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Dr. Haskin's current view of this event favors the in-
terpretation of it as a rare statistical Quctuation in a
conventional photon shower initiated in the very thin
aluminum case around the emulsion. We are grateful
to him for a conversation about it.

~Such a bound pole pair would not cause observable
ionization as long as the separation is much smaller
than Gx 10 ~~ cm. Moreover, unless the pole rest
mass greatly exceeds 100 BeV, for y-10~ the distance
travelled before annihilation would be less than a mi-
cron,

We note that it is characteristic of electron-posi-
tron production. by y rays that their relative kinetic en-
ergy is usually of order m c2. If the pole pairs pro-
duced by this same process have a relative kinetic en-
ergy Me, then the strong photon emission which ac-
companies them would be particularly effective in re-
ducing the relative velocity below that needed to es-
cape.

In a perturbation-theory estimate which neglects
pole structure, radiation damping, and final-state en-
hancement, the ratio of pole-pair production cross sec-
tion to that for e -e+ is (g /e2)2(me/m)2, which is in-
deed of order unity for M- (g2/8'c)m~. However,
there is obviously no reason to consider perturbation
theory as a guide since g /Ke» 1, and in fact it gives
a cross section, near threshold, for pole-antipole pro-
duction in a two-photon collision which greatly exceeds
the unitarity limit.

~0The energetic photons from annihilation of bound
pole pairs wouM result in anomalous extensive air
showers without any appreciable muon or other pene-
trating component. For reports of such showers see,
for example, J. Gawin, J. Hibner, J. Wdowczyk,
A. Zawadzke, and R. Maze, in Proceedings of the
Ninth International Conference on Cosmic Rays, Lon-
don, 1965 (The Institute of Physics and The Physical
Society, London, 1966), Vol. 2, p. 639.
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The cross section for yP 7t h (1236), measured at 5, 8, ll, and 16 GeV from near-
zero momentum transfer to —1 QeV2 (—2 QeV2 at 16 QeV), rises from small t to a maxi-
mum near -t =m&2, then falls as e12t out to -t = 0.2 GeV2, after which it becomes rough-
ly equal in slope and magnitude to the single r+ photoproduction cross section (e3t). At
fixed t, the cross section varies as k, where k is the laboratory photon energy. The
results do not agree well with the simple vector-dominance model.

The differential cross section for

yp —m b (1236)

has been measured at 5, 8, ll, and 16 GeV using
the Standard Linear Accelerator Center 20-GeV/
c spectrometer system. ' This work extends pre-
vious measurements in the few-GeV region. '

The apparatus and method are the same as
used by Boyarski et al. , with two modifications.
First, in addition to the Cerenkov monitor, a
secondary -emission quantameter was used to
monitor the beam. Except for laboratory an-
gles «1', these two monitors could be used si-
multaneously and provided a cross check of the
monitor stability, ' in general, this stability was
found to be about +-,'%%uc. These monitors were cal-
ibrated against two precision calorimeters which
served as absolute standards. The second change
was the use of a threshold gas Cerenkov counter
to separate the group e, p, , m from K mesons and
protons. As before, the pions were then identi-

1.13 m, ?'(m)
m (m' —m, ')'+m, 'r'(m) (2a)

fied by their interaction properties.
To determine the 6++ yield, the 20-GeV/c

spectrometer system was used to measure the
momentum spectrum of m mesons produced in
hydrogen by a bremsstrahlung beam. This yield
of n mesons was determined as a function of
missing mass (calculated for 0 =E„the brems-
strahlung end-point energy); &++(1236) production
should appear as a step in the n yieM versus
missing mass at M '= 1..53 GeV', reflecting the
step in the photon spectrum near the end point.
The width of the rise of the step is mainly deter-
mined by the natural width of the 4 with a small
contribution from the experimental resolution.
Data were normally taken over the range 1.2
(Mz' & 2.5 GeV .

For process (1) the shape of the s was assumed
to be given by a Jackson relativistic Breit-Wig-
ner form'
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where m, = 1.236 GeV, I'(mo) =0.120 GeV, a =2.2;
q, q'0 are the c.m. -system momentum at masses
~, ~0 in the & rest system. This shape was cut
off at nz = 1.836 QeV and the factor 1.13 normaliz-
es the integral of R(m') to 1. The Breit-Wigner
distribution was folded in with the bremsstrah-
lung spectrum (calculated for a 0.03 Xo radiator')
and with the two-body mb, phase space.

