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I, SURVEY OF EXPERIMENTAL MATERIAL

This is an account of photoproduction of mesonic and baryonic reso-

nances on protons and neutrons observed in bubble chambers.

The range of photon energies covered is from threshold up teo about

6 GeV. The following new data came from two experiments,

l. A bubble chamber experiment carried out at CEA by the Cambridge
Bubble Chamber Group.!

2. A bubble chamber experiment carried out with the bubble chamber
at DESY by the Aachen-Berlin-Bonn-Hamburg-Heidelberg-Miinchen-—
(ABBHHM) Collaboration.?2

Table I gives a survey of the total material available,

TABLE I

Reaction Number of Pictures Number of Events Reference

Taken Evaluated
Y *+ p 865,000 ~ 9,300 i
Y+ p 1,700,000 ~ 31,000 2
y +d 1,300,000 ~ 3,900 2

The data from the Cambridge Bubble Chamber Group have already been partly
published,®”™ and this published material will not be presented in detail.
The data given here by the ABBHHM -~ Collaboration represent an increase of
statistics by roughly a factor of two compared with previous publications

by that group,?3

We shall alsc mention data on rho production presented from a spark
chamber experiment done at DESY.? The experimental details of that ex-

periment are deseribed in the talk of Professor Pipkin.

The experimental procedure used in the bubble chamber experiments

has been published®:® and will not be described here.

II, CROSS SECTIONS

Figure 1 shows the total cross section for the reaction

-

Yp > pu T (D
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as a function of the photon energy Ey(Ref. 2). A similar measurement

was made by the Cambridge Bubble Chamber group and published in Ref. 6.

The cross sections given here by the ABBHHM-Collaboration are in the
average about 10Z smaller than those of Ref, 6, About half of this differ~
ence (52) comes from the different values of the electron-positron pair
production cross section in hydrogen used by the two groups to normalize
their nuclear cross sections (at 5 GeV, the authors of Ref. 2 use 19.8 mb
for the e+e_ pair cross section on hydrogen, whereas the Cambridge Bubble

Chamber Group® uses 20.62 mb).

Figure 2 shows the cross section for the reaction (from Ref. 2)
o = -
YP > PT TOWW (2)

This cross section agrees, within statistics, with the one published in
Ref,6, The points labelled "prediction from 7-N data" in Fig.2 are theoreti-
cal predictions by Satz,”? He used the vector dominance model to connect

the cross section o(yp > pﬂ+ﬂ+ﬂ—ﬂ—) with the cross section to produce the
same final state by an incident vector meson, o{(vector meson + p - pﬂ+ﬂ ﬂ-ﬂ-)
and finally the quark model and the statistical model to connect the vector
meson cross section with experimental cross sections ﬂip+nuc1eon+four pions
published in the literature. Up to 6 GeV there is good agreement of

these models with the experimental cross section for reaction (2). It will
be interesting to see, whether this agreement will also hold at the higher

energies now available at SLAC,

I1I. PHOTOPRCDUCTION OF RHO MESONS

ITII.1 The Reaction yp =+ ppo (1a)

In order to obtain the cross sections and experimental distributions
for reaction (la) from events of the type vyp ~ pﬂ+ﬁu, the following fitting
procedure was used by the ABBHHM-Collaboration. The probability distri-
butions of the two-particle invariant masses were fitted to a combination
of phase space background plus a Breit-Wigner distribution for A++ pro=
duction in the pﬁ+ mass combination plus an appropriate resonance shape in
the ﬁ+ﬂu mass distribution to describe p° production. The effect of the
pO"decay angular distribution was taken into account more carefully than in
the previous work of that group.® Three choices for the form of the H+W—

mass distribution resulting from podecay wvere tried in the fits:
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(i) A Breit-Wigner distribution with energy-dependent width according

to Jackson,!?

(11) A Breit-Wigner distribution as in (i), multiplied by a term
(mp/mﬁ+ﬂ")f as suggested by Ross and Stodolsky,!! to account

for the diffractive character of po—production.

(iii)} A Breit-Wigner distribution as in (i) plus an OPE background
term interfering with the Breit-Wigner amplitude, as suggested

by Séding.12

Below 1.4 GeV the distribution (i) gave acceptable fits to the data. Above
1.4 GeV choice (i) gave a poor fit to the data and too low a value for the

)
p —mass.,

Above 1.4 GeV method (i1) gave acceptable fits and values for the
po-mass, which varied slightly with photon energy., This slight variation
comes probably from fitting the total rho cross section, whereas the prescrip-
tion of Ross and Stodolsky was meant to cover only rho production in the

forward direction.

Method (i1ii) gave acceptable fits and a value of the po-mass compa-

tible with 770 MeV,}3

The width of the rho meson was kept fixed at 143 MeV for all three
fits.

Figure 3 shows the ﬁ+ﬂ_ mass distribution? for various intervals of
the photon energy EY. It can be seen, that both methods (ii) and (iii)
give acceptable fits to the data. Therefore the results with both fitting

methods were given by Ref.2,

Figure 4 shows the total rho production cross section as a function
of EY. For EY < 1.4 GeV the values obtained by fit (i) are displayed,
since fite (ii) and (iii) should only be applied at high energies. For
EY > 1.4 GeV both the results according to method (ii) and (iii) are

shown.,

The difference between them allows an estimate of systematic errors
for the rho cross section due to our lack of knowledge of the background

+—
and of the precise form of the % m mass distribution from rho decay.

The Cambridge Bubble Chamber group has used a Breit-Wigner shape with
energy dependent width!® to fit the ﬂ+ﬂ— mass distribution from p decay. I
have multiplied the fraction of p-production, as reported in Ref.l, by
the total cross section for reaction (1), as reported in Ref.6, to obtain

the cross section for rho production reaction (ta) for the Cambridge Bubble
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Chamber group, This cross section, labelled "CEA"L—}% , is also included
in Fig.4., It is consistent with the cross section obtained by the ABBHHM-

Collaboration? (points labelled *,%,4).

The following figures show details about the p-production in reaction

(la), as obtained by the ABBHHM-Collaboration.

