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The phenomenologieal model for the couplings 'of hadron resonances (B&) to the 56 baryons
(B) and 36 mesons [pseudoscalar (p) ox vector(V)], proposed by Mitra, is used for the inves-
tigation of certain x+ N V+ N' reactions in the intermediate-energy region via the s
channel, with the inclusion of baryon resonances with orbital angular momentum I.= 0, 1,2.
The specific reactions considered are x~p p~p, m p ppn, and x+n up. The results
for differential cross. sections and density matrices as functions of cose are presented for
each of the above reactions over a wide range of incident pion momentum (2.75-8 GeV/c).
The structure of the PBBI and VBBJ couplings for I+ 0+ transition are characterized by
a Lorentz-invariant form factor fL, for which two different forms, also postulated by Mitra,
are considered. For a comparison of the two form factors the n+p p+p results are present-
ed for both of them at all energies considered. The more recent (new) form factor gives
a definitely better fit to the data than the earlier (old) one. A striking obsex'vation in this
regard is that the old foxm factor predicts the wrong sign for Rep&p, viz. , positive in all
cases, whereas the new form factor not only reverses the sign of Rep&p to bring it in agree-
ment with experiment, but produces good agreement even in absolute value. As Replp is
expected to depend much more crucially than other quantities on the relative phases and
magnitudes of various paxtial amplitudes, the superiority of the new form factor over the
old one is indicated. Fox the energy dependence, the agreement with experiment becomes
consistently poorer at higher energies until at about 8-GeV/c lab momentum the two differ by
an ordex' of magnitude. This can perhaps be attributed to the neglect of higher resonances
in the present calculation. The present calculation, which is done in the s channel, agrees
well with other calculations performed in the t channel in the near forward direction as well
as with the u-channel calculation in the near backward direction, thus providing a good case
for duality. The conclusions drawn from the density-matrix analysis are qualitatively simi-
lar to those from the analysis of the differential cross section. '

I. INTRODUCTION

In the preceding paper' the relativistic hadron
coupling scheme of Mitra2 has been applied to
pion photoproduction. In the present paper we ap-
ply the same model to the production of 'vector
mesons in meson-nucleon collisions. The essen-
tial ingredients of the model, as discussed in the
previous article, are (l) use of a supermultiplet
representation based on SU(6}x G(3}for the hadron
spectrum with baryons given by the representa-
tions (66, 2L ) and (VO, (2I, + 1) ) together with
their radial excitations, (2) a relativistic extension
of the SU(6) xo(3) model for the BB~P interaction,
characterized by the appearance of a relativistical-
ly invariant form factor f~ for a given I.P-0' tran-
sition, (3) use of Schwinger's idea of partial sym-
metry to obtain the corresponding BB~V coupling
in a consistent manner, and (4) determination of
the relativistic form factor f~.

In the absence of any underlying dynamical the-
ox y, the form factor can be fixed only in a phenom-

enological manner, though several restrictions can
be placed on its possible structure from certain
theoretical considerations. The form factor which
was earlier postulated by Mitra" has been applied
extensively to baryon and meson phenomena, ' '
especially to the calculation of total and partial de-
cay widths, with quite encouraging results.

Because of its success in the study of resonance
decay widths, we feel it should be interesting to
apply this model to some other processes where
it can be tested for its effects off the mass shell.
One such class of processes, which we have cho-
sen to analyze here, is vector-meson production
in meson-baryon collisions, e.g.,

A reasonable amount of data is available on these
processes and many other calculations have also
been performed so that a meaningful comparison
can be made.
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The main experimental feature of these reactions
in the intermediate-energy region is their periph-
eral nature. This is best shown by a strong peak
in the forward direction in the differential cross
section for all these reactions. Because of this the
one-particle-exchange models (OPE) have been
rather successful in explaining the gross features
of these processes. ' But whereas the OPE was
partially successful in explaining the peak in the
differential cross section, the decrease of produc-
tion cross sections with increasing momentum
transfer is much more rapid than expected on the
basis of QPE, especially when the exchanged par-
ticle is required to be a vector meson. ' This
drawback was partially met in the OPE by the in-
clusion of other competing open channels (OPE
with absorption). ' " This gave a marked qualita-
tive improvement (at the cost of extra parameters)
but a significant quantitative disagreement, es-
pecially in the forward direction, persisted.

A number of calculations" "have also been per-
formed in the Regge-pole-exchange model with
various degrees of complexity. The model has
some of the features of QPE built in, and hence it
is not surprising that it reproduced similar re-
sults. "

For obvious reasons most of these peripheral
and Regge-pole calculations have been performed
in the t channel. In our model on the other hand
we approximate the PB- VB amplitude by a sum of
contributions from various s-channel resonances
which couple to the initial and final systems. In
the present calculation we consider all baryon res-
onances with orbital angular momentum up to and
including I.= 2, which are the only ones known with
confidence as to their masses and other quantum
numbers. This restricts the validity of the model
to the intermediate-energy region (say, up to a
laboratory momentum of a few GeV/c), the same
region in which t-channel exchanges dominate the
processes. In our. model, which is an s-channel
calculation, the t exchanges (and u exchanges) can
be hopefully simulated by the combined effect of
all the resonances via duality. '8 " Hence, from
this point of view, the present calculation may al-
so be considered to provide a good experimental
test of the idea of duality.

