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direction of the beam (target) particle in the vector-
meson (~ ) rest frame, they axis is along ~~xV,
where V stands for vector meson, evaluated in the
overall center-of-mass system, and x =yx z. The
polarization analyzer is the decay ~+ for the p, the
decay proton for the ~, and the normal to the decay
plane for the ~, 7t.

+ x w, each direction defined in the
respective resonance's rest frame.
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The forward differential cross section of p4 production is shown to be reproduced
quantitatively by an evasive Reggeized one-pion-exchange model which smoothly reduces
to the Born term at the pion pole. Assuming exact ~-B exchange degeneracy leads to
predictions for 4 production which are in agreement with the experimental s and t de-
pendences. Similar agreement is found for X*4production.

The t-channel one-pion exchange (OPE) ap-
pears as the dominant forward-production mech-
anism at medium energies in many two-body re-
actions. There is, however, a considerable con-
troversy as to the detailed features of this pro-
cess. The proximity of the pion pole to the phys-
ical t region suggests the importance of the Born
term. Nevertheless, it is clear that the experi-
mental momentum-transfer distributions in the
relevant reactions force rather severe modifica-
tions of the Born amplitude. Such modifications
have been suggested (and applied) taking into ac-
count off-mass-shell corrections, ' absorption, '
and a variety of Regge-pole and cut models. ' '

In this Letter we offer evidence that the OPE
contribution to the reaction

7t'P —P'a

is consistent with the exchanged pion lying on an
evasive (M=O) Regge trajectory with a slope
near the "universal" value of 1 (GeV/c) '. This
result is suggested by a recent high-statistics

experiment' at 3.7 GeV/c which provides differ-
ential cross sections and spin density matrix
elements to a (t ( value as large as 1.5 (GeV/c)'.
A similar analysis of the reaction

then provides a stringent test of ~-B exchange
degeneracy which is well satisfied by the data. '
Our results are readily extended to the reaction

R 'P -K*'g

but cannot properly describe either charged-pion
photoproduction or nP charge-exchange scatter-
ing. v However, our approach when coupled to
models such as the one suggested by Jackson
and Quigg' may provide an overall description
which is quite satisfactory.

It has been noted" that the differential cross
section of Reaction (1) exhibits shrinkage of the
forward peak mith increasing primary energy.
This behavior suggests a simple Regge-pole
parametrization with a steep evasive w trajec-
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tory. ' However, it has been argued' that the
shrinkage may originate kinematically from the
large widths of the measured p and 6 resonances.
The availability of the new 3.7-GeV/c data'
makes it possible to examine the structure of
the unnatural-parity t-channel exchanges away
from the very forward direction. The crucial
observation is that a zero seen in poPv/dt at
t'=t-t;„=-0.75 (GeV/c)' would enable us to
discriminate against models that are quite satis-
factory at lower t' values. Such a zero seems to
be suggested by the experimental data.

We limit our study to o, =p,odv/d (t'( to which

only unnatural-parity [I' = (-1) "]exchanges can
contribute. The Born OPE cross section for the
process g+b - c+d is calculated' to be

2g 1 2g &b2
cr = G' ' ' [(m +m )'-t] (4)Ssq' I('-m„' I '

where

q' = [s-(m, -m, )'][s-(m, +m, )'l/4s,

,'=[t-( .—,)'l[t-( .+,)'l/4, ',
5 ' = [t-(m -m„)'][t-(m, + m )'] /4m„.

The product of the coupling constants G'=(g„~'/
4m) (g~, n'/4') =0.9 if widths of 120 MeV are as-
sumed for both the p and 4 resonances. We

reggeize this expression by replacing the pion
propagator

1 1 +~
—j STD

, —7m'(0)t-m„' 2 sin~o

Fig. 4(a) of the preceding experimental paper' is
the best-fit result with a g' of 20.1 for 22 degrees
of freedom. The best-fit parameters are

n'(0) =1.16 + 0.03 (GeV/c)

2sp =1.08+ 0.11 GeV',

G' = 0.46+ 0.05.

The zero observed near (t'(=0.75 (GeV/c)' is
interpreted as a nonsense wrong-signature zero
in the OPE Regge amplitude corresponding to
e, = -1. The model is seen to reproduce quanti-
tatively both this zero and the detailed shape of
0'p over a lar ge range in t. In particular, the
apparent change in slope near (t'(=0. 2 (GeV/c)'
is well reproduced by our calculation. The fitted
G' value corresponds to p and 6 widths of about
90 MeV each, which may be regarded as satis-
factory in view of the simplicity and small num-
ber of parameters introduced in this model.