Various fits were made to the m spectra as-
suming a contribution from Reaction (1) plus a
background from one or more of the processes

8' -p'p

~m r, rho,

+ (7I+p), Drell,

(3)

(4)

yp -~ 7I p, phase space. (~)

The contribution from p production [EIl. (3)] was
calculated using a relativistic Breit-signer dis-
tribution for the rho meson with a mass of 0.765
QeV and width 0.13 QeV; the production cross
section was assumed to have a t dependence of
e and the p to have helicity ~1 as indicated by
experiment. ' In the simple one-pion exchange
(OPE) model of Drell' the yield is proportional to

stot(n+P); to avoid double counting, the contribu-
tion of &(1236) was removed from the total cross-
section values used in the program. The back-
ground from phase space was calculated assum-
ing a yield proportional to the available phase
space only.

The fitting program did a least-squares fit to
the data, varying the amount contributed by each
process included in the hypothesis. ' Excellent
fits to the data were obtained at all energies by
attributing the background solely to m 's from p
decay. Adding in other contributions to the back-
ground did not cause significant decreases in the
X' values, but did cause the uncertainty in the 6
contributions to increase with corresponding ran-
dom shifts in the fitted cross section. Inclusion
of phase-space background in the fits gave phase-
space contributions which were small or consis-
tent with zero. Good fits were also obtained by
attributing all the background to the Drell mecha-
nism. At 16 QeV the 6 cross sections obtained
from the 4+p fits were almost identical to those
from the 6+Drell fits. Since the photoproduc-
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FIG. l. (a) Fit to the & yield. Solid curves give the
individual contributions, and the dashed curve is the
sum of the solid Curves. (b) Differential cross section
versus momentum transfer. The dashed lines are
smooth curves through the single-&+ photoproduction
data of Ref. 3. The insert shows the Regge parameter
0.' vs t. (c) The small-& cross section on an expanded
scale. The curve is the gauge-invariant OPE calcula-
tion of Ref. 10.
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tion of p mesons at high energies has been well
established, we consider the b, + p fits to be the
most reliable and have used these fits exclusive-
ly to determine the 6 cross sections. Figure
1(a.) shows a, typical fit to the data using the hy-
pothesis that the ~ yield has contributions from
A production, p production and decay, and phase
space. The two background terms contribute
very little to the yield in the region of the 6 step.
The least-squares fitting program usually gave
statistical errors of only a few percent; we have
increased these errors to a, minimum of 15% to
reflect our estimate of the systematic uncertain-
ty in the background calculations. There is in
addition an overall normalization uncertainty of
about +10%. The b, ++ differential cross sections
are listed in Table I.

Figure 1(b) shows the differential cross sec-
tion for & production plotted versus t. The data
at all four energies have the same general char-
acteristics —a sharp rise from ( t( of 0 to m„', a
steep fall approximately as e12 from

~ t) of m„'
to about 0.2 GeV', and a change in slope to about
e t for (t)&0.2 GeV'. For (t(&0.2 GeV' the mag-
nitude as well as the slope of the 6 cross section
is roughly the same as that found for 7 p - n+n.

Using the Regge parametrization

do/dt =P(t)(s M)-2 2a(t) —2

where s is the square of the total energy in the
c.m. system and M is the nucleon mass, we find

from the 8-, 11-, and 16-GeV data the values of
n shown in the insert in Fig. 1(b). The error
bars shown reflect the 15% systematic uncertain-
ty in the cross sections. With some fluctuations,
the data are consistent with e = 0; i.e., 6++ pro-
duction has the same I/k' energy dependence of
the single-~+ and K+ production cross sections.