An important feature of the relativistic coupling
scheme'4 used in the present analysis is the al-
most total lack of adjustable parameters. The on-
ly unknowns in the model are the over-all coupling
constants g~ which are fixed once for all by fitting
the decay widths of some well-known resonances
(only one constant for each L value). 2' The am-
plitude for any process is then completely speci-
fied even with regard to its phase. The total PB- VB amplitude which is a sum of contributions

from individual resonant amplitudes is thus ex-
tremely sensitive to the phase of these individual
amplitudes. As a result, the differential cross
sections and the density matrices depend very
delicately on both the magnitude and the phase of
the amplitudes. This is in contrast to the case of
decay widths, for which no such delicate balance
is required, and which are therefore not as sensi-
tive to the detailed structure of the form factor as
vector -meson production is.

Apart from this, in the present calculation (as
also in the photoproduction processes) the baryon
resonances in the intermediate state are off the
mass shell, and so the form factors which appear
in the PBB~ and VBB~ couplings will also be off
the mass shell. Again this is in contrast to the
situation for decay widths, where only the on-
mass-shell value of the form factor i.s required.
Because of these reasons the analysis of vector-
meson production processes provides a more
stringent test of the model, in particular of the
structure of the form factor, than is possible from
the study of decay widths alone.

Though the form factor proposed earlier by
Mitra' and applied extensively to various proces-
ses had a striking degree of experimental success,
it was not very satisfactory on some theoretical
grounds as discussed in the preceding paper. Re-
cently Mitra has proposed an alternative expres-
sion for the form factor which not only meets the
theoretical objections to the "old" one, but also
gives a significant improvement in some of the
crucial decay-width ratios. " Since the off-mass-
shell forms of the "new" and the "old" form fac-
tors are radically different, we have, as a test
case, carried out one of the calculations (viz. ,
w'p- p'p) with both the old and the new form fac-
tors, in order to test the sensitivity of the results
to them.

In Sec. II we briefly outline the derivation of the
invariant amplitudes for the PB—VB processes
starting from the basic quark-hadron couplings.
In Sec. III the results both for the differential
cross section and the density-matrix elements at
various energies are presented. The processes
studied are w'p-p'P, m p-p'n, and g'n-~p.
Wherever possible, a comparison with experi-
ment, as well as with the results of various other
models, is made. The conclusions regarding the
model, with particular reference to the form fac-
tors, are discussed.

II. FORMALISM

In this section we first briefly review the deri-
vation of the PBB~ and VBB~ couplings for the
sake of completeness. Using these couplings the
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+
p ~07a+ a+0~ & (2 1)

where the notation used is the same as in the pre-
ceding paper (except that we write k in place of q).
For pion couplings the spin-matrix elements aris-
ing from the direct term for BL-Bm transitions
must be expressible in one of the following forms:

PB VB amplitudes are written in terms of the in-
variant amplitudes given by Liu and Singer. " The
differential cross sections and density matrices
are then expressed in terms of these amplitudes
making use of the helicity formalism.

The M matrix of Schwinger for BBP and BBV
vertices may be written in momentum space [ex-
cept for an over-all factor of (-1)]as

I= Lkgv (Tive+ gt ggg kg (Tg(p g T~+(dpi)

X kX& X ~iXjr (2.2)

where g and g; are the (nonrelativistic) Pauli and
Rarita-Schwinger spinors, respectively. The com-
plete coupling for PBBL can be evaluated by multi-
plying (2.2) with the spatial part of the matrix ele-
ment which has the structure

(2.3)

where f~(k2) is a (scalar) form factor in k' and
BL"..., a tensor of rank L.j fL

The calculation of the couplings then merely re-
duces to a Clebsch-Gordan reduction of the direct
products like X,B«& and XB«&, whose relativis-
tic extension, carried out in detail in Ref. 2, will
finally give the following structure for the PBBL
couplings:

1/2

[B„SZ]~(ir~ k)(k ~ ~ ~ k )ym(z'. ..z (-iP, P k}k& ~ k& 0+(-m, )( ~ 0& . z 0& k&

1/2 (2.4)

(i(i+ I)l" -~
+(-m„')~

2(2 1) i 0P, . PP.,.' ' '
P, 4

+( m„'}i 2
~

tpa-. p,(- y y- } p, p, & (2.5)

(L+]
(b) 10-8: 2&2 D ~2+3 A . (2.8)

(70, 1 -56, 0+).
1/2

(a) 8~-8: (L4A+L,B)+
2 1 ~

(L4C+L6C'),

(2.9)

These couplings must be considered in conjunction
with the necessary SU(6) factors and isotopic
structures for various cases which are listed in
Ref. 6.

