lucite counters. In particular, measurements
were made with the chambers oriented such that the
angle of incidence of the electron and its momentum
corresponded to that of an electron originating in the
annihilation process. At these angles the spark chambers
were typically four radiation-lengths thick. From these
measurements, scanning criteria were devised such
that each chamber provided better than 1000: l rejec-
tion for pions. At the same time, an electron-detection
efEciency of 91&3% was retained. Thus, the require-
ment that each particle simulate an electron gave a
probability of less than 10 ' that a pion pair could be
confused with an electron pair. After the electron-pair
and y-pair data had been taken, the lead-Lucite
Cerenkov counter requirement on the spark-chamber
trigger was removed, and the apparatus used to take

data for a measurement of the two-pion annihila-

tion cross section. The results of this measurement

have been published elsewhere, ' and they indicate that
the background from a pion pair masquerading as an

electron pair is negligible. As a further check on the
pion-rejection ratio in the lead spark chambers, 1900
known pion-pair annihilations were scanned using the
electron criteria. Only one pion "shower" in this sample

of 3800 pion tracks electively simulated an electron.
The modification of the above system to measure the

two-photon annihilation cross section was accomplished

by placing a ~-in. lead sheet, supported by S-in.

aluminum, between the inner elements of the 8 hodo-

scope and the thin-plate spark chambers. The electronic
logic for event selection was modified such that the
inner elements of each 8 hodoscope were run in the veto
mode. Appropriate pulses were then required from the
counters in the outer elements of the 8 hodoscopes, the

p hodoscopes, and the Cerenkov counters. Only events
with both p rays converting in the lead sheets to give
narrow'-angle e+e pairs were analyzed. For this portion
of the experiment, the lead-sheet spark-chamber array
was calibrated by placing it in a tagged-photon beam
obtained from the California Institute of Technology
Electron Synchrotron. Measurements were made on
photographs of showers originating from photons, with
energies ranging 50 MeV—1.2 GeV. The over-all detec-
tion efficiency for the reaction p+p ~ p+p was de-

termined to be (6.5&2.0)X 10 '.
The detection apparatus was sensitive to annihila-

tions from 60' to 120' in the center-of-mass system.
The solid-angle acceptance of the system w as calculated
for the e++e Gnal state using the California Institute
of Technology IBM model 7094 computer. A Monte
Carlo type of statistical method was used. To check
the validity of this calculation, the solid angle for a
Rat center-of-mass angular distribution was calculated,
using scale drawings of the apparatus, by measuring the
actual target length from which the final state could be
detected. The graphical results and the results from the
computer program agreed to within 5%.

The solid-angle calculations included the beam
attenuation in the target, the expected center of angular
distribution, and the Lerenkov-counter detection
efhciency. Additional e6'ects, such as the spreading of
the electron showers and the uncertainty of the correct
sensitive area of the Cerenkov counters, led to system-
atic uncertainties of the order of 10%. The results of
the solid-angle calculations are given in Table I.

III. DATA ANALYSIS

The scanning of the film from the electron-positron
annihilation part of the experiment was carried out in
four steps. In each succeeding step more stringent
requirements were placed on the events. These steps
were as follows:

9 D. G. Fong, Ph.D. thesis, California Institute of Technology,
1968 (unpublished).
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Tahar. E II. Summary of scanning and measuring of film for electron-positron and yy final states.

2422

Reaction

p+p ~ e+c-

P+P 7+7

Beam
momentum

(Ge~/~)

1.47
2.40
1.47
2.40

Total
pictures

58 000
26 000

1 990
932

(Step 1)
Showerlike

events

1600
500
8S
30

(Step 2)
Rough

shower

144
49

(Step 3)
Kinematics

26
7
2
0

(Step 4)
Final

analysis
of showers

Step 2. Both lead chambers have "showerlike"
tracks, starting within three gaps of the front of the
chambers, which had spark counts greater than the
mean number of sparks for a straight track plus ten
sparks.