In Fig. 1(c), (s M'-)'(dg/dt) is plotted versus
v

~ t~ to display the small —momentum-transfer
region better. The cross section rises very rap-
idly from

~
t ~min to m~', and then turns over and

falls with the e 2~ dependence characteristic of
the region e~' &

~ t~ & 0.2. It is worth noting that
when plotted in this way the results of the DESY
bubble chamber are consistent with our data
down to a photon energy of 1.4 GeV. We have fit-
ted all the data from tmin to mz' to the form

,),dv a+bt+ct
(7)«(I t I+m„')'

in order to extrapolate the cross section to t =0.
Equation (7) gives the t dependence to be expect-
ed from OPE plus a slowly varying background.
We find

(s M')'(do/d-t)(t = 0) = 350+ 120 pb GeV'. (8)

The solid curve in Fig. 1(c) shows the cross
section expected in a minimal, gauge-invariant
extension of OPE. ' This model agrees quite
well with the data at very small momentum trans-
fers and it is interesting to note that the cross

Table I. Differential cross sections for yp- r 4

5 GeV

-t . = 0.00148GeV2
min

8 GeV

-t . =0.00090 GeV 2
min

11 GeV

-t . = 0.00063 GeV2
min

16 GeV

-t . = 0.00043 GeV

-t
GeV2

da
dt

pb/GeV2

-t
GeV2

do'
dt

p,b/GeV2

-t
GeV

d0'

pb/GeV2

-t
GeV

C10

dt

pb/GeV2

0.0017 & 12 0.00106 2. 18 + 0.75

0.00145 2. 94 + 0. 79

0.00351 3.62 + 0.58

0, 00431 4. 31 + 0.65

0.00521 4. 26 + 0.68

0.0050 10.2 + 1.5
0.0101 10~ 9 + 1.6
0.0201 10.7 + 1.6

7.90 + 1.20.0399

0, 0701 5. 77 + 0.86 0.00620 4.51 + 0.68

0. 150

0.250

0.400

0.600

0. 152

0.246

0.401

1~ 05 +0.16

0.479 + 0.072

0.237 + 0.036

0.602 0. 113 + 0, 017

0.801

1.035

0.104 + 0.016

0.068 + 0.010

2. 64 + 0.40 0.0101 4. 33 + 0.65

1.14 + 0. 17 0.0198 4. 33 +4.65

0.478 + 0.072 0.0376 3.71 + 0.56

0.280 + 0.042 0.0688 2. 14 + 0. 32

0.00097 0.596 + 0.089
0.00261 0.809 + 0. 122

0.00971 0.982 + 0. 133

0.00093 1.81 + 0. 27

0.00164 1.30 + 0.20

0.00380 2. '40 + 0.40

0.00582 2.54 + 0.38

0.00836 2. 18 + 0.33

0.0114 1.83 + 0.27

0.0201 2. 10 + 0, 31

0.0400 1.69 + 0.25

0.0705 1.19 + 0 ~ 18

1~ 16 + 0. 17

1.05 + 0, 16

0; 900 + 0.135

0.682 + 0. 102

0.486 + 0.073

0.326 + 0.049

0. 182 + 0.027

0.0968 + 0.0150

0.0657 + 0.0100

0.0472 + 0.0072

0.0283 + 0.0042

0.0170 + 0.0025

0.00255 + 0.00038

0.00035 + 0.00009

0.0134

0.0176

0.0212

0.0396

0.0694

0.0991

0.226 + 0.033 0.249

0.107 + 0.016. 0.399

0.0812 + 0.0122 0.597

0.0351 + 0.0053 0. 796

0.999

0.249

0.400

0.601

1.00

1.50

2.00

0. 150 ' 0.459 + 0.069 0. 149
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sections for yp -n+n, yn - m p, and yp —&

are all reproduced to within 20/p by minimal,
gauge-invariant OPE over the range 5-16 GeV
and

I tI & 2m„'. At larger momentum transfers
the model predicts more cross section than ob-
served.

The total cross section for 6++ photoproduction
can be obtained by integrating the forward differ-
ential cross section; the contributions from the
»g-t and -u regions are expected to be a few per-
cent or less. The results of this experiment give

10 =

I

(3

O. I

+ 5 GeV/c

x 8 GeV/c

++
m p~pQ

I

0.4
t GeY

I I

0.6 08—

0 3-4 GeV/c

~ 4 GeVc

0.4—
hei

o(yp-w A++) =33 p, b/k' (9) 0.01

(for the laboratory photon energy k in GeV) with
a systematic uncertainty of +20'P&. This paramet-
rization also fits the bubble-chamber data, ' down
to k =1.2 GeV, below which there is a 50% in-
crease near k = 1 GeV and then a rapid falloff to
threshold.