Figure 5 shows the differential cross section for pp—production for
various intervals of Ey' The quantity do/dA? is given, where A2 is the
square of the four momentum transfer. The arrows shown in the first

interval of A® signify a possible scanning loss of very short proton tracks.,

More evidence that the differential cross section do/dA? is most likely
underestimated by the first data point with the smallest A? (kinematical
limit < A2 < 0.05 GeV?) in Fig.5 comes from a spark chamber experiment
carried out at DESY3, 1In this experiment, the reaction yp - ppo was stud-
ied for photon energies 3.2 GeV < EY < 4,4 GeV, in addition to rho production
on carbon and aluminum, These data are shown in Fig.6. It is seen that
for all three elements the differential cross section do/dAZ = Aexp (~BAZ)

down to the smallest values of A?, which are kinematically allowed.

Except for the first point in the differential angular distribution,
which has just been discussed, the spark chamber and the bubble chamber

experiments agree within statistics.,

The differential cross section do/dA? of Fig.5 was fitted by the

ABBHHM group to a relation
do/daZ = A exp (~BAZ) (2)
for 0.05 GeVZ < A2 < 0,5 GeV2,

Values for A and B resulting from this fit are given in Table II for

various EY intervals,

TABLE II

Reaction yp - ppo. Fit of the differential cross
sections do/dAZ to A exp (~BA2) for 0.05 < A% < 0,5 GeV2,

B A B
(GeV) (ub/Gev?2) (Gev™%y
1.4 = 1.8 140.7 * 13.5 5.75 + 0.46
1.8 ~ 2,5 128.8 + 8,1 5.43 + 0,28
2,5 = 3.5 146,8 + 9,2 6.92 + 0,31
3.5 = 4.5 149,3 + 13,2 8.10 % 0,49
4,5 ~ 5,8 129.7 + 11.6 7.90 % 0.47
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However, it must be noted that these results were obtained by averaging
over the whole rho peak in the w+ﬁ_—mass distribution. Actually a strong
variation of the slope B with the mass of the ﬂ+ﬁ— system was observed

by the ABBHHM-Collaboration. This is shown in Fig.7, which shows do/da?
for four intervals of the ﬂ+ﬁu invariant mass, A fit of Equ, 2 was made
for EY > 3.5 GeV and various intervals of the invariant ﬂ+ﬁ-~mass. The

+—
dependence of B on the n 7 -mass is shown in Table III.
TABLE III

Reaction yp pﬂ+ﬁ— at photon energies
3.5 GeV < EY < 5,8 GeV, Fit of the double
differential cross sections dc/dﬂszﬂﬁ

to A exp (~BA2) for 0,05 < A% < 0,5 GevVZ,

M B
kil -2
(GeV) (GeV )
0;56 = 0.70 9030 + 0-65
0070 - 0-76 8.00 + O|56
0.76 - 0.82 6,08 + 0.59
0-82 = 0.96 5.04 + 0065

Figure 8 shows a sample of rho decay distributions. They are given in

the "helicity system,” in which the decay angle 6, is measured in the rho
CM system between the outgoing proton and the ﬁ+ meson., The azimuth

angle ¢H is taken to be zero for decay in the production plane. It is
seen that for small production angles the decay distribution is compatible
with sin? GH which is expected for complete spin alignment of the rho meson
in its direction of flight. However, for large production angles of the

rho meson, this is seen to be no longer true,

The complete information on the decay distribution W(cos GH’ ¢H) of

the p°~meson is contained in the spin space density matrix elements Pik of

the po—meson.1l+

_ 3 ¢l I _ 2
W(cos 6, ¢H) = (5 (1 - poo) g (3poo I) cos O

- t a2
pl_I sin“ @&

y ¢os 2¢H - Y2 Re p1p sin 2 6, cos ¢H) (3)
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The results for the Py a8 a function of the overall CMS production angle

BCM of the rho meson are shown in Figs.9 through 11.

For comparigson, curves are included in Figs.9 through 11 giving the
predicf%on of the "strong absorption model" (SAM) proposed by Eisenberg
et al, The predictions follow essentially from the assumption mY = mp,
m = mp,, where my, mp, m_, and mp, are the spin components of the photon,
the p meson and the incoming and outgoing protons relative to.a f%xed

direction, e.g, the photon direction in the CMS.

In the helicity frame used in Figs.9 through 11, the density matrix

elements are according to Kramerl®:

=1 2
poo T2 sin 8CM
=1 sin? @
Pi-1 % CM
Pio = - i /> sin 2 eCM

These predictions are in reasonable agreement with the data in Fig.9.
There are deviations indicated in Figs. 10 and 1!, but more work should

be done to make sure of this.

Comparison between the data of the Cambridge Bubble Chamber and the
ABBHHM-Collaboration: It has already been shown that the total cross
sections for the reaction yp » ppo as obtained by the two bubble chamber
experiments agree within statistics (see Fig.4, and remember the 57
difference in normalization mentioned in Section II). For the differen-
tial cross sections it is easiest to compare the slopes B resulting from
a fit to do/dA? according to an exponential law exp(~BAZ) (see Equ.2).
The Cambridge Bubble Chamber Group finds* B = (8.8 = 1,5) GeV“2 for
EY > 1,8 GeV. This value is, within statistics, compatible with the re-
sults of the ABBHHM-Collaboration (Table II). The procedure to obtain
do/dA? as used by two groups differs in the treatment of the background.
No background subtraction was made by the Cambridge Bubble Chamber Group,
whereas the ABBHHM group used a fitting procedure to the #m mass distribu-

tion similar to the one described for the determination of the total cross

section.



- 7 =

The decay angular distribution of the rho meson, as obtained by
the two groups, can most easily be compared by reference to the decay
matrix elements Pik in the Gottfried-Jackson system, which can be found
in Ref.15 for the Cambridge Bubble Chamber Group and in Ref.8 (Nuovo Cim.
48, 262) for the ABBHHM group. The results of the two groups are in good

agreement,
I1I1.2 Upper Limit for the Rho Decay into Four Pions

A total of 1550 p° mesons in the mass region MmT < 900 MeV was ob-
served in reaction (1) for E > 2,5 GeV by the ABBHHM-Collaboration. They
have looked for the decay p0 +> F+ﬂ+ﬂ_ﬂ_ in the reaction yp =+ pﬂ+ﬂ+ﬁ—ﬂ-.

No event was found in the four pion mass region specified above. From these
numbers they obtain on a 90% confidence level the following upper limit for

the branching ratio:

r (p PNYE )//’ (p o ) 0.0015,

IV. OMEGA PRODUCTION IN THE REACTION yp + pw

Omega production was studied in the reaction yp +> pﬁ+ﬂ-ﬁ0 by the
Cambridge Bubble Chamber Group® and by the ABBHHM-Collaboration.? Figure
12 shows the cross section for w production as a function of the photon
energy Ey, as obtained by the two bubble chamber groups. The observed cross
sections have been multiplied by a factor!3 1/0.90 to account for the
unobserved decay modes, The results of the two experiments are in satis-
factory agreement with each other. The cross section decreases signifi-
cantly with increasing photon energy, which suggests that a diffraction
model alone cannot give a good description of the experimental cross sec-

tions between threshold and 6 GeV.