Step 2. Those events surviving step 2 were further
required to have in the lead chambers (a) no additional
straight tracks or tracks with a single scatter coming
from the same vertex in the target as the "shower";
(b) at most„one converting & ray in addition to the
"shower" in each chamber to allow for p rays arising
from secondary radiation processes; (c) no single
vertices in the "shower. " From the calibration runs,
pion interactions gave rise to single vertices, while
electron showers did not; (d) "showers" which were
continuous; i.e., they could not have breaks with no
sparks for four or more consecutive gaps. Such a break
could arise from a pion charge-exchange interaction in
one of the plates.

Step 3. The tracks of events surviving step 2 were
spatially reconstructed using the photographs of the
thin-foil chambers. The allowable limits of deviation of
the measured kinematical results from the calculated
ones were very accurately determined from the analysis
of 40000 photographs taken when the apparatus was
used to measure the annihilation of antiprotons into
pion and kaon pairs. These limits were that the event
be coplanar to ~2.6', that the distance of closest ap-
proach of the reconstructed tracks inside the hydrogen
target be less than 1 in. , and that the computed (mass)'
of the 6nal particle be between —0.10 (GeV/c)' and
+0.10 (GeV/c)'. These limits correspond to a 95%
efFiciency cut. The energy loss of the antiproton in the
liquid hydrogen up to the point of interaction was
included in these calculations.

The information from the spatial reconstruction of
the events was also used to predict which counters in
the hodoscopes should have been traversed. If this
prediction did not agree with the punched card for that
event, the event was remeasured.

Step 4. The showers of the relatively small number of
events surviving Step 3 were then analyzed in detail.
In addition to the rough requirements in step 2, the
showers were required (a) to be symmetric, within
statistics, about the incident-particle direction, (b)
to have no straight-track core which would be character-
istic of a converted & ray superimposed on a straight
track; (c) to have no track or tracks st an angle greater

than 45' to the shower direction, (d) to have single

sparks in the first or second gap of the lead-plate cham-

bers, in order to eliminate narrow-angle pairs which

appeared as single tracks in the thin-foil chambers and

& rays which converted early in the lead chambers, and

(e) to have projected polar angles (&=0 plane) of the
mean direction of both showers, with ~4' of the angle

determined from the spatial reconstruction.
At 2.40 GeV/c, no events were found which satis6ed

all of the above criteria; however, the 1.47-GeV/'c

data yielded two acceptable candidates. Table II
summarizes the number of events remaining after each

step of the scanning for both the electron-positron final

state and the yy 6nal state.
The film for the yy 6nal state was scanned 6rst by

looking for events with either one or two showers in

both lead-plate chambers. The tracks in the thin-foil
chambers from which the showers originated were

then measured and the events reconstructed in space.
Only events with pairs coming from the lead converter
having less than a 20' opening angle were measured.
In the single-track case, the direction of the p ray was
assumed to be the direction of the track, and in the
two-track case it was assumed to be the bisector of the
two tracks. The measured events were then analyzed
with the same method that was used for the e"e final
state. At 2.40 GeV/c, no events were found, and at
1.47 GeV/c, two candidates satis6ed all the event
criteria.

The scanning and measuring was carried out twice
on all of the film and three times on half of the 61m.
From these rescans, the total scanning efficiency for
both portions of the experiment was determined to be
greater than 98%.

IV. BACKGROUNDS

In addition to the possible background from charged-
pion pairs mentioned above, annihilations of anti-
protons which produce y rays can simulate e+e events.
These p rays can come either directly from the annihila-
tion or from the decay of no's produced in the annihila-
tion. If two charged pions are produced in an annihila-
tion such that they have the kinematics of an e+e

event, and two y rays from the annihilation convert in
the lead-plate chambers so that their showers overlap
the charged-pion tracks, then it could simulate an
e+e event. En annihilations that produce only x 's and
y rays, it is possible for two of these p rays to convert
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TABLE III. Summary of the background analysis for the data
taken using 1.47-6eV/c incident antiprotons.

