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ABSTRACT
We report yp total, topological, and channel cross sections

at 9.3 GeV, from a bubble chamber experiment using a nearly
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I  Introduction

In this paper we report photoproduction cross sections obtained by ex-
posing the SLAC-LBL 82" hydrogen bubble chamber to the 9.3 GeV SLA}C
backscattered laser beam. The experimental procedures are similar to
those of our previous experiments at 2.8 and 4.7 GeV. 1 The photon beam has
an energy spread of 6.4% (FWHM).

We obtain the total hadronicyp cross section, topological cross sections
for charged multiplicities of 1 to 9, and channel cross sections for the follow-
ing channels:

'yp—»p‘+ m7T + mr

yp—Dp + M7+ ma + a0 m=1,2,3,4

YP—n + (m+1) 7r+ +mm

yp—p+K +K +0r +01  £=0,1,2

YP—2p + P
In Section II we describe the beam and event analysis. In Section II the pro-
cedures for obtaining cross sections are described. Results are reported and

discussed in Section .IV.

II Experimental Procedure

A. Photon Beam

The beam used in this experiment was similar to that used in our‘lower—
energy experiment and has been described in detail in Refs. 2 and 3. To ob-
tain baékscattered photons with energies > 6.5 GeV at present SLAC electron
beam energies, the linearly polarized red light from a Q-switched ruby laser
had to be frequency doubled. We used a KDP or ADP crystal and achieved an

energy conversion efficiency of ~20%. The resulting linearly polarized blue
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light (photon energy of 3.56 eV and a total power of ~0.6 Joule per pulse) was
backscattered from a 19 GeV electron beam of 4 % 1011 electrons per pulse.
About 50 high-energy photons per pulse were obtained in the bubble chamber.
Fig. 1 shows the photon spectrum. The average energy is 9.3 GeV and the
FWHM is 0.6 GeV. The low energy tail of the spectrum (0.5 < E'y <8 GeV)
contains 7.6% of the photons. The degree of linear polarization of the back-
scattered photon beam was calculated using the formalism of Ref. 4 by aver-
aging over the experimental energy spectrum between 8 and 10.3 GeV, and by
assuming 100% linear polarization for the incident blue light. The resulting
linear polarization was found to be 77%.

A total of 1,260,000 pictures were taken in four exposures differing
slightly in energy. To minimize possible biases the polarization of the photons
in the bubble chamber was rotated by 90° for about half of the experiment.

Table I gives a summary of the beam parameters and exposure statistics.

B. Event Analysis

All pictures were double scanned as described in Refs. 1 and 3. Pairs
were counted in both scans on every 100th frame. Both laboratories scanned
a common subset of the film (10%). A comparison of these scan results for
the two laboratories was used to obtain scanning efficiencies. The uncorrected
numbers of events found in the scan are given in Table II.

All first measurements were made on the Spiral Reader II at LBL. Re-
measurements were done on conventional machines at LBL and SLAC. When
remeasurements were stopped, about 1% of the events remained to be re-
measured. Depending on the topology, between 5-10% of the events could not

be measured due to secondary interactions. The geometrical and kinematical
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reconstruction was done as in Ref. 1, using the kinematic hypotheses listed
above in Section I.

After completion of the event analysis, one-half of the events were care-
fully checked for systematic errors in processing. It was found that in fewer
than 1% of the events an e+e_ pair track had been measured instead of the
correct hadronic track. Also, in fewer than 1% of the events a proton had been
misidentified as a pion or vice versa. By reprocessing these events the sys-
tematic errors were further reduced.

The reconstruction procedure was checked by measuring K° decays. The
1r+1r— mass distribution of such decays, calculated from the measured track
quantities, yielded MK o= 498,44+ 0.15 ‘MeV, indicating that the magnetic

field was correct to within 0.25%. The measured width of the K° peak is

+ 4.5 MeV (2C fits) in agreement with the calculated mass resolution.

I Determination of Cross Sections

A. Procedures
+ -
Using the number of e e pairs together with the known pair production
cross section on hydrogen (Gpair)’ we obtain hadronic cross sections from
N ent
O-('Yp —yhadrons) = gvents .