The following figures show more details of the w production, as observed
by the ABBHHM-Collaboration. Figures 13 and 14 show the differential cross
sections do/dA2 for various photon energy intervals, The distribution
do/dA% has been fitted to an expoﬁenﬁial law of the form Equ, (2} in the four
momentum transfer range A2 < 0,5 GeV2, The results are given in Table IV

for variousvvalues of Ey.
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TABLE 1V

Reactions yp pwo and yp p¢°. Fit of the
differential cross sections do/dA? to A exp(“BAg)

Reaction EY A B Range of
(GeV) (ub/GeVz) (Gev_z) A2 used (GeVz)
1.4 = 1.8 42,2 + 9.4 6.2 + 1,2 0.06 - 0.5
p > pu’ 1.8 = 2.5 35,0 + 6.2 5.1 + 0.8 0.04 - 0.5
2.5 - 5.8 27.2 * 3.8 7.5 £ 0.9 0,02 - 0.5
o 1'58 - 2.5 0-45 i Oal? 1085 * 0-75 0.065 - 1.0
P> pe 2.5 - 5.8 0.73 £ 0.21 3.35 + 0,70 | 0.015 ~ 1.0

Figures 15 and 16 show the experimental values for the spin density
matrix elements of the w as a function of the CMS production angle GCM.
They were obtained from the distributions in cos 8 and ¢, where & is the
angle between the photon and the normal to the w decay plane in the w
rest system, ¢ 1s the corresponding azimuth angle (Jackson system). The
form of the angular distribution as a function of the spin density matrix
elements iy is given by Equ.(3). VFigures 15 and 16 show also values for
Pix in the helicity system, in which the decay polar angle GH is measured
between the w decay normal and the outgoing proton in the w CMS, and ¢H

is the azimuth angle in this system.

V. PHI MESON PRODUCTION IN THE REACTION yp + pd

The following results were communicated by the ABBHHM~collaboration:?

For all three-prong events they tried a kinematical fit to the hypothesis
vp > pK'K .

Figure 17 shows the K'K~ mass distribution of all events, which gave
a good fit for this hypothesis and could not be excluded on the basis of
ionization. The figure shows evidence for ¢ production in the charged K
mass distribution., Figure 17 shows furthermore ¢ production in the K°k°

mass distribution from events which are compatible with the hypothesis
vp > pKK°

with one visible K° decay in the chamber. After correction for the neutral

o
S

- 4 = )
events in the ¢ region of the K°K® and K'K mass distributions agrees well

decay mode of the K, and for decays outside the chamber, the number of
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with the known decay branching ratio of the ¢.13 The cross section for
¢ production as a function of the photon energy EY is shown in Fig.18., The
experimental values have been corrected by a factor 1/0.88 for the unob-

served decay modes of the ¢.13

The somewhat lower value of this cross section compared to their
previous publications® can be attributed to statistical effects (some-
what smaller number of events in the ¢ peak and more events in the back-
ground, resulting in a larger background subtraction, for the second half

of the experiment).

The cross section shows no marked dependence on EY and is consistent

with the assumption of a diffractive production of the ¢ meson.

The differential cross section do/dA? and do/d@ in the CMS for ¢
production is also shown in Fig.18, The ¢ decay distribution in the
helicity system is shown in Fig.17.

The differential cross section do/dA? was fitted to an exponential
law of the form Equ., (2) in the range A% < 1.0 GeV2, The resulting values
for the slope B and the absolute height A are included in the table given
in Sectien 1IV.

VI, PHOTOPRODUCTION OF OTHER MESONIC RESONANCES

VI. 1 Production of n, XO, and f mesons

Figure 19 shows the cross section for the reaction

YP * PN
as a function of the photon energy from Ref.2. The experimental values

are corrected for the unobserved decay modes using a branching ratiol3

of

r(n ~ ﬁ+ﬂmﬁo)/ r{n » all) = 0,224,

The cross section shows a characteristic peaking at about 0,8 GeV, This

is generally attributed t?7the production and decay of an Intermediate SII
isobar state at 1570 MeV, The production angular distribution of the n

for two EY intervals is also shown in Fig,19. These results are in agree-
ment with a number of counter measurements and with results of the Cambridge

Bubble Chamber Collaboration,!

The ﬁ+ﬂ_ﬁ+ﬂ"ﬂo effective mass distribution of the reaction

+ +
YP > pR T MTTW
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is shown in Fig. 20 according to results of the ABBHHM-Collaboration.

There is evidence for X° (960) production, whose decay via

+
XO > T
+ = 0
m™ #
is observed.
The cross section for X° production in the reaction
o
yp > pX
is also shown in Fig.20. The experimental values have been corrected for

the unobserved decay modes of the x° using the branching ratiol3
F(Xo > ﬂ+ﬂ+ﬁuﬁ_ﬂo)/r(xo »> all) = 0.112,
The production angular distribution in the CMS is alsc shown in Fig.20.

There is very little evidence for the production of the f-meson in

the reaction
yp » pf
e
T

Using various fitting methods, which gave consistent results, the ABBHHM-

Collaboration obtains the cross sections contained in Table V.

TABLE V

Cross sections for reaction yp - pfo. The values are

corrected for the decay f° - 7°n° by a factor 3/2

E G
Y
(GeV) (ub)
2,5 = 3.5 0.90 + 0.45
3.5 = 4.5 0.40 £ 0,30
4,5 = 5.8 0.06 + 0,30

VI.2 Upper Limits for the Cross Section of Ai’ A2’ and B Meson Production

The ABBHHM-Collaboration has looked for the production of the Al, and

A2 mesons and of the B meson, by searching for the decay modes

A] > p + T

A2 +p toT

B »wt+7.
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No significant production of these resonances was found in the reaction
channels studied. Table VI gives upper limits to the production cross

section for some of the reactions studied.

TABLE VI

— = =

+ +
Reactions yp + pm & T (v° ...) and yp > pu T T .

Upper limits for the production cross sections of A},Az and B mesons.