Having fixed the parameters from the fit at
3.7 GeV/c, we compare in Fig. 1 the model pre-
dictions with the results of other experiments at
different energies. ""We wish to stress that we
have not attempted to fit the overall data as dif-
ferent experimental procedures have been applied
both to cross-section normalization and to back-
ground estimation. In our opinion systematic
discrepancies as large as 20'%%uo may be present in

20

(1+2n)(1+ -2n)r(n+ &) s-u
1'(-,' )1"(n+ 1) 2s, (5) ~ 3.7 GeV/c

a 8.0 GeV/c
0 I3I GeV/c

where n = n'(0)(t-m, '). The model thus consists
of an evasive pion with kinematical factors deter-
mined by the behavior of the Born amplitude at
thresholds and pseudothresholds rather than the
factors suggested by the crossing matrix. ' The
reduced residue is smoothly continued from the
coupling constants calculated at the pion pole.
The only arbitrariness in the functional depen-
dence in Eq. (5) is introduced when we suppress
the poies of I'(n+-,'). We choose to multiply by
the lowest order polynomial in e which has the
required zeroes in the measured f, region. Alter-
natively, one may employ a Veneziano-type am-
plitude where 1 (n+ —,') is eliminated altogether. "

We have performed a fit to the data for reac-
tion (1) at 3.7 GeV/c, minimizing the X2 as a
function of n'(0), so, and O'. The curve shown in
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FIG. l. o.
o (p &++) as a function of It'I at 8.7, 8.0,

and 18.1 Gev/c.
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FIG. 2. (a) oo (p A++)/oo (&vd) as a function of (t'(. (b) ae (cu 6++) as a function of (t'( at 3.7 and 8.0 GeV/c.

v, (pb)/o, (~b) =A cot'-,' mn, (6)

where A =1 in the limit of exact SU(3) symmetry
[assuming that I'(B —cpm) =0, as expected for the
ideal nonet].

In Fig. 2(a) we show the data' and the best-fit
CurVe frOm an indePendent fit Of Vo (PA)/Oo (COD)

as a function of t'. The parameters at the mini-
mum value of )(' (l4 for 19 degrees of freedom)
are A =0.41+0.08 and n'(0) =1.12+0.08 (GeV/c)
when a linear trajectory, n =n'(0)(t-m„'), is
assumed. This fitted value of e' agrees well
with the value we have obtained using Eq. (4) and
the pA data alone. The experimental distribution
is mell reproduced over a wide range of t values,
but the significant dip in o'o (mE) [see Fig. 2(b)]
at (t'(= 0.17 (GeV/c)' is unexplained by our model.

comparing two different experiments. It may be
seen, however, that our calculation provides
quantitative agreement with both the s and the t
dependence of the data.

%e next consider the unnatural-parity-exchange
contribution to Reaction (2) for which the nearest
t-channel singularity is the B meson with J~~= 1".
From the absence of strongly coupled resonances
in the s-channel K'P system, one can argue that
Reaction (3) proceeds via the exchange of ex-
change-degenerate pairs such as w+B. Assum-
ing then that e~ = e „=e and that the residues
are equal (strong exchange degeneracy), one
finds that

A possible explanation in terms of a nonsense
wrong-signature zero of the B amplitude appears
to be unattractive both on experimental grounds'
and the grounds of the rather good general agree-
ment with ~-B exchange degeneracy. The fit of
our model to Reaction (2) at 3.7 GeV/c is shown
in Fig. 2(b) [see also Fig. 4(b) in Ref. 6]. The
parameters n'(0) and s, are fixed to the values
found for Reaction (1), so that the only parame-
ter varied in the fit is G [the sign of exp(-inn)
is reversed in Eq. (5) for B exchange]. This fit
was performed over the range 0.2 ~ (t'(~1.4
(GeV/c)' to eliminate complications due to the
dip and possible p-~ interference. ' awhile some
systematic deviations are seen at the largest t'
values, the overall agreement is good ()(' = 16.3
for 15 degrees of freedom), as expected from
the agreement shown in Fig. 2(a).