The vector-dominance model has been success-
fully used to relate single-w~ photoproduction to

p production by pions. " A similar relation can
be obtained for 6++ photoproduction if one as-
sumes that

A(~+P - V'~++) =A(V'P -~ -~++). (10)

Note that this assumption cannot be obtained
merely by invoking time-reversal and isospin in-
variance as was possible for the single-m~ photo-
production relation, but requires in addition s-u
crossing symmetry. With the above assumption
the vector-dominance model predicts

do(yP- 7t&++)/dt=IA +A +A
P (d CP

where

2 hei
IAvI =gv [p11 do/df]7f+p v'o/++.

y

The p contribution is expected to be dominant,
a.nd although m+p- p'A++ has been studied at low
energies as well, "we will concentrate on the 8-
GeV/c data of the Aachen-Berlin-CERN collabor-
ation. '3~' They have obtained the p-helicity den-
sity matrix by fitting the p decay angular distri-
butions (of events with 0.66~M~~z ~ 0.86 GeV
and 1.12&Mp~+ ~ 1.32 GeV) directly in the helici-
ty frame. Their p» 1 values are shown in the
inset of Fig. 2 together with the values from low-
er energy experiments (obtained by rotating the
density matrix from the Jackson to the helicity
frame).

Using gpy' —-(3.5+ 0.5) x10 '," the p-dominance
prediction calculated from the bubble-chamber

0 0.2 0.4 0.6 0.8 1.0 1.2 1,4 1.6
I tl GeV

FIG. 2. Comparison of photoproduction of vr A++ and
pion production of p A++ and ~ 4++ by means of the
vector-dominance model. The crosses represent the
p contribution. The boundaries of the crosshatched
region give the limits of the p-plus-u contribution as-
suming maximum p-~ interference and including the
statistical plus systematic errors added in quadrature.
The solid points are the results of this experiment at
8 GeV. The insert shows p&& (helicity) used to deter-
mine the pA++ contribution.

data is smaller than that from the experimental
data by roughly a factor of 3, as shown in Fig. 2.
To calculate the extreme limits of the vector-
dominance model we have assumed complete con-
structive (destructive) interference of the A~
andAp amplitudes, and in addition, allowance
for the uncertainty in the various quantities was
made by adding (subtracting) 1 standard devia-
tion, as calculated by adding the individual un-
certainties in quadrature. The w differential
cross section used was taken from Ref. 13, g~

'
=(0.39+ 0.08) x 10 ' was taken from Ref. 15, and
p»~ = 0.35+ 0.07 was obtained by rotating the
Jackson density matrix obtained by the Aachen-
Berlin-CERN collaboration to the helicity frame.
As can be seen from Fig. 2, the prediction and
the data are just compatible for I tI ~ 0.2 GeV'
under the extreme assumption of complete con-
structive interference plus a 1-standard-devia-
tion shift in the parameters used to make the pre-
diction. At I tI & 0.1 GeV there remains a factor
of 2 discrepancy. Given the success of the vec-
tor-dominance model for the single-pion differ-
ential cross section, we tend to ascribe the b,++

discrepancy to the assumption made in Eq. (10).
This assumption is valid in general only for a
single t-channel exchange and may not be valid if
several t-channel exchanges are important or if
factorization does not work. '
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EXPERIMENTAL TESTS OF THE QUARK MODEL USING THE REACTION K P-K*A AT 2.6 GeV/c *
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Predictions of the quark model of high-energy scattering are tested by using the reac-
tion E P E A. All predictions are satisfied. when interpreted as applying in the t-
channel coordinate system.

The joint decay angular distribution in K P
-K*& is used to test predictions derived from
the qua, rk model of high-energy scattering by Bia-
las and Zalewski. ~ These authors have assumed
the additivity of the quark-quark scattering am-
plitudes, and have classified their predictions in-
to three groups, each progressively more re-
strictive in additional assumptions concerning
equalities among certain quark-quark spin-flip

amplitudes.
We find the data in excellent agreement with the

predictions of the first two classes. For the
third class the coordinate system in which the
predictions are expected to hold is not specified
by the model. We find the data in satisfactory
agreement with these predictions in the t-channel
coordinate system but not in the helicity coordi-
nate system. s
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