Reaction EY g Confidence Level
(GeV) (ub) (%)
Yp > p A 1.7 - 5.8 < 0.35 90
Yp > p A 2.2 = 5.8 < 0.34 90
o - WA 2.5 - 5.8 < 0,15 90
vp NTZZG A, 2,9 - 5.8 < 0.2 90
vp - M5 B 2.7 = 5.8 < 0.15 90

, A
VI.3 The Reaction yp + A +p

This reaction was observed by both bubble chamber groups, 1’2 Figure
2] shows evidence for this reaction in the 7 n° and pﬂ+ mass distribu~
tions from the reaction yp - pﬁ+ﬂ-ﬂ0, as observed by the Cambridge Bubble

Chamber Group., Table VII shows a summary of the cross sections.

TABLE VII

+4 =
Cross section for reaction yp > 4 »p

Photon Energy Cross Section Cross Section
From Ref, 2 From Ref, 1
(GeV) ub ub
1.8 = 2.5 2.8 = 0.7 6.4 & 2.4

2.5 = 3.5 1.8 + 0.8 3.1 ¢ 0.8
3.5 - 5.8 1.0 * 0.4

I+
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The cross sections from Ref.,l are larger than those of Ref.2, but
because of the large errors it cannot be excluded that the discrepancy

may be largely due to a statistical fluctuation.

1f the OPE model could be applied to describe this reaction, it
could be used in principle to determine the pwy~coupling constant. More
work on the details of this reaction must be done, before one might be

able to get this number,
VII. PHOTOPRODUCTION OF THE N§3 (1236)

Production of the N*(1236), hereafter denoted by A, is observed in

the reactions

O
Yp * A 7

L>—pﬂ+ (1b)

Yp A® ﬁ+
P (le)
The cross section for reaction (1b) is reasonably large even at high
energies and dominates the chanmel yp - pﬂ+ﬂ" at energies below | GeV,
Reaction (1b) has been observed by a number of experiments. Figure 22
shows a survey of cross sections from a number of recent experiments, The
results of the two bubble chamber experiments,!»? and of two counter ex-

periment518,19 are all compatible within the limits of error.

Attempts to compare the experimental data with model calculations were
made by the Cambridge Bubble Chamber Group! and by Stichel, Scholz,

Scheunert and Like.20s21 Figure 23 gives a survey of the models considered

in terms of Feynman dlagrams.

The Cambridge Bubble Chamber Group assumed the reaction yp = A++n
to proceed via intermediate higher isobar states whose decay into A++ﬂ_
is observed (diagram a)., In particular, they considered as intermediate
states: N*(1420), N*(1512), N*(1688), and N*(1924). The type of fit to
their data, which can be obtained by their model, is shown in Fig.24
(total cross section for reaction (Ib)), Fig.27 (decay angular distribu-
tion for the ﬂ++ in its CMS), and Fig. 25 (differential CMS cross section).
The theoretical curves are in qualitative agreement with the data; however,
they disagree in the details of Figs. 25 and 27. This is further exempli-
fied in Fig.26 which shows the differential cross section for reaction (Ib)

as obtained by the ABBHIM-Collaboration. The curves are taken over from
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the work of Ref.] with arbitrary normalization. One sees that both
experiments show the same systematic deviations from the model., This
shows two things: (1) The experimental results of the two bubble chamber
groups are in good agreement. (2) The deviations between experiment and
the intermediate isobar model are not statistical fluctuations, but are

of a systematic mature.

A different starting point for model interpretation of reaction
(1b) is provided by the OPE diagram (b) in Fig.23. More terms must be
added to make the model gauge invariant, There is no unique way to do
this; one suggestion was made by Stichel and Scholz2® who added certain
parts of diagrams (c,d,e). This model agreed qualitatively with the data
on reaction (lb), but disagreed in certain details.® Subsequently, Stichel
E£_§£.21 included the effects of the first two higher isobar states P]l
(1400) and D13 (1512). This combination of the two models yielded better
agreement with the data, at least for small energies and small momentum
transfers. The following figures will show this on data contributed by
the ABBHHM-Collaboration. Figure 29 shows the same cross section for
small momentum transfers. The magnitude of the contributions of the n*
(1400) and N* (1512) intermediate states was chosen by Stichel EE.EL'.SO
as to give a best fit to the cross section in Fig.29. From this fit they
gat unique predictions for the production and decay angular distributions.,
Figure 30 show the differential cross section do/dA? for reaction (1b) for
a number of different photon energies, and Fig.31 shows the decay angular
distribution of the A++ for a number of different photon energies. There
is reasonable agreement for the differential cross section for small angles,
but the agreement is much worse at larger momentum transfers., The decay
angular distribution agrees quite well with the model for the lower energies.
For the three highest energies investigated there seems to be a systematic
discrepancy, however, It is interesting to note that the decay angular
distribution at high energies is in much better accord with a quark model

+ .
prediction,22 5 = 3 cos?p for A ¥ produced in the forward direction.

Figure 32 shows the azimuth angular distribution for the A++ decay
for a number of different photon energies. There is reasonable agreement

with the model,

Let us now compare the production of A(1236) in the two reactions
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o
Yyp > 4w

pn+ (See Fig.33) (1b)

Yy INCD
L,pﬂ- . (1e)

Whereas the cross section for reaction (1b) is reascnably large up
to the highest energies studied, the cross section for reaction (lc) is
very small, Inspection of the Dalitz plots Mz(pﬂ+) Vs, Mz(pﬂ—)(see Fig.33),
and Mz(ﬂ+ﬂ“) VS. Mz(pﬂn) shows that below I GeV the A° and A++ bands
overlap strongly., Above | GeV there is an appreciable overlapping of the

A and po bands,

o
Because the cross sections for A and po production are much larger
than for A° production, it is very important to take possible interfer—
++
ence effects between the A~ and A° production amplitudes and between a°

and p producticn amplitudes into account.

Below t.1 GeV the authors of Ref.,2 made a maximum—likelihood fit to

the two-dimensional probability distribution f [Mz(pﬂ+), Mz(pn_)] .

