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The reaction n p —un in the beam-momentum range from 20 to 200 GeV/c has been
studied using data acquired at Fermilab. In this Letter, the integral and differential
cross sections for this reaction are presented. The integral cross sections are consider-
ably larger than those previously reported. The differential cross sections can be re-
produced quite easily by Regge models. As predicted by such models, natural-parity ex-
change dominates production throughout this energy region.

The reaction w P - &un offers a good opportunity
to test the Regge formalism for high-energy inter-
actions. Two noninterfering mechanisms (natural-
and unnatural-parity exchange) contribute to the
production cross section and each of these proc-
esses has its own characteristic energy depen-
dence. Furthermore, these two parts can be sep-
arated by measuring the fin31 spin density matrix
of the v.

Omega-production events (with the decay ~
-m'y) were accumulated simultaneously with
charge-exchange and eta-production data in an ex-
periment performed at Fermilab during 1974. A

total of 2100 omega events have been found among
these data which were taken at 6 energies from
20 to 200 GeV. The apparatus, methods of data
accumulation, and basic analysis schemes are
described in reports on the charge-exchange and
eta-production measurements. ' '

In the experiment, only a portion of the phase
space for omega decay was observed. Therefore,
determination of the production spin density ma-
trix was crucial for extrapolating into the unob-
served regions. Finding the decay angles for a
given event required complete reconstruction of
that event. This involves the complex problem
of matching showers seen in one plane of the de-
tector with those in the other. Fortunately, the
requirement that a m' be found in an omega, -like
event provides an extremely powerful constraint
and virtually eliminates all wrong matches. To
reduce geometric effects and to improve mass
resolution, cuts were made on the v decay an-
gle (Icos&,

nial
&0.6) and the n' decay angle

(lcos0,o-rrl &0.9). The ~ mass squared, m'

mass squared, and co decay-angle distributions
for the 150-GeVjc data are shown in Fig. 1. The
background under the ~ mass peak varied from
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FIG. 1. (a) The 150-GeV/c three-photon-mass—
squared spectrum of events surviving all cuts except
that for the square of the mass; (b) the mass-squared
spectrum of the two photons assumed to be the 7I;
(c) the helicity-frame polar-angle distribution for -
like events; and (d) the azimuthal-angle distribution.
The events in the region labeled BG in (a) were used to
determine the properties of the background; events be-
tween these sections were assumed to be omegas. In
(c) and (d), the solid line represents the omega and
background events from the omega-mass region and
the dotted line represents background events from the
BG regions.

25% at 200 GeV/c. lt is peaked at extremely
small production angles, and its decay is flat in

phase space. Both of these facts indicate that the
background comes from w p -wnn'n events in
which only three photons are recognized.

The helicity-frame spin density matrix ele-
ments are determined for each t bin by making a
maximum-likelihood fit of the decay distribution
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TABLE I. Differential cross section in pb/GeV~ and other results from the reaction r P-~ with the decay
The differential cross sections are averages over the t interval; no finite-bin-width corrections have been

made. Errors are only statistical; the overall normalization error is 10%. The right-band column contains the ef-
fective Hegge trajectory obtained by fitting the data to the parametrization of Eq. (2).

-t Bin
Gev2

0.00 —0.05

0.05 —0.10

0.10 —0.15

0.15 —0.20

0.20 —0.25

0.25 —0.30

0.30 —0.40

0.40 —0.50

0
a = —dtQo

Qt-.5
Number
of 6vBTltS

20.8

1.8 + 0.7
1.9 + 0.5
2.7 + 0.4
2.2+ 0.4
1.7 + 0.4
1.1 + 0.3
0.9 + 0.2
0.5 + 0.2

0.71 + 0.06

437 + 29

40.8

0.72 + 0.19

0.74 + 0.21

1 13 + 0.17

0.98 + 0.15

0.62 + 0.14

0.48 + 0.14

0.31 + 0.06

0.17 + 0.04

0.28 + 0.02

392 + 25

64.4

0.43 + 0.17

0.54 + 0.10

0.69 + 0.09

0.45 + 0.10

0.32 + 0.06

0.35 + 0.06

0.12 + 0.03

0.08 + 0.03

0.159 + 0.013

407 + 23

100.7

0.21 + 0.05

0.25 + 0.04

0.38 + 0.06

0.34 + 0.05

0.23 + 0.04

0.14 + 0.05

0 F 07 + 0 02

0.012 + 0.006

0.086 + 0.006

383 + 22

150.2

0.12 + 0.03

0.20 + 0.04

0.20 + 0.03

0.17 + 0.03

0.10 + 0.02

0.10 + 0.02

0.026 + 0.009

0.019 + 0.006

0.049 + 0.004

290 + 19

199.3

0.024 + 0.016

0.082 + 0.016

0.154 + 0.023

O.ill + 0.019

0.088 + 0.018

0.032 + 0.012

0.010 + 0.004

0.004 + 0.003

0.026 + 0.002

194 + 16

0.18 + 0.07

0.32 + 0.05

0.36 + 0.04

0.35 + 0.04

0.35 + 0.06

0.28 + 0.06

0.07 + 0.05

-0.08 + O.ll

After background subtraction.