In the case of vector mesons there are two types
of couplings: (i) "magnetic coupling" provided by
the three-vector k'x p' and (ii) "minimal coupling"
symbolized by the three-scalar mp pO'. The spatial
part of the matrix element is still given by the
form (2.3), while the spin structures are now given
by one of the forms (the four-momentum of the
vector meson is now denoted by k')

X X 0 k'xeX, X e&~~k' (2.6)

where c represents the polarization vector for the
vector meson. The product of (2. 6) with (2.3} and
its relativistic extension will give the following ex-
pressions for the VBBL couplings:

(~56 L')- (56, 0+) .
1/2

(a) 8-8: (L,A+I+)+
2 1 i

(L,C+L,C'),2I +1)
(2.7)

L+1&"'
(b} ~8

- 8: L, D + .
2 3 ~

A2L+8) (2.10)

C = igy, k "ypc pk'p kp $~p '!'p. .
C'=7t y, m~y ~ k'y e k'„, k'„g~ .'!.'„,

where m„denotes the vector-meson mass. The
production of ur in the s channel occurs only
through the octet (I = &) intermediate states.
Therefore the VBB~ couplings (10-8) given by
Eqs. (2.8) and (2.11}are exclusively meant for p
production. The 8-8 couplings, i.e., Eqs. (2.7),
(2.9), and (2.10) [for p and &o productions] are to
be considered in conjunction with the necessary
SU(6) factors (L, ~ ~ L,) for the magnetic and min-
imal couplings (listed in Table I) as well as with
the isotopic-spin structures for the various cases.

The amplitude for the process x+N- V+N' can

(c) 10-8: W3(3A+B)

2I.+1 ~g ~g )
'

(2.11)
where A, B, C, andD are the different types of
BB~V couplings defined by Eg. (2.5) of the preced-
ing paper. For convenience the C type of coupling
is redefined in two parts as follows:
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be evaluated from the VBB~ and PBB~ vertices
(V, and V„, respectively) as follows: The reduced
matrix elements E~ for each resonance can be ex-
pressed as

TABLE I. The SU(6) factors (l&, ...,l 7) for VBBz
couplings for p and (d production processes.

2Mr
Er = Vr e (Q) M 2 Q2 Vrr

Mr +Q
(2.12)

l,
l2

5/ 3

where [2Mr/(Mz'+ Q')] er(Q) is the propagator for
an s-channel resonance2' B~ of spin J=L+ &,

mass" Mr, and four-momentum Q which can be
most conveniently obtained in terms of the well-
known projection operator for a particle of integral
spin"" L in the form

-8/W3

2v 2/W3

-a/2/ 3

(2.13)

For each s-channel resonance B~~ considered in
the intermediate state, we pick up the relevant
PBB~ and VBB~ couplings given earlier [Eqs.
(2.4)-(2.11)]. Next the projection operator
e„",&„&2 „"r(L"..'+1) is written in terms of Legendre
polynomials P~(Z).~' Further simplifications can
be achieved by making replacements such as

Dis(167»: 20 V~Ii (2.14)

D,'5(1675): (-I„'+2I2 —I~),

E„(1855): -pm„'mv(mv V,I, + V4I4),

E„(169O): (V,m„I, +I,V,).

given in detail in the preceding paper. With the
help of some well-known properties of the y ma-
trices, and making frequent use of the Dirac equa-
tion, one finally arrives at the following expres-
sions for the p and + production amplitudes for the
various intermediate states considered:

&(938): —,
'
(4 + Q'/M2)[(a, + Ma2) V,

+ mv (a, —Ma ) V ],
S»(1715): ~ (4+ Q /M )[-mv(b~+ MA~) Vs

+ (b + MA ) V ]m„mv,
D~3(1515): V4I~+ V~mvI2,

D„(1670): 9I, + ,'mpI,—,

E„(1880): , I, , ——

E„(1940):
3 5

(-I,+I, —I,),2

P (1238): —
15

2 1-
M2 I9-Idio+I» ~

8 S

(2.15)

TABLE II. The constants V; of the PB VB amplitudes
via octet resonance defined in Eq. (2.14).

V;

All the above amplitudes are to be multiplied by
the appropriate form factors for PBB~ and VBB~
vertices (discussed later) as well as the factor
1/(Q'+Mr'). The amplitude for P»(1470) is the
same as that for N(938) except that the coupling
constant g~ is different from g, . The quantities
a, , 6, , c, , and I, are certain combinations of the
invariant amplitudes (A, ) introduced by Singer, and
are given in Appendix A. J, are certain functions
of the kinematic variables which are also given in
Appendix A.