From the fit to the vo (coA) distribution at 3.7
GeV/c we find that G'=0.94+0.15. Combining
this result mith the previous one for p4 produc-
tion me get A = 0.49+ 0.06 which suggests possible
breaking of either SU(3) or exchange degeneracy. 'e

A further consequence of our analysis is that the
~h cross section is expected to fall more rapidly
mith energy that the pA cross section. This ef-
fect arises kinematically from the decrease of
(t~;„( as s increases, and is evident from the

form of Eq. (6). The predicted differential cross
section for &uh at 8 GeV/c is compared with the
data" in the lower part of Fig. 2(b), and is seen
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to reproduce the experimental energy falloff.
An independent experimental test of our model

may be made by utilizing available data on Re-
action (3). To incorporate possible symmetry
breakings we have chosen to use the experimen-
tal coupling constants determined by the pionic
decay of K* and 6", and take G'=0.38. The
only changes in Eqs. (4) and (5) are thus the
appropriate different masses and signatures, re-
taining the values of o. (t) and s, determined in
Reaction (1). These predictions, shown in Fig.
3, are seen to agree rather well with the data, ' "
especially so in view of the lack of arbitrariness
in the model.

The model proposed for V b,"production is
seen to be in quantitative agreement with experi-
ment. We have considered alternative models
to analyze the uniqueness of our conclusions. If
the exchanged pion were a fixed pole, or had a
trajectory which is almost flat, ' then a zero at
~t'~ = 0.75 (GeV/c)' is not expected. In particular
we note that a form factor' correction does not
produce such a dip. In our opinion the data anal-
ysis of Wolf' is somewhat misleading as he con-
siders the full differential cross sections which
contain contributions from natural-parity ex-
changes which cannot be neglected. ' Such con-
tributions cannot be reproduced by an OPE am-
plitude as long as it is modified by a form factor
only. Additionally, a flat trajectory does not
motivate a possible m-B exchange degeneracy
which is strongly indicated by the data. Hence,
we argue that the shrinkage observed in pA pro-
duction is a consequence of a m trajectory with
a slope -1 (GeV/c) ', rather than a pure kine-
matic effect. '

Another suggested model4 with only Regge
poles considers contributions from an I= 1 pion,
its conspirator, and a strongly coupled Ay.
While this model provides a good fit to data from
Reaction (1) at small t' values, no structure
near t'= —0.75 (GeV jc)' is suggested. Further-
more the fitted A, trajectory is quite different
from the m trajectory, so that it may be difficult
to construct an exchange-degenerate scheme for
this model. It is worth noting that we have ne-
glected an A, -exchange contribution in the pres-
ent model, indicating that the PA, b, coupling may
be rather smal1.

We have also considered the possibility that
the zero observed in a, (pA) is due to the optical
properties of the scattering amplitude. " Such
a zero would be expected near f'= —0.6 (GeV jc)'
if the net s-channel helieity-flip is one. Present
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FIG. 2. o'e (K* A++) as a function of jtj at 2.52, 2.76,
2.20, and 5.0 GeV/c.

data cannot rule out such a correlation. How-

ever, this interpretation leads to some difficul-
ties. One expects that the small pion mass would
shift the dip to ~t'~ values smaller than 0.6 (GeV/
c)', and not larger as seen experimentally. It
is possible to circumvent this complication by
associating the dip with A, exchange rather than
with m exchange. However, one would then ex-
pect the 8 contribution to co4 to show a similar
dip which is not observed experimentally. ' We
comment also that the dip observed in pyy+ py
near t'= —0.65 (GeV/c)' for Reaction (2) contra-
dicts the simple optical picture.

The present model offers no explanation for
the observed forward peaks in the photoproduc-
tion of charged pions and np charge exchange.
Modification of the OPE Regge amplitude as used
in our calculation by appropriate cuts (absorp-
tion) does provide a good fite to these problematic
reactions. It is not entirely clear why such cut
corrections are not required in the analysis of
Reactions (1)-(3), although we note that there is
no s-channel structure in E'p reactions and rela-
tively little in m+p reactions. A better under-
standing of the role of Regge cuts is therefore
crucial to a complete parametrization of the OPE
amplitude.

The authors gratefully acknowledge many use-

624



VOX.UMZ 25, NUM@SR 9 PHYSICAL REVIEW LETTERS $I AUGUST 1970

ful discussions with Gerson Goldhaber, Keith
Barnham, Donald Coyne, and Bronwyn Hall.

*Work supported by the U. S. Atomic Energy Com-
mission.