This Dalitz plot distribution was fitted to the following expression:

++ £

++ o oy 12
» B(A ) + A"« B(A)| + apcfpe

£f=|A
Here A++ and A° are the absolute values of the A++ and A° amplitudes to
be fitted., B is a Breit-Wigner amplitude whose modulus is normalized to
unity;
B(A*Y) « (R + 1T) . o1® 2™

2 2

MS =~ MY+
A (% p)

+
R = (M(ﬂ pr w) i/2 5 s -
1 (MA - M TP e+ (MAP)

3 (M(ﬂ+p) : w)l/Z HaT
7

q (5 = M2 (r*p)) 2 (MAP)2

+
modulus of three-momentum of p or 7t in the 7 p CMS

I

I' = energy-dependent width according to Jackson!* with ?O = 120 MeV
mass of A-isobar = 1,236 GeV

il

M
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+
mass of pm —system

M(n" p)

W = factor which takes into account the decay angular distribu-
tion., It was made proportional to the decay angular distri-
bution in the helicity frame., (W = constant for an isotropic
decay distribution,)

¢A++ = phase angle, The quantity fitted is the difference

R

The phase-space background fP is added incoherently to the Breit-

Wigner amplitudes, with a weight ais which is also fitted.

They have checked the stability of the fits by repeating the calcula-
tions with a number of small modifications of the form of the function £
to be fitted, For the decay distribution W a number of assumptions was
tried: (i) isotropic decay, (ii) decay according to the prediction of the
Stichel=Scholz Model,2% (1ii) decay according to a best fit to the experi-

mental decay distribution.

For the background distribution fPS’ Lorentz~invariant phase space
and a phase space modified by an assumed S-wave ww interaction was tried.
Furthermore, the phase angle ¢ was not assumed a free parameter, but was

kept fixed at 180° for some fits.

All these modifications produced no changes outside of the statistical

errors in the values of the fitted parameters.

As a further check, they repeated the fits without interference
betwen A++ and A° and compared the results with those obtained by a differ-
ent fitting method. In addition, inspection of the Dalitz plot at photon
energlies, where the interference between A++ and A° is very strong, showed

direct evidence for the existence of interference effects.

This fitting method was used below a photon energy of 1.1 GeV to
find the total cross section for reactions (1b) and (lec). Differential
cross sections for the reaction (1b) and decay angular distributions for
the A++ and the total cross section for reaction (ib) above 1.1 GeV were

obtained without taking interference into account.

Figure 34 shows the total cross section for reaction (1ib) together

with the phase angle ¢ as a function of the photon energy below 1.1 GeV.
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Furthermore, the ratio of the squares of the amplitudes for

=, okt

Yp + 2% (A°); and for yp > & 1 (A )
- +
P P
is given in Fig,34.
The ratio of the cross sections
+ - e
R=olyp> 8%y [Jolyp>a @) = |a%2 /]2
+

L g Lo

in Fig.34 is rather small in the energy region EY < t.1 GeV. OPE models,
1/2 isobar, all pre-

n

quark models,?? or a model with an intermediate I
dict R = 1/9 (a factor of 1/3 comes from the decay branching ratio of

A° pn_). The experimental result for R is smaller than these predic~

tions.,

VIII. PHOTOPRODUCTION ON DEUTERIUM

VIII. | Introduction

The ABBHHM~-Collaboration has contributed some first results on
photoproduction from a run in the deuterium bubble chamber at DESY. The
object of this experiment is to study the photoproduction of mesons and
of meson and baryon resonances cn the neutron., Apart from the fact that
very few such studies have up to now been made at high energies, the
results allow in many instances an interesting comparison with corre-
sponding reactions on the proton., As an example, consider a reaction
such as yp A++ﬂ_. By changing the sign of the third component of I-spin
for all hadrons, we get yn - ATn'. Both reactions can be measured, If
the photon would have a defined I-spin (e.g., either zero or one), the
cross sections of the two processes would be equal, Deviations from
equality come from interference between the isovector and isoscalar parts
of the photon, We shall call pairs of such reactions 'charge symmetric"

in what follows,

In addition (coherent) photoproduction on the deuteron can be studied.
This is interesting in view of recent developments in the coherent

diffraction production of vector mesons.

In the experiment a scan was made for all 3,5,7 prong events with at
least one slow track (spectator proton or deuterium recoil) with a momen-—
tum (projected) < 0.4 GeV/c. 1In addition all events were taken which had

an invisible recoil (events with an even number of tracks).
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In terms of the spectator model of the deuteron, this scanning
procedure picks up practically all events which represent interactions
on the neutron, and which have therefore a spectator proton., The events
were measured, and reconstructed with standard geometry programs. For
the kinematical analysis they used the program GRIND with a special routine

which is able to fit an invisible recoil track.?3

To deduce photoproduction cross sections on the (free) neutron from
observations in deuterium, the authors followed the customary procedure
to use the spectator model of the deuteron. In this picture one assumes
that a collision of the photon with the neutron does not affect the
proton, which has the same momentum before and after the collision, If
this assumption is true, the laboratory momentum distribution of the

spectator proton should follow the Hulthén distribution.

Figure 35 shows the laboratory momentum distribution of the spectator
protons from the reaction yd - ppm . Of the two protons, the proton with
the smaller momentum was taken to be the spectator., The result is com-

pared with the Hulthén distribution

an/dp = Aol * W (20 ¥ u) ,[ l - ! ]2 . p2
P

12 Eta® p? o (atw)?

with o = 45,7 MeV and p = 214 MeV as obtained from an experiment by
White et al,2"

The agreement is satisfactory, especially since for p < 0.1 GeV/c
the spectator tracks are invisible and their momentum was determined
with the fitting program., The laboratory angular distribution of the
spectator protons for various intervals of their laboratory momentum

is shown in Fig.36.
VIII., 2 The Reaction yn -+ pﬂ_

For the reaction yd - ppm  the photon energy can be determined
uniquely‘ from the kinematics (3C-fit). Assuming the spectator model

for the deuteron, one can deduce the cross section for the reaction

yn > pu (3a)

as a function of the photon energy, using a procedure, as described,
e.g2., by White EE.E&%M The total cross section as a function of the
photon energy is given for reaction (3a) in Fig.37. The results have

been corrected for scanning loss, the loss of events due to the cut=-off
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in the Hulth&n-function at 0.3 GeV/c plus a 5% correction due to final

state interactions, taken from measurements of Neugebauer et al.2> on

+
yd -+ annT and YP > nm .

For comparison results from counter measurements are also showm,
Tor the total yn - pn- cross section, counter measurements had extended
up to now to an energy of about | GeV,2® For the reaction yp = nn' the
total cross section 1s known up to 16 GeV. It is in reasonable agree-

ment with the new measurements of the symmetric reaction yn > pm up

to about 3 GeV,
VIII. 3 Reaction yn + nﬁ+ﬂ“

For the study of this reaction one uses events of the type
yd -+ pnﬂ+ﬂ_(ﬂ0-..)- To exclude as much as possible events representing
collisions with a quasi free proton, one chooses only events having very
small proton recoils (momentum < 0.] GeV/e). Almost all of these tracks

should be spectator protons.