For the processes under investigation, namely,
z+N- V+N', it is most convenient to consider the
helicity amplitudes defined as

(z, x, ( x,.) =(x, x, j r~ z„O) =u(p, )ru(p, ),
where A., A&, and A., represent the helicities of the
vector meson and the final and incident nucleons,
respectively; T=QO, X,, u(p, ) and u(p, ) are the
helicity Dirac spinors for the initial and final nu-

The coefficients V, ~ ~ ~ V6 are listed in Table II
for p and w productions. The amplitudes for vec-
tor -meson production via decuplet intermediate
states (given below) are exclusively for p produc-
tion.

S»(1630): 27 (4+Q /M )[2(bs+MA3)

—m p(b, + MA, )]m„'mp,

V4
20
9

4
3

3
8

-4/ale

-4/a/S
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solid curves represent the results for "old,"and "new" form factor, respectively. (b) Same as (a) at 4.0 GeV/c. The
experimental points are from the compilation in Ref. 13. (c) Same as (a) at 8.0 GeV/c. The experimental points are
from Ref. 32.
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FIG. 2. The differential cross section do/dcose in mb

for the process x p ~ p p at incident pion momentum
2.70 GeV/c. The experimental histogram is from Refs.
13 and 31. In this figure and in Figs. 3 and 4, the curves
represent results with "old" form factor.

cleons, while p, and p, are their four-momenta,
respectively. u(p, )O,u(p, ) are the invariant am-
plitudes and X, their coefficients.

The differential cross section and the decay den.
sity matrix of the vector meson in the c.m. frame
are given, respectively, by

1.0
I

.9
I

.8
-cos 8

FIG. 3. Same as Fig. 2 for the process x p p n.

where s is the square of the total c.m. energy and
N is a normalization constant, determined by the
condition Tr(p) = 1.

The values of u(p, )O, u(p, ) for different helicity
states are listed in Appendix B. These, in con-
junction with the amplitudes given earlier [Eqs.
(2.14) and (2.15)], will give us the desired helicity
amplitudes.

The only quantities yet to be specified for a nu-
merical evaluation are the form factors f~(k') for
PBB~ and VBB~ couplings. As mentioned before
we have two types of form factors at our disposal.
The expressions for the old and the new form fac-
tors for both PBB'~ and VBB~ vertices are given
in the preceding paper.

III. RESULTS AND DISCUSSION

We have applied the model to the study of the fol-
lowing processes:

p Py

&p pPy
1T p~pny
m'n- mP .

For each process we have calculated the differen-
tial cross section and density-matrix elements as
functions of cos8 (center of mass) at different en-
ergies.

As pointed out earlier, the main experimental
feature of these reactions in the intermediate-
energy region is their rather overperipheral na-
ture, as indicated by a strong peak in the forward
direction observed in the differential cross section.
Because of this circumstance, most of the earlier
calculations on vector-meson production have been
in the t channel. Thus one has the one-particle-
exchange (OPE) modeP' and its improved version
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through the inclusion of other competing channels
(OPE with absorption), ""the Regge-pole model
with the inclusion of various trajectories, Regge
cuts, and so on."" A u-channel calculation of
these processes in the Regge-pole model has also
been performed. '4 But even with the inclusion of
various corrections, the t- and g-channel calcu-
lations have had their validity limited only to a
small range of angles in the near forward and
near backward directions, respectively.

In our model, on the other hand, we do not in-
clude any t-channel effects but only low-lying s-
channel resonances. If the idea of duality is even
qualitatively correct this should be able to simu-
late the effect of the t- and u-channel exchanges.
Thus the results of the present calculation should
be valid over a wider range of angles, especially in
the near forward and backward directions.

n~ top ( 3.25Gev/c)

Another feature of the present model is the ab-
sence of any adjustable parameters. The only pa-
rameters that appear in the theory are the coupling
constants (for even and odd couplings) which are
adjusted from the decay rates of some well-known
baryon and meson resonances. This enhances the
predictive nature of the model. This feature is to
be contrasted with those of other models, especi-
ally the "dynamical quark models, " ' ' in which a
large number of parameters appear and it is, in
general, not possible to predict any specific num-
bers, but only certain sum rules, most of which
follow from symmetry arguments alone.

Of course, as emphasized earlier, there are
«&« form factors which appear in our model,
and at the present state of knowledge it is not pos-
sible to fix them theoretically. Still, if one re-
quires the form factors to incorporate some of the
mell-known theoretical and exyerimental features
of hadrons, the choice is considerably narrowed
down. We have at the moment the "old" form fac-
tor given by Mitra" some time ago and the "new"
form factor proposed more recently. " Our pres-
ent calculation can help in deciding in favor of one
or the other, as the results are expected to be sen-
sitive to the choice of the form factor. Keeping
this in mind we have performed a model calcula-
tion for n+p -p+p with the "new" form factor as
well.