. ai
pairs pair

We use the pair cross sections calculated by Knase15, which are tabulated
in Ref. 5 and in Table III of Ref. 1.
PFor cross section calculations, a fiducial volume cut, an energy cut, and

a scanning correction were applied in this order to the numbers of events and



pairs found in the scan. These corrections are given in Table III as fractions
of the event numbers for each topology. In the following paragraphs we dis-
cuss these corrections in more detail.

To exclude events and pairs produced by non-beam photons, the vertices
of events and pairs used for the final analysis are required to be within the

fiducial volume. It is defined by a cylinder along the beam direction y given by

9 z - zO(y) 2
R = (x—xO(y)) + — 5 <2 mm,

where XO(y) and z O(y) were obtained from a straight line fit to the vertex

position of the events; (X, y, z) is the vertex position of the individual event
or pair. The fraction of pairs with Ey > 0.5 GeV outside the fiducial volume
was calculated from the vertex distribution of events fitting yp—+p7r+7r— using
the known pair and event cross sections.

The photon energy spectrum, for E'y> 0.5 GeV, was calculated from the
E_ distribution of events with R <2 mm, which fit yp—» pr 1. We used the

1,6,7 and assumed that the cross section

known cross sections for this channel
is constant in the energy region 8 - 10.3 GeV. For E7< 0.5 GeV we used
pairs to determine the photon spectrum (see Ref. 1). The resulting photon
spectrum is shown in Fig, 1.

The numbers of events and pairs produced by photons outside the interval
8 - 10.3 GeV were calculated from the photon spectrum of Fig. 1 and from the
known topology 1 and pair cross sections. The flux for all exposures, after
the fiducial volume and energy cuts, yields 289 + 6 events/ub.

The scanning corrections were determined from a quadruple scan of 10%

of the film. The resulting corrections are 6%, 0.7%, and 0.09% for events



with one, three, and five charged particles, respectively . An additional
correction for undetected events with a very short proton track (with momentum
transfer squared to the proton I[t| < 0,02 GeVz) is 6%, 3.9%, and 2.1% for the
channels p7r+1r—, pK+K—, and p1r+1r-7ro, respectively. The correction was
determined by an extrapolation of the measured t distribution for It!> 0.02 GeVz,
fitted to the form exp (At), with A depending on M7r+1r_ S or M1r+1r‘ 10° The con-
tamination of the 3-prong sample by wide angle e+‘e— pairs was calculated by a
Monte Carlo program and was found to be negligible (0.1 ub for Itl >0.02 GeVz).

Electrons from identified Dalitz pairs were not counted as hadronic tracks.
We calculate that 70 + 20% of the expected Dalitz pairs were identified at the
scan table. Thus cross section corrections for unidentified Dalitz pairs were
generally < 2% and were therefore not applied.

Finally, we have to discuss two corrections which are relevant only for
the calculation of channel cross sections.

In the kinematic fitting to the channel hypotheses listed in Section I, we
required the relative momentum error for each track to be smaller than 20%,
unless the momentum error itself was smaller than 50 MeV /c, or the dip of the
track was bigger than 0.7 rad. The numbers of events not passing tilis test
are listed by topology in Table II. About three-fourths of these are unmeasur-
able because of secondary interactions close to the primary vertex. The rest
did not get a satisfactory measurement. All channel cross sections in each

topology were corrected by the fractions of '"not well measured"” events.



A small fraction ( < 0.5%) of the events gave no kinematically acceptable
fit (see column ""No fits" in Table II). These were ascribed to hypotheses with

unobserved strange particle decay.

B. Total and Topological Cross Sections

We used the first two exposures to determine total and topological cross
sections. The cross sections were calculated by applying the corrections of
Table III to the numbers given in the first column of Table II. The 1-prong

cross section is based on 140,000 pictures. Results are given in Table IV,

C. Channel Cross Sections

In this section we calculate the crosrs sections for the channels leading to
three-constraint (3C) fits (no neutral particles in the final state) and zero-
constraint (0C) fits (one neutral particle in the final state). The channels studied
are listed in Table V.

The channel cross sections were determined using all exposures, after

applying the cuts and corrections described in Section ITIA.

