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with @so). Similarly, a potential-scattering phase
shift involves a simple quadrature over qn(x).
Because such quadratures and the angles 8~ and

8~ are very monotonic functions of the energy,
they can be accurately collocated from computed
values at a few arbitrarily chosen energies, and
interpolation used for very rapid computation of
an entire eigenvalue spectrum.

For calculation of one solution to the Schroding-
er equation [for some given k'(x)], our method is
typically 10 times faster than direct integration
of Eq. (1) by standard methods, and becomes
faster with shorter de Broglie wavelengths. For
complete eigenvalue or phase shift spectra, for-
mulas like (15) yield results about 100 times

faster.
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Results of a high-statistics study of w++p p++p at 1,55-1.84 GeV/& are consistent
with dominance of w and ~ exchange close to threshold. A pronounced dip in po~ do/d't
at -t = 0.4 GeU may be attributed to pion exchange with strong absorption,

An intriguing question at present is whether the
structures at fixed I; in two-body scattering reac-
tions are inherent in the t-channel Regge-ex-
change amplitude, or are related to absorption of
low partial waves in the s channel. %e report
here a study of w'+p -p'+p, ' and the observa-
tion of structure at —t= 0.4 GeV in the pion-ex-
change cross section, which can be attributed to
strong absorption.

The r esults come from a hydrogen-bubble-cham-
ber exposure at the Bevatron which yielded 9000,
5900, and 6000, and 3400 events in the channel
w'+p- w'+p+w' at momenta 1.55, 1.67, 1.77,
and 1.84 GeV/c, respectively. '

In the momentum interval 1.55-1.84 GeV/c, the
reaction w++p —w+ +p + w is dominated by the
quasi-two-body channels w b,~(1236), w+b, +, and
p'P. ' The technique used to determine differen-
tial cross sections and density-matrix elements
for w'+p —p'+p was to make a maximum-likeli-
hood fit of the w+pw events assuming the follow-
ing set of amplitudes in the w' +p - w++p + w'

channel: p'P, w'h~, w'4', w'fV+(1500), and
w+Ã'(1680). The four independent variables char-
acterizing each event at a given momentum were
simultaneously fitted to this set of amplitudes
with the assumption that the amplitudes are in-
coherent.

At each momentum the fitting process was per-
formed in two states: (i) All w'pw' events were
fitted by the above hypothesis. The parameters
in the fit, a total of nineteen, were the relative
amounts of each quasi-two-body state, the mass-
es and widths of p', 4~, and 4', and the heli-
city-frame density-matrix elements p' of p, 4~,
and 4'.' This fit gave the total number of p'p
events: 2900, 2300, 3000, 1SOO, and the corres-
ponding p'p cross sections: 3.7~0.3, 4.0+0.3,
3.7+0.4, and 3.2~0.3 mb at 1.55, 1.67, 1.77, and
1.84 GeV/c, respectively. (ii) To determine da/
dt and p+ density-Lnatrix elements over a given
t» interval, the w+pw events in that t interval
were fitted with the same hypothesis.

Density-matrix elements in the Gottfried-Jack-
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FIG. 1. do/dtt p«~do/dt, p«ado/dt, and (p«+p j j)
xdo/dt for x++p'—p++p at 1.55, 1.67, 1.77, and 1.84
GeV/o.

son frame, p', were computed by the method of
moments, with each event assigned a weight
equal to the probability for that event to be p+p

according to the results of the maximum-likeli-

hood fit.
Figure 1 shows the der/dt, poo'do/dt, p~'djT/dt,

and (p»+ p, ,) do/dt distributions for 7j+ +p - p+ +p
at 1.55-1.84 GeV/c for —t &0.05 GeV'. Over this
momentum interval, the value of —t;„, (-t~, „)
for production of p(765) ranges from 0.05 {1.47)
GeV' to 0.03 (2.01) GeV'. Figure 2 shows the den-
sity-matrix elements poo poo pzi+ px-x and
Re@»'. We note the following features of these
distributions:

(1) The differential cross section do/dt shows
the strong forward peak and the dip at —t= 0.5
GeV, which are characteristic features of this
reaction at higher energies. '

(2) Both p„' and p~'do/dt show a pronounced
dip at —t —0.4 GeV', whereas there are no fixed-
t structures in p„' and p„'da/dt. The quantity
p~'do'/dt (p»'do/dt), which is the cross section
for producing p' with zero s- (t-) channel helicity,
receives contributions only from unnatural parity
exchanges in the t channel. '

(3) (p» + p, ,) do/dt dip's strongly at —t = 0.5
GeV'. The quantity {p»+p, ,) do/dt isolates the
cross section for natural parity exchange in the
t channel; the superscript s, t is omitted because
px, + px x is invariant under a transformation be-
tween the Gottfried-Jackson and helicity frames. '

(4) Repro' passes through zero at —t-0.35-0.55
GeV'.

Discussion. —(A) The cross-section behavior
suggests that the t-channel exchanges which domi-
nate this reaction at high energies are still opera-
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tive near threshold. This is consistent with the
lack of variation in do/d't over the momentum in-
terval 1.55-1.84 GeV/c, indicative that s-channel
resonances in the mass interval 1955-2090 MeV
are not strongly coupled to p+p. It is known that
for E»(1950), the leading s-channel resonance in
this region, the dominant inelastic decay mode is

The well-established t-channel trajectories for
2'+P-p++P are v, ~, andA2. Below, we at-
tempt to understand the features (2), (3), and (4)
in terms of these exchanges. Of the variety of
possible exchange mechanisms we consider two:
(a) single Regge-pole exchange, where the Regge
poles have the conventional zero structures, ~ and
(b) single Regge-pole exchange modified by strong
absorption; the Regge-pole amplitude is smooth.
This is the "strong-cut Reggeized absorption
model" (SCRAM). '

In model (a) the quantities p»da'/dt and (p11
+p1,)do/dt isolate the cross sections for m and

~,A. 2 exchange, respectively. In model (b) ab-
sorption spoils these identifications because it
generally mixes amplitudes. However, if, as ap-
pears likely, elastic scattering conserves heli-
city in the s channel, these separations work in
the s channel, even with absorption.

(B) The dip in p»' d/J/dt at —t = 0.4 GeV' has
not been reported previously. It is, however,
predicted by SCRAM. ' In SCRAM and other ab-

sorptive models, » structures at fixed t in inelas-
tic reactions arise from absorption of the lower
partial waves in the s channel. The s-channel
helicity amplitudes are then proportional to
J„(bv'- t ), where 11 is the net helicity flip in the
s channel, and b is the impact parameter of the
dominant partial waves. The net s-channel heli-
city flip is defined as n = In, —n2[, where n, and

n2 are the helicity changes at the meson and bary-
on vertices, respectively. For b of 1 F, the s-
channel flip-1 amplitude has, in general, a zero
at —/= 0.6 GeV', for pion exchange, the zero is
shifted down to —t =0.4 GeV .'

It may easily be seen that p»'der/dt isolates
the pion exchange amplitudes having net helicity
flip 1 in the s channel. The mAÃ vertex has n2
= I,'" and n, = 0 since p»'do/dt selects p+ with
s-channel helicity zero. The observed dips in
p»' and p»' do/dt are thus explicable in terms of
a zero in the s-channel helicity flip-1 amplitude
f S

0 1/2 yp 1/2

(C) The dip in (p»+ p, ,) do/dt at —(=0.5 GeV2
has been seen in studies of 7/++P - p+ +P at higher
energies. ' This structure is predicted for ~ ex-
change both by the conventional Regge-pole model
and by the strong absorption model.