Annihilation
mode

Cross section
dK

(cm~/sr)
dQ 00

Background
do'

{cm~/sr),
Qda 9o

90/0 confidence level

p+p ~ y+y (1.6 O.s+& 9) X10-&1

p+p ~ g++e (1.2 o.e+") X10 ~

&+&&0.1X10 3'

H+y&0. 3X10 I
total&0. 4X10 3'

m++m & 1.5 X10 3~

n. ++a +n,w«1.4X10 ss

xo+H&3. 1 X10 3'

&+&&3.1X10 ~'

wo +y &0.8 X10 ~4

y+y = (1.3-o.eii+ . ) X10 +
total=(1. 6 o.7+")X10 "

into a very narrow-angle e+e pair in the material of the
liquid-hydrogen target (=0.037 radiation lengths).
These pairs would then appear as single tracks in the
kinematics chambers and produce bona 6de showers in
the lead-plate chambers. The most serious background
process of this type would be the && process, since the
p rays already have the correct kinematics.

Since only the top view of the lead-plate chambers
was available, the p-ray and charged-pion track only
had to overlap in this view. Electron showers character-
istically do not have a straight track as core of the
shower, so 6nal candidates with showers containing a
straight track core were rejected. However, detailed
questions of track efficiency may aGect the reliability
of this procedure. To check this, the spatial distribution
of events in the data, in which a single track and a
shower appeared in the same lead-pla, te chamber, was
determined as a function of the separation between the
track and the shower. This distribution was then ex-
trapolated to zero separation. Since the minimum
observable horizontal separation was 0.1 in. , the
probability that an annihilation ot the type p+p~
x++x

+neap

could simulate an e+e event was directly
determined from this distribution to be less than
~X 10-'.

Annihilations which produce only m. 's and p rays also
are a background for the yy experiment. If two of the
y rays materialize in the lead converter, have the proper
kinematics for the yy 6nal state, and the remaining

ray(s) escape(s) detection, then this annihilation
would simulate a yy event.

Prior to this experiment, no data on neutral annihila-
tions of antiprotons in the several-GeV/e momentum
range were available. Therefore, at the end of the data-
taking runs, the apparatus was triggered on events in
which there were no charged particles passing through
the scintillation counters but with pulse heights com-

~ ~

arable to those for electron showers appearing in the
erenkov counters. In events of high photon multi-

plicity, the efBciency for detecting all of the photons
was quite low. Thus, the measurement of these types

(pp ~ 2y) ~,|„——(2.7&0.6)X10 ~ cm.'/sr. (12)
dQgpo

In the e+e case, the more serious backgrounds arise
from the annihilation into 2~, e'y, and 2y. The most
serious of these is the yy reaction, for which two candi-
dates remained after the 6nal scan of the data. If these
events are real, then the expected background cross
section from this reaction at 1.47 Gev/e antiproton
momentum would be

da
(PP ~ e+e )q,q, ——(1.3 0.6~+")X10 ~ cm'/sr. (13)

dQg()'

The total estimated background, including the 2x and
m'y annihilations, is estimated as

(pp~ e+e )q,k, =(1.6 0.7+' ')X10 '4 cm'/sr. (14)
dQgo-

In Table III, the background cross-section estimates for
these measurements are given for the runs at j..47-
GeV/c antiproton momentum.

The cross sections for the 2m and m+~ fall by about
an order of magnitude as the incident antiproton
momentum is increased from 1.47 to 2.40 GeV/c. If
this cross-section dependence upon momentum is used
as a scaling factor, then the background cross-section
estimates for the 2.40-GeV/c runs are

(PP —+ 2y)g, q.=3X10-"cm'/sr
go.

