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The preceding Letter has described an ex-
periment designed to study strong interactions
induced in hydrogen by a high-energy photon
beam from the Cambridge Electron Accelerator.
By far the largest number of events observed,
especially in the photon-energy range 0.5-2.0
BeV, is due to the reaction

for which the cross section as a function of
photon energy is shown in Fig. 1 of the preced-
ing Letter. ' We discuss here the details of
the mechanism of this reaction.

I. N»~(1238) production. —The main feature
of the reaction y+P —P +~++~ in the photon-
energy range less than 1.2 BeV is the copious
production of the 1238-MeV pion-nucleon iso-
bar, as is seen in the invariant-mass plots
of the Pw+ and Pii combinations (Fig. 1). In
the lower energy region (0.65-0.9 BeV), phase
space peaks in the vicinity of 1220 MeV so
that it becomes difficult to separate the N*
production from phase space. Based on the
Breit-Wigner and phase-space y' fits to the
mass distribution of all events in Fig. 1, we
estimate 90%%uc, 35 /z, and 30%% N*++ production'
for the photon-energy regions 0.65-0.9 BeV,
0.9-1.2 BeV, and 1.2-1.8 BeV, respectively.
In the corresponding p~ mass distributions
we see no evidence for N*o.

The shaded area in Fig. 1 represents the
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FIG. 1. Invariant-mass distributions of p~ and
p& systems from the reaction y+p —p+ z++ ~
for three ranges of E&. The shaded areas corre-
spond to events with ~&t~ &0.2(BeV/cl . The smooth
curves are g best fits to the data of a combination
of Breit-Wigner (BW) resonance curve (M~+ =-1225
MeV, I'=100 MeV) and phase space (PS). (a) 90 1c

BW, 10 k PS; (b) 35% BW, 65% PS; (c) 30% BW,
70% PS; (d), (e), and (f) 100 Vc PS.
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events having four-momentum transfer jh j

to the w less than or equal to 0.2 (BeV/c)'.
It may be noted that in the high-energy region
[Figs. 1(b) and l(c)] the main contribution to
the isobar production comes from the small-
j 6'

l events, indicating a peripheral interac-
tion. In the lowest energy interval [Fig. 1(a)],
E =0.65 to 0.90 BeV, the isobar appears to
be produced also in the high- lh j sample.

y 2

This may indicate some nonperipheral produc-
tion mechanism of N»* isobar, [e.g. , via de-
cay of an intermediate N~(1512) isobar]. The
Pv mass distribution for the events with low

j 62j to the ~+ does not show any significant
evidence for isobar production.

The angular distributions (in the yP center-
of-mass system) of the P, ~+, and ~ are
shown in Fig. 2. In the energy range F. &1.2
BeV, the ~ is peaked forward and the m+ is
isotropic [Figs. 2(a) and 2(b)]. It is reason-
able to expect such behavior in the reaction
y+P-N*+++m, if the N*++ is produced in
peripheral collisions. For F. & 1.2 BeV, the
main features of the angular distributions can
be accounted for by the dominant peripheral
p' production (see Sec. II below).

In the general case of the reaction y+P —N*
+v, the production branching ratio R =N*++/
(N*'-P+~ ) is not determined. However, if
the reaction is dominated by one-pion exchange
(OPE), or if it proceeds via a T = ~ interme-
diate state, the above ratio R is expected to
be the familiar 9/l. Our data are consistent
with 9/1.

An expression for the cross section for the
process y+P -P +m++n has been given by
Drell' on the assumption of OPE, treating the
virtual exchanged pion as though it were real.
Although the Drell model is only intended to
apply at high photon momenta, we have assumed
it to be applicable in the energy range consid-
ered here. An analysis of the general case
has not been attempted, since it involves
knowledge of which is the exchanged pion.
Instead, in the region Ey&1.8 BeV, we have
concentrated on the events in which an N*++

is produced. (The high-energy region, in
which p' production is most important, is
considered below. ) This method of analysis
makes the interpretation simpler. In studying
the N»*(1238) production, we have replaced
ot t(Pv+) which appears in Drell's formula
by the usual Breit-Wigner expression [we use
the recent analysis of Roper" which is known
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FIG. 2. c.m. angular distributions for the P, r
and & from the reaction y+p —p+r +r for two
ranges of E&.

to give very good agreement with the m+P cross
section in the vicinity of the (3, 3) resonance].

Our experimentally observed total cross
sections for the reaction y+p -N*+++m for

I
a'I & 0.2 (BeV/c)', together with those calcu-

lated from Drell's formula, ' are summarized
in Table I. In all energy intervals the observed
cross sections exceed the calculated ones by
an appreciable factor. Some modifications'
of Drell's formula would have the effect of
decreasing this discrepancy. However, the
present large uncertainties in the observed
cross sections would not permit us to distin-
guish between such theoretical refinements
and the necessity for invoking other mecha-
nisms in addition to OPE in order to account
for the observed N*++ production.

II. p' production. —The process y+@-p+p'
dominates the reaction y +P -P + ~+ + ~ for
photon energies above 1.4 BeV. The thresh-
old for p' production is F. =1.1 BeV. Invari-
ant-mass plots of the ~+~ system are shown
in Fig. 3. The distribution for photon ener-
gies below 1.1 BeV is consistent with phase
space. In particular, we do not have any evi-
dence for a devia, tion from phase space near
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Table 1. Cross sections for N* production for momentum transfer ~At~ —0. 2 (BeV/c)t.