(a). Reaction yn - A" (5a)
nn
Figure 38 shows the nm_ mass distribution for two intervals of the
photon energy Ey' There is evidence for the producti&n of the A(1236)

isobar state,

Estimates for the cross section were made after subtraction of a
phase space background. The resulting cross section for reaction (5a)
is shown in Table VIII as a function of the photon energy. For compari-
son, the results for the symmetric reaction yp > &++ﬁ“ are also in-

cluded,

TABLE VIII
EY(GeV) a(yn %’A—ﬂ+) olyp ~ A++n“)
0.4 - 0,8 (29 + 6) ub 42ub
0.8 - 1.1 (44 = 8) ub 52ub
(b). Reaction yn - np° (5b)

Figure 39 shows the ﬂ+ﬂ“ mass distribution for 1.4 GeV < EY < 2,5 GeV,

There is evidence for rho production. In contrast to the situation for



_lg.—

reaction (5a), reaction (5b) cannot be unambiguously separated from

reactions with additional 7° production, e.g., yn - npo(ﬁo...).
P » Y

From the experience with the symmetric reactions yp - ppo,
ppo(ﬂo...), one believes that the contribution of rho events with one
or more 1° mesons is very small, Otherwise the results are upper limits

for the cross section of reaction (5b).
Between 1.4 GeV and 2.5 GeV one gets
o{yn > npo) = 21 + 6ub.,

For comparison, the cross section for the symmetric reaction yp -+ ppo,

in the same energy interval, is ~ 18 ub.
IX. FUTURE EXPERIMENTS WITH BUBBLE CHAMBERS

I believe that the bubble chamber will also in the future be a very
important instrument to study photoproduction, particularly if use can be
made of a new powerful accelerator like SLAC. A very good example is
the almost monochromatic photon beam built at SLAC for the bubble chamber,
This beam is produced by the annihilation of positrons in a hydrogen
target. If one looks at the annihilation photons under a fixed lab.
angle, their energy is determined uniquely by kinematics. This beam offers
a decisive advantage over a bremsstrahlung beam, since it contains by an
order of magnitude less low energy photons, which form an uninteresting
background., Figure 40 shows one of the first events obtained by the new

I-meter SLAC hydrogen bubble chamber taken in that beam.

Further opportunities for very interesting bubble chamber work lie
in the possible use of highly polarized, almost monochromatic photon beams.
Two methods are available to produce such beams. The first method uses
bremsstrahlung from a single crystal. Linear polarization of up to 807
is obtainable with this method for energies up to about one-third of the
primary electron beam energy. The second method uses reflection of laser
light from an electron beam., This method, in order to yield an interesting
beam for the bubble chamber, needs a very high energy electron beam., This
is connected with the relation between maximum reflected photon energy k,

the frequency V of the laser light, and the electron beam energy E:
K = 4(hV) » E° /(mi + 4 « bV + E).

In addition, the beam must have an extremely small angular aperture.

It appears that such experiments may be feasible at SLAC., Very interesting
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physics should become accessible with the help of these beams, For
example ,one can study reactions like yp - Aw, pp, pw, P¢. One has ex-
perimental information on spin orientations both in the initial state
(from the beam), and in the final state (from analyzing the decay of

the resonances). This will provide an important handle for the evaluation

of the different models for photoproduction.
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DISCUSSION

S. Barshay, University of California, Riverside

It seems to me that your statement that in the process yp > ppo, the decay
density matrix elements of the po as a function of the production angle
support the Strong Absorption Model (SAM) of Eisenberg and coworkers is a
very imaginative reading of those graphs you showed in the heliclty system.

I think it neither supports nor does not support SAM,

Secondly, it is a pity that although you put the more scanty data on w
production in the Jackson system, you did not put the very large amount

of data for po production in that system, The Jackson system is a natural
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system for studying the effects of particles exchanged in the t channel.
In the process yp ppo we know that the 7 plays little role because of
the smallness of the poﬂOY vertex, and one might ask whether, for example,
the exchange of a neutral vector meson interacting with the ypo system
through a charge conjugate noninvariant vertex could play a role in this
process. In the Jackson system, this leads to density matrix elements
which give a polar decay distribution that varies from sin?§ through to
cos?8 by going from small to large c,m, production angles. This has not
been looked at. It also gives backward differential cross sections which
tend to be flat, The backward differential cross section, as I see it, is

an order of magnitude too big for the extrapolated exponential.

E. Lohrmann, DESY, Hamburg, Germany

I agree with you that it is very important to give these decay density
matrix elements also in the so-called Jackson system. In the moment for
yp + ppo this has not been done for technical reasons but, of course, it
will eventually be done, It is technically simpler to give them for

the w meson; that is why they have been shown for the w meson only. As far
as the comparison with the Eisenberg model goes, you have to remember
that the limits of error are only statistical and there are some unknown
systematic errors which must be added because the behavior of the back-
ground is not well understood. That was the reason why I did not say
that the data do not agree with the SAM, I think there are more ways to
lock at the data. We certainly can look at the decay matrix elements in
more frames of reference, for example, in the so-called Adair frame where
the SAM makes a very simple prediction for the decay correlaticns. These

comparisons will be done.

Y. Eisenberg, Weizmann Institute of Science, Rehovoth, Israel

I first want to answer on the question of Barshay. We (CEA Bubble Chamber
Group) have studied the po density matrix elements in the Jackson frame.
OPE does not agree with the experimental data; SAM does agree very well

at ali production angles, Indeed, it also changes sign: The polar angular
distribution starts with sin?¢ and changes to cos?8 by going from small

to largerproduction angles, I want to emphasize that the Adair angle is
the natural angle for both SAM and the diffraction models. As a matter of
fact, for all models which have a central type and spin independent

potential, the helicity of the po must have the helicity of the inceming vy.
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Therefore, Poo must be zero in the Adair frame for all energies and

all production angles., It will be nice to compare the DESY data with
this prediction, Two more comments: One is related to the process

yp + pé. With the limited data that we (CEA Bubble Chamber Groups) have,
we have tried the following: Instead of comparing at the same photon
energy, we have compared the ¢ production angular distribution with that
for w production at the same Q value in the c.m. system. As a result,
both distributions seem to be the same. A last comment: The N*éw_
production cross section in our (CEA Bubble Chamber Groups) case 1is

compatible with being zero, but it 1s also compatible with being 1/9.