1. 3C Channels

For the reactions

'yp—*p+m1r++ mw m=1, 2, 3, 4 (1a)
+ - —

yp—p+K +K +0r +4m £ =0,1, 2 (1b)

YP—2p + D (1c)

only the beam energy is unknown. The events were selected by requiring a
three-constraint kinematic fit with y 2< 30 and consistency with the observed
ionization. The fitted photon energy was required to lie within the interval

8 - 10.3 GeV. All alternative 0C fits were disregarded.



The contamination of the sample by events with neutral particles in the
final state, giving an acceptable 3C fit, was studied with the measurement
simulation program PHONY‘,9 It was found to be negligible for the 3-prong
events. In the 5 and 7-prong topologies 0.5% of the generated p 21r+27r_7r0
events and 1.5% of the generé.ted P 31r+37r—7r0 events gave fits to reaction (1a)
(but not to (1b)). Generated n 31 o and n 47 37 events yielded negligible
fractions of such fits. These estimated contaminations were subtracted from
the 3C samples. Considering next the unique events of reaction (1b), we
removed the contamination due to 0C events by impdsing a x2< 8 cut. This
follows from the observation that all fits to reaction (1b) of the generated 0C
events had a x2> 8.

For the events that were ambighous between (1a) and (1b) the 0C con-
tamination was removed by excluding those events which had fits to both re-
actions with y 2 >7. The numbers of events obtained after subtracting the
0C contamination are given in Table V. The remaining ambiguities were
assigned by choosing the hypothesis with the smaller y 2, The systematic
uncertainties of this procedure are included in the errors. The cleanness of
all samples (reactions (1a) - (1c)) was checked by plotting the y 2 and Ey
distributions (not shown) which were consistent with those expected for genuine

3C events.

2. 0C Channels
We next turn to the channels
+ - o
YP—p+mT +muw + 7T (22)

+ _ m=1, 2, 3, 4
Yyp—n + (m+) T + mmw (2b)



All events which did not get an accepted 3C fit were ''fitted" to hypotheses (2a)
and (2b). These fits originate from genuine events of channels (2a) or (2b) and
from events of the corresponding multineutral channels

YP—p + m1r+ +mnm (+ neutrals) (2¢)

vp—1n + (m+1) 1r+ +mnu  (+ neutral(s)). (2d)
The separation of the channels was based on distributions of the missing mass
squared MMZ, calculated from the measured track quantities and the average
photon energy of each exposure. No energy cut was applied. However, the
separation method made use of the program PHONY 9, which generates simu-
lated events with the observed energy spectrum for 5 <E7< 10.3 GeV. There-
fore the flux for computing the 0C cross sections was calculated with an energy
cut at 5 GeV. The corresponding cross section equivalent is 302 + 6 events/ub.

In the following we discuss first the samples which have a unique fit to either

hypothesis (2a) or (2b), i.e., either a proton was identified or all tracks were
identified as pions, and then discuss the ambiguous events. In processing the
PHONY9 generated samples, events of reaction (2a) with proton tracks of
momentum < 1.5 GeV and of reaction (2b) with all pion tracks of momentum

<1.5 GeV were considered unique. The others were considered ambiguous.

(a) Unique Events of Channel yp—p + m@ + mn_ + 1°

Figure 2 shows the distribution of MM2 for the unique sample in the differ-
ent topologies. The T signal around 0.02 GeVZ is clearly visible. We have

followed two approaches to extract the number of events in channel (2a).



Method I: We performed in each topology a x 2 fit of the experimental MM2

distributions in Fig. 2, in the region -0.5< MM2< 1.5 GeV2 to the sum of the
following four contributions:

(i) The shape of the MMZ distribution for unique events of channel (2a)
as estimated by PHONY9 generation of the following channels (weighted with
the t distributions in parentheses) ppoﬂo(e4t), p1r+1r—1ro(et), p 21r+21r-1r0(e4t, et),
and p 31r+31r—1ro(et)u

The generated MM2 distributions become narrower, the steeper the t
distribution and the higher multiplicity the topology. We used for each topology
the average of the distributions of the corresponding generated channels.

(ii) The MM2 distribution of the PHONY9 generated pw(e7t) channel which
was much narrower than the rest. It was taken as representative of other
possible resonance channels with the same characteristic which were not
generated, and was fitted as an independent contribution in all topologies.

