
VOLUME 18, NUMBER 21 PHYSICAL REVIEW LETTERS 22 MA@ 1967

The relativistic form of the latter is [*~»
=w», etc]

=(g/m )(*(u" p +*p" (u ) m
(d pal' p v V P,

We present two electromagnetic tests of this
prediction. The substitution p„'- (e/g)A„
gives, effectively,

=-(ejm )*(u Fp, v 0
uy7t p JLI. v

and the width anticipated for the decay ~ —y
+m is 0.96 MeV. The present experimental
value is 1.2+ 0.2 MeV. The further electromag-
netic substitution, *v p' —~ (e/g)(mp/m~)*&~
produces

2 =--,'(e /g)(l/m )*I"
yy (d /L v

The width predicted for m -y+y is 7.4 eV.
The measured value is 7.4+1.5 eV.

*Publication assisted by the U. S. Air Force Office
of Scientific Research.

~Julian Schwinger, to be published.
2Murray Gell-Mann, Physics 1, 63 (1964).

3J. Schwinger, Phys. Rev. 130, 406 (1963). There is
a fuller discussion in my contribution to Theoretical
Physics (International Atomic Energy Agency, Vienna,
1963). Cf. Secs. 6 and 8. It seems that this point has
had to be rediscovered: M. Veltman, Phys. Rev. Let-
ters 17, 553 (1966); M. Nauenberg, Phys. Rev. 154,
1455 (1967).

4Except in a rest frame of the particles. But such a
rest frame is useless for the discussion of y5 transfor-
mations.

~To completely realize U(4) (3U(4) transformations,
other field components are required which would make
asertions about q and g* couplings, for example, but
we shall not write them out.

It suffices to consider the proton state with Sg =2
and to represent it unsymmetrically by +0 + z + &—

2 ~ 3
where the first two spins are in a triplet state. Then

g 3 — ~ 3—(~~&~ T(y ) = (Sf/ Sg) ~ S/a = 5/3, since Si2 ~ S= i and
]S3' S= —4.

The classic SU(5) value for —G&/GV is 5/3. The
same result is obtained from current-commutator ma-
trix elements that are restricted to the baryon octuplet
and decuplet. This has produced much discussion of
more elaborate mixing schemes. The new situation
seems to reflect the different physical interpretation
given to chiral transformations. Such a transforma-
tion on + generates N + m, not N and &* with orbital
motion.

8Whenever confusion of indices may occur, (0) is
used to designate neutral particles.
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Cross sections for the reaction y+P 7t. +P for incident gamma-ray energies of 2.0 to
5.0 GeV and for baryon four-momentum transfers squared of 0.5 to 4.0 (GeV/cP are pre-
sented. The results are compared with theoretical predictions based on Reggeized vec-
tor-meson exchange.

We report here measurements of the differ-
ential cross section for the reaction y+p -~'
+p over a wide range of incident photon ener-
gies (2.0 to 5.0 GeV) and of baryon four-momen-
tum transfers squared [0.5 to 4.0 (GeV/c)'].
Since the experimental method, along with ear-
lier cross-section results, are reported in
detail elsewhere, ' ' we give below only a brief
description of the experimental technique.

The experiment was performed using the brems-
strahlung beam from the Cambridge Electron

Accelerator. The momenta and angles of the
recoil protons were measured with a magnet-
ic-spectrometer system that used scintillation
counters and scintillation-counter hodoscopes
as detectors. The ~'-decay gammas were de-
tected in a 6&&8 array of lead-glass shower
counters that measured both the laboratory
angles and the energies of the detected gammas.
Background events due to reactions such as
y+p -v +vo+p were separated from vcp events
by requiring that the energies and angles of
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the detected m'-decay gammas be consistent
with the energy and angles of the parent m,
predicted from the measured proton kinemat-
ics. In making these predictions we assumed
that each proton was produced in association
with a single m'. For events in which both m'

ga~ma rays were detected, the gamma-hodo-
scope information gave five kinematic constraints
that each event had to satisfy if the event was
to be accepted as an elastically produced m'.

For events in which only one n gamma was
detected, one kinematic constraint was avail-
able. After applying these kinematic criteria,
the events selected as elastic m" s had a con-
tamination of inelastic events of less than 10%,
typically.

Our measurements, along with earlier Mas-
sachusetts Institute of Technology data'~' and
data from the Bonn group, ' are shown in Fig.
l(a) where we plot do jdt vs t for sever—al in-
cident photon energies. In this figure the dash-
dot lines are smooth curves drawn through the

existing data points and the dotted lines are
interpolations, E = 2.5 GeV, and extrapolations,
E &3.0 GeV, of the Bonn data. The dashed
lines are the theoretical calculations of Loch-
er and Rollnik' which are discussed at the end
of this paper. For both Figs. 1(a) and 1(b) the
error bars plotted with each of our data points
include the following uncertainties: statistical,
lack of knowledge of the exact distribution of
background events in the region of the kinemat-
ic peaks associated with elastic events (-+10%),
and uncertainties in the n. detection efficien-
cies (-+10%). In addition, the uncertainties
in hydrogen target thickness, spectrometer
acceptance, nuclear-absorption correction,
counter efficiencies, and beam monitoring re-
sult in an error of +16% which affects each
point equally. This uncertainty is not includ-
ed in the plotted error bars.