CD

0
V

L 4-
0

10.0
8-

I
2t n —u)b & 3.85 Gev/c)

1.0—

(a)
1.4

1.0
I

.9 icos e

I

.8 .7

{b)

1.0 .9 .8
=-COS 8

I

.7

FIG. 4. {a) The differential cross section do/dcos8 in mb for the process ~+n cup at incident pion momentum 3.25
GeV/c. The experimental histogram (Ref. 11) is in arbitrary units. (b) Same as in (a) at 3.65 GeV/c. The experimental
histogram is from Ref. 15 and is in arbitrary units.
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Differential Cross Sections

The results of our model for the differential
cross section for various processes at different
energies as a function of cos8 are shown in Figs.
i-5 along with the experimental values wherever
available. First of all we find that at low energies
the predictions of our model are in very good
agreement mith the data for almost the entire
range of angles (1 & cos8& 0.7) plotted. For the
processes w'p-p'p at 2.75 GeV/c (Ref. 11) and
v p —p p at 2.7 GeV/c (Refs. 29 and 18) in the for-
ward direction (8=0), the prediction of our model
is within experimental errors of the observed val-
ues, in contrast to the peripheral model where the
deviation is as much as 40%." For the charge-
exchange process m p p n, on the other hand, our
model predicts too small a value for the differen-
tial cross section in the forward direction. An

interesting observation in this regard is that
though we have added a fairly large number of res-
onances in the s channel, our numerical values
indicate that

0 do"

d(c s8) ( p P ) 2d( 8) ( p P p

a relation which, in the peripheral model, is an
exact one because only the pion exchange con-
tributes to it." This near-numerical equality of
the s- and t-channel results is strongly suggestive
of duality. Experimentally this relation seems to
be quite well satisfied except in the near-forward
direction.

%'ith increasing energy me find that our fit to
the data becomes consistently poorer until at about
8-GeV/c lab momenta the experimental numbers"
and theoretical predictions differ by an order of
magnitude. This is not very surprising, despite
our relativistic kinematics, as we have included
only low-mass resonances (up to and including
L=2). Because of this constraint, we cannot ex-
pect our present calculation to be reliable enough
at such high energies. As is well known, the pe-
ripheral model (with absorption) is also expected
to work only in this region. In our model at least
there is a scope for increasing its range of valid-
ity by taking more resonances into account with-
out adding any new parameters. But in actual
practice this becomes a difficult task unless some
algebraic method can be found for adding the ef-
fects of all the resonances. Such a possibility ex-
ists with the new form factor as has been demon-

450

400
y

n ( 2.3 GeV/c )

FIG. 5. The backward
differential cross section
do/dcos8 in pb for the
process ~ p upon at 2.3
GeVjc. The experimental
points are from Hef. 24.
The solid curve is our re-
sult with the new form
factor, and the dotted curve
is that of Kelly etal.
(see Ref. 24).

~ 300
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~U

200

)00—

50
-1.0 —.8 —.6 ~ 2 0
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strated in a model g -channel calculation. "
For a comparison of the "new" and "old" form

factors we have presented the results for m'p-p'p with both of them at all energies. We find
that the "new" form factor marks a significant
improvement in the comparison with the experi-
mental data in all cases. At 2.V5 GeV/c, where
the "old" form factor also predicted very good re-
sults, there is a significant quantitative improve-
ment with the "new" form factor which makes the
fit almost perfect. At 4.0 GeV/c the "old" form
factor gives results higher than the experimental
figures" by as much as a factor of 3, but the "new"
form factor brings them down almost to the exper-
imental level. At 8.0 GeV/c, despite a vast im-
provement in the results with the "new" form fac-
tor, the discrepancy between the theory and ex-
periment remains uncomfortably large, presum-
ably because of the insufficient number of reso-
nances included. Thus we find that the sensitivity
of the results to the choice of the form factor in-
creases with increasing energy; at low energies
the results are rather insensitive to this choice,
in conformity with the conclusion of Mehrotra and
Mitra for the photoproduction process. '

For the g'n- ~P case, which is also a charge-
exchange req. ction, the differential cross sections
are unfortunately available only in arbitrary
units x"~'5 so that a quantitative comparison can
not be made. However, at 3.25 GeV/c (Ref. 11)
[Fig. 4(a)] there is a sharp peak in the differential
cross section in the near-forward direction, which
is also present in our analysis though it is not as
pronounced. But for this slight discrepancy, the
general shapes of the experimental and theoreti-
cal curves agree quite well. At 3.65 GeV/c (Ref.
15) [Fig. 4(b)] where also the results are available
only in arbitrary units, the peak already seems to
vanish and hence the agreement of our model with
the experiment is much better.

We have also calculated the m p- p'n differential
cross section at 2.3 GeV/c against cos8 in the
near-backward direction (with the new form fac-
tor); it is shown in Fig. 5 along with the experi-
mental points. '4 The results of an earlier u-chan-
nel calculation for this process, using the "strong-
cut Reggeized absorption model" with N and 4
trajectories, '4 is also shown in the figure (dashed
curve). Though our results are slightly poorer
than those of Ref. 24, the agreement with the ex-
periment is very satisfactory indeed. Thus the s-
channel resonances seem to have provided an un-
derstanding of differential cross section peaks in
the forward as well as backward directions (which
otherwise require separate t- and u-channel cal-
culations), and hence a rather encouraging test of
the duality hypothesis.