(iii) The multineutral background representing the sum of the various
MM2 distributions from channels with two or more neutrals (channels (2c)).
The shapes of these distributions were derived by using the events in the
higher multiplicity topologies with proton momentum <1.5 GeV/c. A 7’
pair was substituted for evefy possible 7r+1r— pair and MM2 was recalculated.
The relative weight of each multineutral channel was derived by a simple iso-

0
spin model 10,11

from event numbers in the corresponding all charged or
single neutral channels. A more detailed description of the procedure is
given in Refs. 1 and 3.

(iv) Two additional contributions in the 3-prong topology: one from

n—neutrals estimated from the n— T decay signal in the p o 2n 1"
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channel, and the other from the channel pBO—a P wro— p1r+1r_7r01r0 which was observed
at 2.8 and 4.7 GeV3 and which occurs at 9.3 GeV with a cross section of about

1 pb. These resonance contributions are not specifically taken into account

by our general background construction and were added with their absolute
normalizations.

The free parameters of the first series of fits were the normalizations of
contributions (i) - (iii) above. The amounts of the "pw" contribution required
by the fit were 39%, 26%, and 0% of the fitted total number of events of
reaction (2a) in the 3, 5, and 7-prong topologies respectively. We performed
a second series of fits with the observed12 amount of pw (25%) in the 3-prongs,
and without this component in the 5-prongs and obtained results within one
standard deviation of the previous ones, while the ¥ 2 of the fits increased.
For the multineutral background, normalizations of 1.2 - 1.4 relative to the
absolute prediction of the model10 were required.

The results of the first series of fits are given in Table VI and the fitted
distributions are shown in Fig. 2. A good overall description of the experi-
mental distributions is apparent, except in the 5-prong channel which has an
excess of events in the region 0. 2<MM2< 0.4 GeVz, which are not accounted

for by our background.

Method 2: We make use of the fact, demonstrated in Fig. 2, that there is very
little background below M72r0. The fraction of events of channel (2a) below

MM2 =0,02 GGVZ can be estimated from the PHONY9 generated events. This
fraction does not show any strong systematic variation with topology, t-region,
or resonance channel generated, and seems to be a general property connected

to the shape of the photon energy spectrum. The average fraction is 53.4 + 1.1%.
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We thus used it to compute the number of unique events of channel (2a) from
the experimental number of events with MM2 < 0,02 GeV2 (after subtracting
the small multineutral background.)

This method depends very little on the shape of the multineutral background
and, as such, serves as a useful check on the results of the first method. And
indeed, we see from Table VI that the results of the two methods agree well.
The numbers derived by the first method are entered in Table V and were
used for the cross section calculation. For the 7-prongs, the fit error was

doubled to cover the result of Method II.

(b) Unique Events of Channel yp—n + (m+1) T +mr

At 9.3 GeV less than 10% of the neutron events are unique. As shown in
Fig. 3 the MM2 distributions of these unique events are quite flat. The multi-
neutral background was calculated using the isospin model described in the
previous section. No overall normalization of the multineutral background was
necessary. To obtain the number of single neutral events the background was
subtracted for MM2< 1.25 GeVZ. The error was taken as the amount of back-

ground subtracted. The numbers obtained are listed in Table V.

(c) Ambiguous Events

We now try to separate events from channels (2a) and (2b) which lead to
ambiguous fits. The ambiguous sample presents special problems. Some fits
of hypothesis (2a) are ambiguous among themselves (i.e., with fits in which p
and 7r+ are permuted). In addition, the #° and neutron peaks in the MM2 distribution
are broad and superimposed on a strong multineutral background and a re-

flection from events of the other channel.
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The experimental MM2 distributions are shown in Figs. 4 and 5. Figure 4
includes all fitsto hypothesis (2a) (the events with self ambiguous fits appear
several times). In each topology we made a simultaneous y 2 fit to the MM2
distribution of Fig. 4, in the range -O°5<MM2<1.5 GeVz, and to the MM2
distribution of Fig. 5, in the range —O,5<MM2<4, 0 GeVz, using the con-
tributions (i) - (iii) below:

(i) The two MMZ distributions from PHONY9 generated ambigﬁous events
of channels (2a) and (2b). (The latter generated with an e4t distribution.)