Barshay

I want to ask Prof. Eisenberg: Does his model (SAM) explain both the
shape of the diffraction peak and the size of the large angle differen-

tial cross section = the flattening out of the differential cross section

at large angles?

Eisenberg

Yes.

J. Ballam, Stanford Linear Accelerator Center

I would like to ask Dr. Lohrmann whether he could summarize the cross

sections for po, w and ¢ production.

Lohrmann

At the high energies studied (4 - 5.5 GeV), these cross sections have

approximately the following values:

g o © 16 ub
YP * PP

o] = 3 ub
Yp > po !
o] = 0,2ub
YP > p¢ H

In case of w production, one may want to extract that contribution which

is due to diffraction production. Cne can try to fit ¢ by a sum
YP * pW

of a part which varies slowly with energy and another part which decreases

with energy like
-1 06
~E
¥

as was found for the p production cross section in 7p collisions (vp » Np).

It turns out that the almost constant part of the cross section (which is
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thought of being due to a diffraction mechanism) is of the order of
2 ub.

G. Kramer, Institut fiir Experimental Physik, Hamburg, Germany .

I would like to make a comment concerning the p° production, One should
consider the t dependence of the cross section and the behavior of the
decay density matrix elements separately. One always can find parameters
for SAM which fit the experimental data on the t dependence - that is
just a matter of fitting and does not explain too much. On the other
hand, the density matrix is determined by the assumption on the spin
dependence of the T matrix and is independent of the assumption made for

the t dependence.,
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Figure Captions.

Total cross section for the reaction yp + pﬁ+ﬂ~ as a function
of the photon energy EY, data from Ref. 2. ’
Total cross section for the reactiom yp pﬂ+ﬂ+ﬁ_ﬁ- as a
function of the photon energy EY(points labelled p-d4-+4 , data
Ref, 2). Points labelled o4A0: Theoretical prediction by
Satzg, using Vector dominance Model + Quark Model + Statistical

Model.

Reaction yp pﬂ+n_. Effective mass distributions of the

ﬂ+ﬂ“ combination for four photon energy intervals (Ref.2).

The full curves are superpositions of p° resonance distri-
bution, Lorentz—invariant phase space and w* ++(1236) reflection
as obtained by method (iii) (S8ding). The broken curves give

the analogue for method (ii) (Ross-Stodolsky).

Total cross section for the reaction yp ppo as a function of
the photon energy Ey' Points labelled ¢,¢,+: Ref.2, points
obtained by different fitting methods (see text), cross sections
above 2.4 GeV corrected for scanning losses of events with

a very short proton track. Points 1abelled'—}ni: Cambridge

Bubble Chamber Group, points calculated from Ref. 1 + Ref, 6.

Reaction yp - ppo. Differential cross sections do/dA? for
five photon energy intervals (Ref.2). The cross sections were
obtained by fitting method (ii)., The arrows near the forward

direction indicate possible scanning losses,

Reaction yp » pe°, v + C » C + p°, y + AL » Al + ¢°, Differ-
ential cross sections do/dA? for a photon energy between 3.2

GeV and 4.4 GeV, data from the spark chamber experiment Ref.3.

Reaction yp —+ pn+n— at photon energies 3.5 GeV < E_ < 5.8 GeV.
Double differential cross section for production o} dipion pairs
do/dAZdLi1T1I for four intervals of Mﬂﬁ in the region 0.05 < a2 <
0.5 GeV2, The points represent po and background production.
N*++ events are subtracted. The curves are fits by an

exponential law A exp(~Ba?) (Ref.2).

Reaction yp + ppo at two photon energy intervals above 2.5 GeV.
Rho decay distributions W (cosBH) in the helicity system for four

intervals of the cm production angle cosd,.. The distributions
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were taken from the mass region 0.68 GeV < M_oo< 0.84 GeV

without background subtraction (Ref.2).

Fig., 9 Reaction yp ~ pp0 at four photon energy intervals (Ref.2).
Density matrix elements of the po decay in the helicity
system (see text) as a function of the cm production angle

cosfd shown is pgo. The density matrix elements were

o’
obtained by simultaneously fitting the p° and background

decay distributions. The curves follow from the strong

absorption mode1.15’36)
Fig. 10 Same as Fig. 9, this figure shows p? "
H
Fig., 11 Same as Fig., 9, this figure shows Re D?O
Fig, 12 Cross section for yp + pw as 'a function of the photon
energy,

(a) for all events: + : Ref,2, ¢ : Ref.5,
2 yi
(b) for A% < 0.5 GeV Ref.2.
(c) for A2 < 0.3 GeV?
The cross sections are not corrected for possible scanning

losses of events with a very short proton track.

Fig. 13 Reaction yp + pw. Differential cross sections do/dA? for
two photon energy intervals (Ref.2), The first A% bin of
each distribution starts above the kinematical limit and
above the region where scanning losses occur, Therefore a
small number of events at still lower values of A? is not

included in the graphs.

Fig. 14 Same as Fig, 13, this figure shows two more photon energy

intervals,

Fig, 15 Reaction yp - pw. Density matrix elements of the w decay
in the Jacksonsystem and in the helicity system (see text)

as a function of the CM production angle cos8 ... The density

cM
matrix elements are given for 1.4 GeV < EY < 2,5 GeV, The
matrix elements were obtained by simultaneously fitting the
w and the background decay distributions in a mass region near

the w (Ref.2).

Fig., 16* Same as Fig. 15, the figure shows the photon energy interval
2,5 GeV < EY < 5,8 GeV.

*The sign of the values for Re p1p in the helicity system shown in these figures
should be inversed, in order that the definition of the angles in that system
agrees with the customary definition, which was used for the Jackson system.
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Fig. 17 Reactions yp + pK+K_ and yp KoKop. Effective mass

distributions of (a)} the K'K~ combination and (b) the
K°K® combination. (c) to (f) Decay distributions in the
helicity system for events in the ¢ region MKK < 1,06 GeV
at photon energies 1,58 GeV < EY <'5.8 GeV. Possible
background is not subtracted.
(c) Distribution W(GH) and (d) distribution W(¢H) for

CM production angles 0,8 < cosfs,. < 1.0,
{e) Distribution W(BH) and (f) distribution W(¢H) for

CM production angles -1.C < cosb < 0.8,

CcH

The angles ¢, and ¢H are defined as for the pO. The

H
distributions (b) and (d) to (f) are not corrected for

invisible decays (Ref.2).