Density Matrices

The density matrices for the same processes are
shown in Figs. 6-9. The data on the density ma-
trices are meager, the numbers are less reliable
since the errors are much larger, and sometimes
only the average values over a wide range of an-
gles are available. Because of these reasons the
comparison with experiment here is more or less
tentative.

First of all we observe that our model predicts

pz

at all energies and angles. This is by and large
consistent with experiment since p, , is rather
small compared with other elements, particularly
at low energies. " At higher energies the discrep-
ancy is undoubtedly large as was also the case with
differential cross sections.

As for the diagonal element ppp the agreement
with experiment is very satisfactory in general.
The peripheral-model predictions for the density
matrix for these processes are not extensively
available, so a comparison with that model cannot
be performed. However, for z'p-p'p at 2.75
GeV/c, the peripheral-model prediction [dashed
curve in Fig. 6(a)], as given in Ref. 11, is strik-
ingly different from ours. The only available re-
sult is the value of ppp averaged over the production
angle, a number which is in very good agreement
with our value. A more detailed analysis of ppp

will therefore be welcome.
An extensive density-matrix analysis for zN-pN has been given by Dass and Froggatt in the

Regge-pole model with evasive and conspiring pion
poles. " The results of our analysis are in quali-
tative agreement with those of Dass and Froggatt.

As for the m'n- cop reaction, the data are even
poorer, and only averages over rather large angles
are available. Qualitatively the agreement seems
to be quite good but nothing more definite can be
said unless more accurate data are made available.
It is interesting to observe that the simple QPE
and the Regge-pole models both predicted ppp 0
in contrast to the experimental value which is -0.6.
In the peripheral model the situation was remedied
by the inclusion of absorption effects, and in the
Regge-pole model by the inclusion of B trajectory
or the effect of Regge cuts, etc At 3.25 .GeV/c,
where only one experimental point is known, "our
results are in qualitative agreement as far as ppp

is concerned. Relatively more data are available
at 3.65 GeV/c (Ref. 32) and our results are clearly
in better agreement with experiment than those of
Ref. 32, using the Regge-pole model with cuts
[Fig. 4(b), dashed curve], which in turn is an im-
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provement over an earlier calculation of Henyey
et a/. " Figure 6 shows our results for the density
matrix for g'p- p'p with both the "old" and the
"new" form factors for the purpose of comparison
between the two. As in the case of differential
cross section, the agreement for ppp seems to be
definitely better with the "new" form factor, on the
basis of the data at 4.0 GeV/c [Fig. 6(b) j. Quali-
tatively the difference between the results of the
two form factors is the same at all the three ener-
gies plotted, though at other energies a compari-
son with experiment cannot be made at present be-
cause of nonavailability of data.

Whereas the difference between the predictions
of the two form factors for p« is only qualitative,
the one for Rep, p is striking. The "old" form fac-
tor predicts the wrong sign for Repm, viz. , posi-
tive in all cases, whereas the experimental num-
bers for this quantity are consistently negative for
all the processes considered. " The "new" form
factor not only reverses the sign of Repyp to bring
it in agreement with the experiment, but produces



K. HEN GUPTA AND V. K. GUPTA

p~$ p (2.7 GeV/c)

E.E

p~9 n(2.2GeV/c)

HH

L
-- HH ~~ l~~

~ ~

~ 3

I

E.O .9 e8
+—COS e

FIG. 7. The density-matrix elements poo and Repro
for the process x p p p at 2.7 GeV/e. The curves
represent our result with the new form factor. The
experimental points are from Ref, 31.

E.P e9 +- COS 8

I

.7

FIG. 8. Same as Fig. 7 for the process x-P pon at
2.7 GeV/c.

n ~~ p ( 3.65 6eV /c)

O
C

~+ n ~ u p ( 3.23 GeV/c )

O0 I I

.5-
~ 25

.8+- cos e

l

e7
, ,(b)

1 ~ 0
I

.8
+—CGS 8

FIG. 9. (a) Same as Fig. 7 for the process m+n ~p at 3.25 GeV/c, The experimental point is from Ref. 31. (b)
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very good agreement even in absolute value. Rep»
is perhaps a quantity which depends more crucial-
ly than others on the relative phase and magnitude
of various partial amplitudes, so that this agree-
ment of Rep» for the "new" form factor strongly
suggests its superiority over the "old" one.