(ii) From the same PHONY9 events we obtained the reflection of one
channel into the MM2 distribution of the other channel.

(iii) The multineutral background was calculated from events of higher
multiplicity with proton momentum in chnnel (2a) or at least one 7 'momentum
in channel (2b) > 1.5 GeV. All proton events were also interpreted as neutron
events and reflected into the neutron channel and vice versa.. The relative
weights of the different multineutral channels were derived from the isospin
modello°

The parameters of the fit were the numbers of ambiguous events to be
assigned to channels (2a) or (2b), as well as the two independent normalizations
of the multineutral backgrounds for the two MM2 distributions. The fitted
assignments of ambiguous events are given in Table V. The background nor-
malization factors came out between 1 and 2 times the prediction of Ref. 10.

The curves in Figs. 4 and 5 show the fitted MMZ distributions for the 3, 5,
and 7-prong fits of channels (2a) and (2b), respectively.

The MM2 distributions in Figs. 4 and 5 do not show sharp e and n peaks.

Therefore, the results of the fits are sensitive to the shape of the input

- 13 -



distributions of the single neutral and multineutral events. This uncertainty
is not fully represented by the fit errors because the shapes of the various
contributions were kept fixed. The errors entered in Table V were computed
therefore in the following way: The upper limit on the event number in
channel (2a) was estimated by Method II of section (a) , assuming no
reflection from channel (2b) for MM2< 0.02 GeV2., The simultaneous fits
were then repeated, fixing channel (2a) at this limit, and the number of events
in channel (2b) was determined; this was used as the lower limit for channel (2b).

As the reflection of channel (2a) on (2b) peaks around Mrzl’ the procedure
is not feasible for estimating an upper (lower) limit for channel (2b) [(Za)] R
and therefore the limits were symmetrized.

The 9-prong events were individually assigned to (2a) or (2b) by

selecting that interpretation which gave a MM2 closer to the MTzro or Mrz1

3. Multineutral Channels

In contrast to the situation at 4.7 GeV, 1 at 9.3 GeV most of the multi-
neutral events from channels (2¢), (2d) are ambiguous. Their separation is
not possible without model assumptions. We therefore give only the cross

sections for the sum of both channels in Table V.

IV. Results and Discussion

The total and topological cross sections (Section IIIB) are dis-
played in Table IV and Fig. 6. Our total cross section is in agreement with
measuresments of W. P. Hesse et al. 13 For comparison, the lower energy

results1 are also shown in Fig. 6.
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The channel cross sections are given in Table V and shown in Figs. 7 - 9.
To present the energy dependence of the cross sections, we also show
results from previous experimentsl’ 6’7,

The cross section for ')/pap7r+7r— (Fig. 7) has a prominent maximum around
0.7 - 1 GeV and then levels off to a value of about 15 ub at 10 GeV. The maxi-
mum is due to strong A++1r_ produc’cion6° An equivalent maximum does not
occur in 'yp—epK+K_. Above 3 GeV the p1r+7r_ and pK+K— cross sections have
a comparable energy dependence. At 9.3 GeV about 90% (50%) of the channel
P (pK+K_) proceeds via p°(®) productionlz° The ratio of 7 7, K'K™ and
pp pair production is 160:6.4:1 at 9.3 GeV. From Figs. 8 and 9 we note that
cross sections for channels with the same number of mesons have a similar
energy dependence.

We can compare the following cross section ratios to the predictions of

the statistical model mentioned in Section IIC.2 10, 11:

+ -0
T(yp—pT T T )

R =
+ -
3 o(ypom2rw)
+ —
R = O (yp—p2T 2T TFO)
5 o{(yp—n3 7r+27r_)
R = o (yp—p3a 31 1)
7

o (yp— n41r+31r_)
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The model implies a statistical distribution of particle charges for
final states with fixed particle numbers, on the basis of isospin invariance.
It predicts:R3 =1,8, R5 =2.7 and R7 = 3.65. Experimentally, we find'at
9.3(4.7) GeV, R3 =2.3+0.6(2.1+0.6), R5 =8.7T+2.2 (4.4 +0.9) and