to the functional form

W(8, @)= (3/Sr) [(1+cos'8) —2p„(3cos'8 —1) + p, , sin38 cos2y +v 2 Re( p„)sin28 cosy j
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FIG. 2. (a) Representative spin-density matrix ele-
ments; and (b) representative differential cross sec-
tions. The dashed lines in {b}are the predictions of Irv-
ing and Michael (Ref. 5) which are based on 6-Gev/c
data.

plus a flat background term. Monte Carlo integra-
tion techniques were used to determine the aver-
age detection efficiency. Different assumptions
about the shape of the background change the nu-
merical value of the spin density matrix slightly,
but leave the average detection efficiency virtual-
ly constant.

Representative density matrix elements are
displayed in Fig. 2(a). It is the cosine-like struc-
ture in the cp distribution [Fig. 1(d)] that forces

he parameter pi-i to be large and consequently

p„ to be small. ' At high energies, the combina-
tion p, =p„+p, , (p =p„-p, ,) projects out only
natural- (unnatural-) parity exchange' (p» =-,'
—2 p, ,). As can be seen from Fig. 2(a), in this
energy regime almost the entire cross section
comes from natural-parity exchange.

The total and differential cross sections for
omega, production are listed in Table I. The nor-
malization corrections applied to these data are
similar to those discussed in Ref. 3. In Fig. 3,
the total cross sections are compared with pre-
vious measurements. The discrepancy between
the results of this experiment and those of Bolo-
tov et ai. ' arises from differences in the assumed
value of p„. If p„p = 0.57 had been used here as
in Ref. 7, the two results would agree; however,
this viue of pop is inconsistent with our observed

q distribution. The change in slope of the total
cross sections from the region' "below 10 GeV/c

to the region of this experiment is predicted by
Regge theory. The unnatural-parity-exchange
portion of the cross section, which is sizable
below 10 GeV/c, "is mediated by & -trajectory
exchange. This portion is expected to decrease
faster with energy than the natural-parity part
which is mediated by p-trajectory exchange.
Above 20 GeV/c, the effects of unnatural-parity
exchange have all but died away and the new slope
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FIG. 4. The effective Begge trajectory. The p trajec-
tory is taken from Ref. 1 and the B trajectory is the one
assumed in Bef. 5.
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FIG. 3. The total omega-production cross section.
Data from Refs. 8—11 are plotted. The partial fraction
of the cu —x y decay mode is taken to be 8.8to (Bef. 12).

ward direction is there appreciable departure
from this trajectory. In that direction, the p re-
sidue function goes to zero and processes involv-
ing lower-lying unnatural-parity trajectories are
emphasized. Therefore, a departure of the effec-
tive trajectory from that of the p is expected.

dv/dt =A(t)pb (2)

confirm this observation; the values n(t) lie al-
most on top of the p trajectory obtained from
pion charge exchange' (Fig. 4). Only in the for-

of the total cross section is less steep.
Also plotted on Fig. 3 is the total eta-produc-

tion cross section."Although the agreement of
the magnitudes of the eta- and omega-production
cross sections may be coincidental, the similari-
ty in slope again indicates that natural-parity ex-
change now dominates production.

As shown in Fig. 2(b), each differential cross
section has a dip in the forward direction which
is characteristic of p-exchange interactions, and

a structureless exponential fall past I; = —0.15
GeV'. The Regge-model predictions which Irving
and Michael obtained from 6-GeV/c data' are al-
so shown in Fig. 2(b). Although the actual dip in
the forward direction seems less 'dramatic than
predicted and the high t cross section falls less
rapidly, the agreement between the data and their
predictions is quite remarkable. It is clear that
a similar Hegge model can accurately reproduce
all features of both these and the lower-energy
cross sections.

As indicated before, the natural-parity exchange
dominates most of the production cross section.
Fits of the differential cross sections to the form
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