Fig. 18 Reaction yp - p¢0.
{(a) Total cross section as a function of the photor
energy.
(b) and (c) Differential cross sectioms do/dA? for two
photon energy intervals.
(d) and (e) Differentlal cross sections. do/dQ in the center

of mass system for two photon energy intervals (Ref.2),

Fig, 19 Reaction yp - pn.

(a) Total cross section as a function of the photon energy
below EY = [.5> GeV,

(b) Total cross section above EY = 1,5 GeV.

Production angular distribution in the center of mass

system for two photon energy intervals,

{c) 0,71 < EY < 5.90 GeV

and

(d) 0,9 < EY < 1,2 GeV.

All events in the mass reglon 0.52 < M3Tr < 0,565 GeV are

included without background subtraction (Ref.2).

Fig, 20 Reaction yp - pXO (Ref. 2).
+ o+ - =

(a) Effective mass distribution of the w n wm w #° combination

from all events compatible with the hypothesis
t + = = 0 0

yp > pr A W w (T eea)

(b) Total cross section for yp -+ pXO as a function of the photon
energy.

(c) Production angular distribution in the CM system for
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twelve events in the X° mass region, The events with

photon energies above 2.5 GeV are hatched,

Fig, 2t Reaction yp - A++p- (Ref.l).
The figure shows the pﬂ+ and 1 1° mass distributions from
the reaction yp ~ pﬂ+ﬂ—ﬂ0 for two intervals of the photon
energy PY' The curves are the results of joint mass fits

of the mass distributions with the fractions indicated in

the figure,

Fig. 22 Cross sections for the reaction yp ~ ﬂ++(1236)ﬂ— as a
function of the photon energy EY’ as measured by different
authors for EY < lJ4 GeV:
<& Ref. I, o Ref, 19, B Ref. 2, A Ref., 18

Fig, 23 Feynman diagrams which have been used to obtain a model

description of the reaction yp » A (1236)n (see text).

++ -
Fig. 24 Total cross section for the reaction yp + A w , as a
function of the photon energy. The curve represents a

best fit to an isobar model represented in Fig. 23 a

{see text). (Ref. 1).

+
Fig, 25 Production angular distribution for the A ¥

(M(pﬂ+) = |,15 = 1.30 GeV) in the reaction yp + P

The curves are calculated on the basis of a best fit to
the isobar model (see text), For PY > 1.1 GeV/e, the
broken histograms represent the data before the background

subtraction. (Ref.l).

Fig, 26 Same as Fig. 26, but with the experimental data of Ref. 2,

curves taken over from Ref. 1.

Fig. 27 Adair angular distributions for the decay correlation between
+
the incident photon and decay plon n in the reaction sequence
L S +
yp+ A w4, A > prm ., The curves are calculated from a
best fit to the iscbar model {see text). For PY > 1.1 GeV/e
the broken histograms represent the data before background

subtraction (Ref.l).

Fig. 28 Reaction yp - 2 e,

++
Cross section yp - A 1 as a function of the photon energy

up to 5.8 GeV (Ref.2).

Fig. 29 Reaction yp =+ 2 e,

Cross section for events with A2 < 0.3 GeV?, where 4AZ is
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the four momentum transfer squared between incoming proton

and A++. The curves have the same meaning as in Fig, 30

(Ref, 2).

++
Fig. 30 Reaction yp > A 7 .
Differential cross section do/dA? for various intervals of

the photon energy EY. Th;lfull curves are predictions from
a model by Stichel et al. including OPE plus gauge invari-
ance additions plus two intermediate isobar states. The

dashed curve is an OPE model plus gauge invariance additions

plus absorptive corrections (see text) (data from Ref,2),

Fig., 31 Reaction yp A++ﬂ— A? < 0.3 GeV2,
Decay angular distribution of the A++ for various intervals
of the photon energy Ey. The curves have the same meaning
as for Fig. 30, The figure shows distributions of GJ, the
angle between incoming and outgoing proton in the A+ CMS

(Ref.2).

Fig. 32 Same as Fig. 31, the figure shows the distribution of
+
¢J, the azimuth angle of the outgoing proton in the prw

CMS, (Ref.2),

Fig, 33 Dalitz plot, showing the mass distributions Mz(pn_) Vs,
M2(pﬂ+) from the reaction yp - pn+ﬂ— between 0.6 GeV and
0.8 GeV photon energy, The figure shows the overlap
between the A° and the A++ mass bands (Ref.2).

Fig, 34 Reaction yp +'pﬂ+ﬂ—-

Cross section for the production of A (1236) as a function

of the photon energy EY below 1.1 GeV (Ref. 2).

Top: 4 "cross section for yp = A+ T
$ cross section for background
Middle: A° : Amplitude for yp > a%7"
A++: Amplitude for yp » ﬂ++ﬂ“
o (p > %) = [a%12/ A2 < o (yp > M)

Below: Phase angle ¢ between the A’ and the
++
A amplitude at resonance {see text)

as a function cof the photon energy Ey'

Fig. 35 Laboratory momentum distribution of spectator protons from
the reaction yd »> pspﬁ-. The full line is the Hulthén

distribution with parameters given in the text.(Ref.2).



Fig., 36

Fig. 37

Fig., 38

Fig. 39

Fig., 40

- 3 -

Laboratory angular distribution of spectator protons
from the reaction yd - pspﬂ— for different intervals

of spectator momentum (Ref,2).

Total cross section of the reaction yn > pr as a
function of photon energy. The full line gives the
results of counter measurement526, the broken line is
taken from measurements of the symmetric reaction

Yp > nn+.27 (Ref.2).

Distribution of the (nﬁ_) invariant mass from the
reaction yn nn+n— for two intervals of photon energy.
The distribution was fitted by a combination of Lorentz-
invariant phase space and a Breit-Wigner resonance for
the A . The dashed curve shows the phase space, the full

curve gives the sum of both contributions (Ref.2).

Distribution of the (ﬂ+ﬂ—) invariant mass from the
reaction yn - nnow for photon energies between 1.4

and 2.5 GeV., The distribution was fitted by a combination
of Lorentz-invariant phase space and a Breit-Wigner
resonance for the po. The dashed curve shows the phase
space, the full curve gives the sum of both contributions

(Ref. 2).

One of the first photoproduction events observed in the
new 1 m Hydrogen Bubble Chamber at SLAC in an annihilation

beam.
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