)On leave from Tel-Aviv University, Tel-Aviv,
Israel.

f.SUpported by the U. S. Air Force Office of Scientific
Research, Office of Aerospace Beseaxch, under Grant
No. AF-AFOSR-68-1471.

'G. Wolf, Phys. Rev. 182, 1M8 (1969).
J. D. Jackson, J. T. Donohue, K. Gottfried, R. Key-

ser, and B. E. Y. Svensson, Phys. Rev. B 139, 428
(1965).

B. Haber, U. Maor, G. Yekutieli, and E. Gotsman,
Phys. Bev. 168, 1773 (1968).

F. Arbab and B. C. Brower, Phys. Bev. 175, 1991
(1968).

J. D. Jackson and C. Quigg, Phys. Lett. B 29, 236
(1969}.

G. S. Abrams, K. W. J. Barnham, W. R. Butler,
D. G. Coyne, G. Goldhaber, B. H. Hall, and J. Mac-
Naughton, Phys. Rev. Lett. 25, 617 (1970).

For a recent review of the literatuxe see G. E.
Hite, Rev. Mod. Phys. 41, 669 (1969).

J. D. Jackson and H. Pilkuhn, Nuovo Cimento 33,
906 (1964).

J. D. Jackson and G. E. Hite, Phys. Rev. 169, 1248
(1968); S. F»utschi and I . J'ones, Phys. Rev. 1.64,
1918 (1967).

' The fits reported in this Letter were also performed
with this RltelnRtlve pRl ametrizatlon Rnd found to be
equally acceptable.

Aachen-Berlin-CERN Collaboration, Phys. Lett. 22,
533 (1966); Nuel. Phys. B 8, 45 (1968); K. Barnham,
private communication.
'2J. A. Gaidos, B. B.Willmann, J. W. Lamsa, C. B.

Ezell, and F. T. Meiere, Phys. Bev. D 1, 3190 (1970).
Our analysis supports a strong exchange degeneracy

ln which the K Rnd B 118 on the same trajectory hRve
the same threshold (and pseudothreshold) factors, and
hRve the same t depeQdence fox' thelx' residues. The
breaking of exact exchange degeneracy [or SU(3) in-
variance] occurs only via an overa11 t-independent
scale factor. While the existence of such a scale fac-
tor may be associated with SU(3) breaking for the
coupling constants of the exchanged 7t and 8 (retaining
exact exchange degeneracy), the comparison is not
straightforward due to the different dimensions of the
two coupllngs.

G. S. Abrams, L. Eisenstein, J. Kim, D. Marshall,
T. A. O'Halloran, Jr., W. Shufeldt, and J. Whitmore,
to be pUbllshed ~

5Bruxelles-CERN Collaboration, Nuovo Cimento A
61, 397 (1969).

A. Dar» unpubllshedq 888 also H. HRrRx'l lQ Interna
tional Symposium on Electron and Photon Interactions
at High Energies, LÃ verpool, England, September
1969, edited by D. W. Braben (Daresbury Nuclear
Physic 8 LRbox'Rtory DR x'8 sbux'y, LRQcR shire EnglRQd
1970).

H. M. Fried and Hector Morenof
Department of Physics Blown Unlvel slty Pl ovldence Rhode I81RQd 02912

(Received 28 June 1970)

A field-theox'etlc model 18 wx'ltten to desex'lbe the structure fuQctloQ $2 of deep-inelastic
e-p scattering. Strict Bjorken scaling is found not to hold; nevertheless, the model pro-
vides a modest fit to the experimental data. A variant of the Drell-Yan-West relation
between the elastic limit of 8'2 and the asymptotic falloff of the electromagnetic form fac-
tox"8 is obtained.

We would like to present a calculation of deep-
inelastic e-P scattering, in particular the struc-
ture function ~'„based upon a model refinement
of a previous eikonal attempt. ' Soft, virtual,
neutral, vector mesons (SVNVM) are here ex-
changed between the proton legs of an off-shell
Compton amplitude; and in addition, similar ex-
changes are inserted into the model to provide
vertex and nucleon propagator structure, as in
Fig. I. The vertex corrections can be thought of
as due to soft-meson exchange in the elastic re-
gion, ~ '=x =q'/2~&-1, where they have the
nice property of providing agreement with the
experimental data' and a connection with previ-

ous theoretical efforts. ' The calculation exhibits
the following features: (1) The absorptive part
of the elastic scattering amplitude displays the

FIG. l. A typical graph included in the soft summa-
tions of this model Compton amplitude.