(15)

of events is such that the events with the greater
number of y rays form backgrounds for the events with
fewer p rays. Although the nature of the apparatus was
such that this attempt to measure these cross sections
was crude, it was possible to obtain upper limits on the
differential cross section at 90' in the center-of-mass
system for those reactions which represented the more
serious backgrounds. These cross sections were then
used in a Monte Carlo type of analysis to predict the
background for the experiment. The computer program
which was employed included the spatial distribution of
the antiproton beam and the detection efBciency of the
veto counters for p rays, and required that the p rays
which struck the Cerenkov counters have an energy
greater than 20 MeV.

The only 6nal candidates for either of the reactions
under study occurred at 1.47 Gev/c. For this reason a
detailed study of the background was carried out only
for events arising from antiprotons of this momentum.
The result of this analysis indicated that the more
serious background reactions for the py measurement
were the annihilation into 2x and x y 6nal states. For
the yy final state, the over-all background cross section
due to the 2' and m 6nal states was determined to be
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TABLE IV. Differential cross sections {cm /sr) at 90'
in the center-of-mass system.

Four-
momentum

p momentum transfer
(GeVjc) P(GeV/c)~j p+ p —+ e++e

1.47
2.40

5.1
6.8

&1.8X10 '4

(4.2X10 " (1.6 0 8+")X10"
(0.8X10 "

dQ9()o
(pp ~ e+e )i,i,.=l.3X10 "cm'/sr. (16)

V. DISCUSSION

(19)

is consistent with the limits established by this
experiment.

The results of this experiment can be used to set
limits on Gv, assuming values for G@/G,ir. For annihila-
tion at rest, it is necessary that Gii/G, v= 1 if the Pauli
form factor Ii2 remains finite. Assuming this value for
the ratio of 6~ to G.~, this experiment establishes the
following 90% confidence upper limits:

G„&0.16 at q'=6.6 (GeV/c)',
G.v&0.20 at q'=5. 1 (GeV/c)'.

For spacelike four-momentum transfers, there is no
evidence against G@/Gir ——1/p„=1/2. 79, the "scaling
law. "With this ratio we obtain the following 90% con-
fidence upper limits:

Ger&0. 18 at q'=6.6 (GeV/c)',
G&q&0.24 at q'=5 1 (GeV/c)'

These results are consistent with the results at
q2=6.8 (GeV/c)' obtained from the CERN experiment.
The limit established in the experiment described in
this paper is essentially the same as the combined limit
from the muon and electron data of Conversi et al. ,

'
and about a factor of 2.5 lower than their limit based on
electron data alone.

Various models have been proposed to fit the
abundant electron scattering data which have been
used to determine the spacelike form factors, and the
data presented here can limit the choice of models to
those with acceptable timelike behavior. For example,
the well-known "dipole" fit

The measured cross section for y-pair annihilation is
about 30 times larger than would be predicted for
annihilation of "Dirac protons, "with no structure and
no anomalous moment. An estimate for the cross section
for the p-pair annihilation mode might be derived by
considering that it proceeds via virtual p and co pairs,

P+P
p+p~ u'+~' ~v+v.

/OP+M

(20)

Very crudely, the &-pair cross section might be down
by a factor (n)' from the sum of these boson-pair cross
sections. While these have not been measured in flight,
at rest they are known to constitute about 1% of the
total annihilations. ' lf, at 1.47 GeV/c, they still con-
stitute about 1,7q of the annihilations, they then account
for a cross section of about 0.5 mb. Reducing this by a
factor (n)', and assuming an isotropic angular distribu-
tion, gives a cross section of 2X10 ~ cm'/sr. This
number is low by nearly an order of magnitude. A more
careful calculation, assuming the vector-dominance
model, has been done by Zweig. " According to this
calculation, the predicted y-pair yield is even smaller,
equal to about 20% of n' times the boson-pair cross
section.

The y-pair cross section was, as discussed above,
subject to sizable backgrounds. It is possible, though it
appears unlikely, that the y-pair cross section has been
overestimated and that one or both of the electron
pairs observed at 1.47 GeV/c is a bona fide event.
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