The behavior of the cross sections as a func-
tion of ) t I is similar to that observed in meson-
nucleon scattering and in other photoproduction
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FIG. 1. (a) do/dt as a function of t for several incident phot—on energies: squares, this experiment; circles,
earlier Massachusetts Institute of Technology data (Refs. 1 and 2); diamonds, Bonn group (Ref. 4); crosses, this ex-
periment, where the plotted data points are interpolations of data at nearby energies. The interpolation distance
for these points was typically +0.100 Gev. The curves in this figure are described in the text. (b) do/dt as a func-
tion of 8& for several values of It I. The symbols used to represent different types of data points are the same as
for (a). The curves through the data points are described in the text.
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FIG. 2. &(t) as a function of t: solid circles, this ex-
periment; circles, Bonn group (Ref. 4). The dashed
line is the p trajectory determined by Hohler et al.
(H,ef. 8) and the solid line is Eq. (1) (see text).

experiments 6 In particular the mo photopro
duction cross sections in the region of baryon
momentum transfers squared of 0.2 to 0.6 (GeV/c)2
can be expressed in the form dv/dt ~ eBt with
8 -3.0 (GeV/c) '. In this t range, a similar
exponential behavior is observed in meson-nu-
cleon reactions but with larger values of B and
in charged meson photoproduction with B —3.0
(GeV/c) —2. For momentum transfers larger
than 0.6 (GeV/c)' the moP cross sections show
a break or secondary peak. As will be discussed
below, this effect can be partially understood
if the production amplitude is dominated by the
exchange of a single Reggeized vector meson.
In fact, it is most reasonable to assume that
the exchanged meson is the ~.'

Figure 1(b) shows plots of the measured val-
ues of do/dt vs in'cident photon energy for sev-
eral values of Itl. For data where Ey-2.8 GeV
and It I & 1.0 (GeV/c)', we have fitted the ener-
gy variation of the cross section using the Re g-
geized co-exchange model. ' These fits and the
fit to the Bonn point for I t I

= 0.5 (GeV/c)' are
shown as solid lines in Fig. 1(b) and the dash-
dot lines are just smooth continuations of the
fitted curves which are drawn to pass through
the data points with E & 2.8 GeV. The fits tor
the data with E&~ 2.8 GeV determine values
of n~(t) which are shown in Fig. 2. Also plot-
ted in this figure are the values of o.~(t) for
small It ~

calculated from the Bonn 2.0- and 3.0-
GeV data, and the p trajectory (dashed line)
as determined by Hohler et al.' from an anal-

ysis of the reaction v +p —7T'+n. The solid
line is a linear fit to the photoproduction val-
ues of o.~(t) with It I ~ 2.0 (GeV/c)' where the
fit is constrained to pass through the v mass
at Rem =1. The equation of this fit is

a (t) = (0.47+ 0.03)+ (0.85+0.05)t.

Without this constraint at the co mass the best
fit is

n (t) = (0.36 + 0.08)+ (0.71+ 0.11)t

which gives

Reo. (M ') =0.80+ 0.14.

Figure 2 displays three features that deserve
comment. First, the values of o.~(t) are con-
sistent, within errors, with the values of e (t).
Second, the trajectory n~(t) crosses zero in

the region of -t-0.6 (GeV/c)'. For Reggeized
ur exchange the t value at which o.~(t) becomes
zero corresponds to a zero in the cross sec-
tion. However, the existence of a change in

slope or break in the measured cross section
[see Fig. 1(a)], rather than a zero, probably
reflects the neglect of other contributions to
the production amplitude, e.g. , s-channel res-
onances. Third, the measured values of n (t)
for I t I

& 2.0 (GeV/c)' are consistent with the
linear extrapolation of the values at smaller

I t I even though the peaking at large I t I appar-
ent in the 3.0-GeV cross section is inconsistent
with e exchange being the dominant mechanism.
This peaking at large Itl (or small lu I) is char-
acteristic of N* exchange. 9

The theoretical calculations of Locher and
Rollnik' in which they assumed Reggeized ~
exchange and constant residue functions are
shown in Fig. 1(a) as dashed lines. These cal-
culations agree with some of the qualitative
features of the data but the main discrepancy
between theory and experiment occurs at the
predicted zero in the cross section. This evi-
dence for the existence of other contributions
to the production amplitude is consistent with

the energy dependence of the cross sections
for E &2.8 GeV, Fig. 1(b), where the cross
sections also deviate from the simple Regge
behavior. Also, Locher and Rollnik's theoret-
ical calculations fail to fit the I t I dependence
of the cross sections for 1.5 (GeV/c) & Itl ~ 2.5

(GeV/c)' because the assumed constant resi-
due functions result in cross sections that do

not fall off as rapidly with increasing [tl as
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do the data.
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We wish to present results of a further anal-
ysis of data on the production of muon pairs
by a negative 12-BeV/c pion and kaon beam
at the alternating-gradient synchrotron. A pre-
liminary report of the experiment, which in-
cluded a brief description of the techniques

employed and of the experimental apparatus,
was given previously. ' That Letter discussed
the analysis of two-prong events' produced in
an iron-plate spark chamber and quoted results
for the dec@y mode p —p,++ p. .~ The present
Letter gives four separate determinations of
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