Photon-energy
range
(BeV)

g +++

in 3C events
(Vo)

Observed a

(pb)

95 Q confidence
limits on z

(p,b)

Calculated v

(pb)

0.65-0. 90
0.90-1.20
l.20-1.80

62. 5

75
65

27
19
21

7-43
9-25

10-30

7.2
6.4
4.2

di-pion mass of 400 MeV, such as was recent-
ly reported by the Frascati group, ' although
our limited statistics do not permit us to ex-
clude this. For photon energies above 1.1 BeV,
po production is manifested in the (w+m ) mass
plots, as well as in the c.m. angular distribu-
tions of Figs. 2(d), 2(e), and 2(f): The protons
are very strongly peaked backwards and the
m+ and m distributions are similar to each
other and are peaked forward. Our observed
total p' production cross sections are summa-
rized in Table II. These cross sections can-
not be compared directly with the existing
OPE theory which is expected to be valid only
for small momentum transfers. However, we
can compare the detailed distributions of mo-
mentum transfer (or po production angle) with
the predictions for various models. v The ob-
served j 6'I distribution peaks between 0 and
0.1 (BeV/c)', dropping rapidly between 0.1
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FIG. 3. Invariant-mass distributions of » sys-
tem from the reaction y+P P+7t++ & for four ranges
of E&. The smooth curves are g best fits to the
data of a combination of Breit-signer resonance
curve (M&0=725 MeV, I'=150 MeV) and phase space.
(a) 100% PS; (b) 20Vo BW, 80Vo PS; (c) 40% 8%,
60% PS; (d) 85 Vo 8%, 15% PS. The dashed curves
show phase space normalized to all events.

and 0.4 (BeV/c)', and staying roughly constant
thereafter. Generally speaking, our observa-
tions are consistent with OPE, but within our
present statistics we cannot exclude some of
the other possible mechanisms, e.g., exchange
of a light scalar meson, diffraction production,
etc.

We shall assume that the OPE theory is valid
in the region [b.'I & 0.4 (BeV/c)' and E ~ 1.4
BeV. In this restricted region, 'l0% of the
events give p', yielding a production cross
section of 13.2 pb. In comparing this number
with the theoretical predictions, ' the only un-
known is (g'/4v)I (p - no+a). Using g'/4v = 14,
our best estimate of I'(po-m'+y) is 1.65 MeV
(the 95% confidence limits are 0.45 to 2.40
MeV). If I is calculated using events with I b, 'i
&0.2 (BeV/c)', the result is consistent with
the value given above.

Considering the comparatively copious p
production, it might have been anticipated that
there could be appreciable ~ production ob-
served in the reaction

y+p -p+7)++ p +m'.

As was shown in the previous paper, this is
not observed. Although there may be some
indication of an ~0 peak, the corresponding
cross section is less than one-tenth that for
p' production in the same energy interval.
This result, coupled with the assumption of
dominance of OPE in the p production, would
contradict the predictions of the new quantum
number A of Low and Bronzan. 9 However,
other po and co' production mechanisms would

0permit the observed p /u&o ratio.
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Table II, Cross sections for p production.

Photon-energy
range
(BeV)

1.1-1.4
1.4-1.8
1.8-4. 8

po

in 3C events

20
40
85

95% confidence
limits

0-60
0-90

55-100

Experimental po

production o

(pb)

12.1
17 ~ 7

19.6

efficient reduction of the data, and our engi-
neers and technicians for their help with the
operation of the bubble chamber.
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Recently an extension of Wigner's supermul-
tiplet theory of the nucleus to the elementary
particles has been developed. ' ' The group
used in the theory is a group SU(6) which has
a subgroup SU(2) 8SU(3) identified with the
direct product of the ordinary spin group [SU(2)]
and the SU(3) internal-symmetry group. As
mentioned in reference 3, the group SU(6) al-
so has a subgroup SU(4) which can be identi-
fied with Wigner's SU(4).' It has been sug-
gested that the pseudoscalar mesons and the
vector mesons are members of a regular rep-
resentation 35 of SU(6). In reference 1, the
20 representation was derived from the quark
model' for the supermultiplet to which the
baryons belong, vrhile in references 3 and 4,
the 56 representation has been chosen. Al-
though the nucleon in the 56 representation
does not have Wigner's representation' of SU(4),
in contrast to the nucleon in the 20 representa-

tion, the 56 representation has the following
interesting features, as noted by Pais'. (a) It
contains a decuplet of spin-$ particles together
with an octet of spin-~ particles; (b) it gives
a relation between the mass difference among
octet baryons and the mass difference among
members of the decouplet.

The electromagnetic properties of baryons,
especially the magnetic moment, have been
discussed in reference j. under the following
assumptions: (i) The electric' (and magnetic)
current is a tensor of the regular representa-
tion of SU(6), and also a tensor of the (I, 8)
[and (3, 8)] representation of SU(2) 8 SU(3).
(ii) The representation for baryons is 20. These
assumptions are based on the quark model of
elementary particles which is assumed to have
the minimal electromagnetic current of quarks.
In this note we shall discuss the same problem
by replacing 20 by 56 for the baryon representa-