In conclusion, we find that by and large our mod-
el provides a good description of the vector-meson
production processes. The agreement with exper-
iment is from "reasonably good" to "excellent, "
both for the differential cross section and the den-
sity-matrix quantities which are very model de-
pendent. As expected, the validity of the present
calculation is limited to the intermediate-energy
region. This range of validity can presumably be
increased with the inclusion of more resonances
without any extra parameters but with enormous
increase in algebraic work. The results seem
definitely to be in favor of the "new" form factor,

as can be most clearly seen from the change even
in the sign of Rep» required by experiment. The
calculation also provides some welcome indica-
tions of duality through a simultaneous fit to the
data in the forward and the backward directions
for z p -p'n. Finally it may be added Uiat more
accurate data, especially a fine-grain analysis of
the angular dependence of density matrices, is re-
quired for a quantitative comparison of various
models available at present.
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APPENDIX A

The general structure of the amplitude for the process I'+N - V+ N' is given by"

(A1)M~~ = u(P2)y~[C~i(e ' y) + C2(e ' q) + C~(e ' y)(k' ' y) + C4i(c q)(k' ' y) + Cs(e ' k) + Cei(e ' k)(k' y)]u(P~).

However, we find that in our model, for the L+ —, couplings mentioned as the A, B, C types in the text, the
first four coefficients, namely, C„C„C„and C4, exist, while the other two coefficients C, and C, re-
ceive contribution from I.+ ~ (D type) coupling only.

Let

u(P )iy (~ ' y)u(P ) = A

u(p. )y.(~ q)u(p, ) =A.,

u(p, )y, (e y)(k' y) u(p, ) = A»

u(P, )iy, (e q)(k' ~ y)u(P, ) = A„
u(p, )y, (e k)u(p, ) = A„
u(p, )iy, (e k)(k' y)u(p, ) = A, .

(A2)

The above invariant amplitudes are combined in the following way so that the p and cu production amplitudes
could be conveniently expressed in terms of these combinations:

a, =(m„'+2q k)(mA, —A, )-2m(A4- mA ),

a, =(m„'+2q ~ k)A, -2(A, - mA, ),

a, =-(m„'+2q k)A, —m(2A, +A, ),

a~= 2A.2+ A3,

a, = (m, 2+ 2 q k)A, + (M + m) A, ,

a, = (m, '+ 2q k)(S —Mm)A~+ m, 'MA~,

a,=[m,' —(q k/M')(q'+Mm)]A +(m-M- q k/M)A

b, = mAx+2A2+A3

b, =-[m, '+2(q k}]A,-mA, +2A„

k, = -A4+ (q k/M)A„

b, = (q k)a, + (q ~ k')m, 'A„
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b, = A4(m+ M),

bQ = -[(Qa+ Mm)A2+ (Q k)AS],

b, = (m„'+2Q k}A, + (M+ m)A„

ba = (m„+2Q k)(s —Mm)A, + m 'MA 6,

bQ = [m„' —(Q k/Ms)(Q'+ Mm)]A, + (m —M —Q k/M)A„

E-10, a, ', M—E—am- m~'a, -m~'(Q k) 2+, a4(Q k)(Q k'), Q k Q'

2 2
Q2

I, = —,(a -Ma4)F'+3(m, '+2Q k} a + aQ+b, -m„'(m+M)a4+ 2 b41 I 2 ~
Q k' Q2- Mm

l, =a, +Mk, ——[(Q k')a, +(Q k}b] , -, (Q k')a —-', E(b, +MA, ) —10, 5),Q' . , 1 (Q' k)(Q' k')
M

Q k' Q' 2(Q k), Q k Q'
I4=

M a, —
M a, —

~
—mF' a, -Ma4 b-, + Q k 2+, A, + —IFb, ,

2 k' Q2
I, =F4 k —'- —,'+ —,a, +2, a3 +m, ' k' —'- —2A, +5m, ' 02+MA, +F, a, -ma4,

Q k' Q2)

(Q k)(Q' k') Q

I7 3 F5+F6 ™~ ~ a, ™„'A,-F6mv &1 ™
+F +F, +E, 2- [-Ma, +(a +Mm}A ]-km„(b -MA, }I',Q ~ k Q ~ k' Q ~ k s

I, = [E,Q+ 9x( ,'~E, —3E42)]—(b,—MA, )
~ k'

+0(—,', E, -5F')(a (m +2M)+A, (Q'-Mm-m„')+, [a (Mm —Q')+A, M(Q'+m' —2Q 5)]),

+,(»Fs —3F4')~ a,—,(Q k)a, +,[15(Q k}E4 —3(Q k')E4] xa, +, a, + mF'a,
M2 10 8 4

g
6 M2

+9(—,~F8-3F4') -aam+M+ +A, mE'-, Q' — m -2 b7+a,
6

l„=(5—mA, )(10, , -E +5, (6+Mm}a, + 5m, '[A, (m+ M} -A, ](Q k)(Q' k') Q' k'

M

5
2

+ —[b4+ 2m(Q k)A, ]+5(m + M)(a, —m, 'A, }+5, (Q k)AS,
M

Q ~ k Q k 2s
I„= -5(m+M}a, +5 (Ak+2AA)-, 't-, b,

tm

+ " (A4+MA. ,)+,(m„'+2Q k)b, —3 6—,b,5m„' 5, s
M

~ k'
1,' = (5', —6E') ( (5 —A, M) —,5, )+ (50E +5')[-,( + M)+, 'A, ]
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+ -F (Ma + QQA +Mme )+30F 2+ k -6F' 1+ [a —(M+m)A ],