(D) Within the framework of SCRAM the zero in
Rep10' has the same origin as the dip in p»'do/dt,
namely, a zero in the s-channel helicity ampli-
tude f0„1/2 01/2 for 7/ exchange. Thus,

P»O ~IJ I J Ol/2, 01/2 ~J11/2, 01/2 J -11/2, P1/2 ) J 0-1/2, 01/2 ~J1-1/2, 01/2 J -1-1/2, 01/2 J.

In SCRAM we "ave f1 1/2, o1/2 f 11/2, 01/2
f1-112,01/2 +f -1 -1/2 p1/2' since n = 2 and 0 for these
two amplitudes, respectively. Then a zero in

f, „,„„'at-k = 0.4 GeV' gives rise to a zero in
Rep, o'. Observations (2) and (4) are thus compat-
ible with the predictions of SCRAM.

In conventional Regge-pole exchange of m, (d,
and A2 [model (a)], the expectation is that Rep10'
=0. In this experiment Rep»' (not shown)
= —Rep»', and is therefore nonzero.

In conclusion, results (1) through (4) are con-
sistent with dominance of m and ~ exchange close
to threshold in w++P -p++P. The dip and zero at
—t=0.4 GeV' in p»'do'/dt and Rep10', respective-
ly, can be accounted for by the 7t-exchange ampli-
tude in the strong-absorption model. The dip in
(p1, +p, 1)da/dt is expected for ~ exchange in
either the strong-absorption or the conventional
Regge-pole model. The quantities p»'do/dt and

(p1, +p, ,) do/dt account for'about 40 and 35%, re-
spectively, of the forward cross section for z'

+P p+P.-
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Measurement of Muon-Pair Photoproduction in the Deep Inelastic Region*
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The inclusive cross section for low-mass muon pair photoproduction has been mea-
sured in the deep inelastic region. The measured cross section is much larger than that
expected for one-photon (Bethe-Heitler) processes. This result may be additional evi-
dence for pointlike structure (partons) in nucleons. The experimental results are com-
pared with the parton model of Bjorken and Paschos, The value of the cross section pre-
dicted by this model is too low.

Electron-scattering experiments in the deep
inelastic region'~ have shown that the cross sec-
tions for excitation of nucleons in the continuum
region scale and are large. The existence of
pointlike charged particles (partons) within the
nucleon has been proposed to explain these re-
sults. Bjorken and Pasehoss have suggested that
deep inelastic two-photon processes may be a
test of some aspects of the parton models. Such
processes include inelastic Compton scattering'
and its analog, the inclusive photoproduction of
low-mass muon pairs in the inelastic region.
The latter process must be separated from the
usual Bethe-Heitler production of muon pairs.
Bethe-Heitler production is calculable' from the
nucleon electromagnetic structure functions. An

excess in the cross section can be attributed to
the Compton diagram.

This paper reports a measurement of the photo-
pl oduetlon of low-mass muon pail 8 ln the deep
inelastic region. Photons produced by brems-
strahlung of 11.7-, 10-, and 8.5-0eV electrons
at the Cornell Univer sity Wilson Synchrotron
Laboratory were incident on a beryllium tax get.
Targets of 9.4 and 14.1 g/cm' were used. The
technique for the detection of the muons was sim-

ilar to that employed in previous experiments. e

It makes use of the difference between the ab-
sorption lengths of muons and other particles.
Muons passed through absorber A, hodoscope H~,
twelve scintillation counters R alternated with

Iron, and hodoseope H~, and stopped ln a thick
iron pack before reaching counters V (Fig. 1).
The apparatus detected muons produced between
10' and 15 with respect to the incident beam and
with energies between 2.58 and 3.49 Gev. Hodo-
scope II~ defined the solid-angle aceepta, nee
(0.0154 sr) of the experiment:. The It counters
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I .I
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FIG. l. Schematic diagram of the detector. Each
gap in the iron contains a single & or V counter, as in-
dicated. Lead shielding between the detector and the
photon beam is not shown. The beam enters from the
left.