R7 =1.9% 1 (4.3 £ 2.6), in reasonable agreement with the statistical model.
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TABLE IV

Topological and total cross section in the energy interval SSE'yS 10.3 GeV

Topology o (ub)
1-prong 8.5x1.1
3—pronga 64.1+1.5
5-prong 34.2+0.9
7-prong 6.8+0.3
9-prong 0.61+0.08

with visible strange 9.8+0.4
particle decay

Total cross section 124,0%2.5

a - Includes 2-prong topology
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Channel Event Numbers and Cross Sections

TABLE V

No. of Events 2 Cross

Channel Constraints Unique Ambiguous All Section ub
I 3 prongs
pr T 3C 3742+61 95 3751461 14.720. 6
pK' K" 3C 148212 545 15313 0.58+0.05°
2pp 3C 255 - 2545 0.09+0.02
prw w0 e 18864143 203+166 20894219 7.5%0.8
n2r 7 0C 63451 845:191 908198 3.240.7
Multineutral 38.0£1.9
II 5 prongs
p2r 21" 3C 1035432 44+13 107935 4.10,2
KK 1 3C 108+13 13+13 12121 0.4620. 08"
p2r 2n 1° 0C 1526130 3344236 1860+269 6.7+1.0
n37 21 0C 32432 464£278 496+280 1.8%1.0
Multineutral 21.1%1.7
IIT 7 prongs
p37 31 3C 292216 65 228417 0.87+0.06
oK K 21t on 3C 1023 55 1546 0.0620. 02"
P31 3T T 0C 36260 109+96 4714113 1.7+0.4
ndr 3" 0C 10£10 237102 247+102 0.920.4
Multineutral | 3.3+0.6
IV 9 prongs
par 41~ 3C 2045 - 2045 0.08£0. 02"
par an 10 0C 54xT 8+3 628 0.25:0.03
n57 4r 0C 88 174 259 0.10+0.03
Multineutral 0.18+0.09

a - See text for error estimation

b - Events with visible K decay are included in the cross section calculation.
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TABLE VI

Estimated Number of Events

in the Channel y p—p + m1r+ +m7 + 10 with Unique Fits

Method 3 prongs 5 prongs 7 prongs
Fit 1886+143 15264130 362+30
"Symmetrization" 1893+71 151161 429+30

2 2

of MM~ < 0.02 GeV

events
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FIGURE CAPTIONS
Photon energy spectrum (unnormalized) in this experiment. For details of
calculation see Section IITA. The spectra of the different exposures -
have been shifted to their overall average of 9.3 GeV.
MM2 distributions for uniciue fits to hypothesis (2a). The full lines are the
results of the y 2 fit to single 7 and multineutral background distributions.
The dotted lines represent the multineutral background alone.
MM2 distributions for unique fits to hypothesis (2b). The dotted lines
represent the multineutral background.
MM2 distributions for amﬁiguous fits to hypothesis (2a) in the different
topologies. Full lines are the results of the y 2 fit described in the text.
Dashed lines represent the fitted multineutral background and reflection of
channel (2b). Dotted lines represent the fitted contribution of channel (2a).
MM2 distribution for ambiguous fits to hypothesis (2b) in the different
topologies. Full lines are the results of the y 2 fit described in the text.
Dashed lines represent the fitted multineutral background, and reflection
of channel (2a). Dotted lines represent the fitted contribution of channel (2b).
Total and topological photoproduction cross sections from this experiment
(lower energy results from Ref. 1) versus incoming photon energy. The
lines are provided only to help distinguish between topologies.
Three-body cross sections from this experiment (lower energy results from
Ref. 1), from the ABBHHM collaboration (Ref. 6) and from the annihilation
experiment (Ref.7), versus incoming photon energy.
Four-body cross sections from this experiment (lower energy results from
Ref. 1) and from the annihilation experiment (Ref. 7), versus incoming photon

energy.
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9. Five and six body cross sections from this experiment (lower energy
results from Ref. 1), from the ABBHHM collaboration (Ref. 6) and from the

annihilation experiment (Ref. 7), versus incoming photon energy.
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