(Q k)(Q k') Q'

Q k''ym' g, -Q m, my~ y m„Q -~m Q, -~ Q'ym' g

+,"[a,(Q'-Mm)aMA, (Q'+ ')]),

Q k' , Q k Q k' Q'(Q' k)I'=-E, b, +21 -xb, +
M

b + b9 —a, M2 F,3+ ~2 Ej4+Fj, +21E

Q k Q k'+21, -xa,+, a, +m~'a, +21E~a, +21E~ -a, m+M +m„'A, -2b7

+, (-Ma, -2a, +MMA, -Q'A, )),
Q' k

where x, E, E', E; are all functions of the kinemetical variables, viz. ,

x= 2k k'+ 2 2+(Q' k)(Q' k') Q'

QkQk
M'] M'

2(Q' k)(Q' k')
6 2Q'5+2

30 4~

xs O'
Q (Q' k)(Q' k') Q'

-3E4 E4+ 1+ 2 -3E4 E4'+ 1+ 2
—g 4+ 2 F4'',

F4 = k k'+ (Q k)(Q k')/M~

F'=-m '+(Q k/M)'

F,"=-m,'+(Q k'/M)',

E5=-15E~ 8+, -60E~ 2 1+ 2 +6 4+ 2 E~E~

-15E4' E4+ 1+, + 12E4 E~ + 1+

E =E 15m 7+3 +60 -'30 1+ E',
Q' Q' Q' k '

. (Q' k)(Q' k') Q'
M

F = 4. "~ -F -F F-,F—-(. k. k), (")(Q "Q'i
Q 85 M&i 4 4 4 4. 4 v MQ

2ypg 2m 2 3 y

Es =105F4 -15E~E~,



1838 K. SEN GUI'TA AND V. K. GUPTA

E = F—I 16 +'l -60F l1+
I
—2E'E"I12+5'4'& '

-15F"E'+ 1+ -15F' F"+ 1

(9 k)(Q k')E„=EE -5E
I 16+l, +3, 1+ ~ II 10E4 +4E4E4M)(

F =-SE -m ~ 32+5
'

I+3 ~'''I'14+5~' I+24(~'""~'"'1+~'IE
M )

F,4=3m, ' 8+, -3 10+

F F +

APPENDIX B

&n this appendix we list the expressions for the
invariant amplitudes u(P, )o,u(P, ) =&A., A~lo, lx,) in
terms of the kinematical variables of the different
particles. The other amplitudes can be obtained
from these through the relation

(x, xgloglx, ) =(-1) '~~'~'(-A, , -A~lo;I-x;).

&--.', 0lo, l-.') =2 ' "
m, s~-,'8,

&-,', olo, l-,') =-

(-,', -1lo, l-,') =0,

&--,', 1 IO, IS =0,

m~ ++
I
k I

cos g 8,
2

&+—,', +1IO, I+-,') =0, for i=1, 2, 3, 4

(+-,', -llo, lg =- —m, sin-,'e,
1

&--' lloil& = —m, cos-,'e,
1

&-,', 0
I O& I a&

= —(w, .m, + lk' In, ) cos-,' 8,

(--,', Olo, l-,') = ( „w,
—m+-Ik'ln, )sin 8,

2

&--,', llo, l-,'& =0,

(+-,', -llo, l+-,') =0,

(-—„Olo, l-,&
=- wein;en„

&-„Olo, lg = — wcos-, en„
2

&--.', 0lo, lg =- m, +n, —sin-,'8,
2

&-,', llo, l2& =-&-,', -llo, l-,') = —~sinecos-,'8,
K,

(—', Olo I
—,') = —(lklw cos8- lk'lk )n cos-,'8,

2

(-—,', Olo, l
—,') = —(Iklw, cose- lk'Ik, )~ sin-,'8,

E2

(--,', 1IO, I-,'& =-(--,', -ilO, I-,'& = —~s~es~-,'8,
1

&-,', llo, l-,'& = -&-,', -llo, l-,'&

= —(Ik'Im, + w„,n, ) sine cos-,'8,Ikl

1

&4, 0IO. I2& & (lklwa cose —lk'lk, )
2

Kj $0p p

k'

'-m 2

2

x (lk'Im, + w„n, ) cos-,'8,

&-4, 0IO.I& =- —(lklwlcose- lk'lko}
2

x(m, x lk'I - w„'n, ) sin-,'8,
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(--,', l /O, [Q = -&--,', -llO, /-,'&

= ——(~k'~m, —w,'n, )sine sm-,'8,

where

Z, =2m[2(E, + m)(E, + m)]'",

K~ = 2mmg(E, + m)(E, + m) j' ~',

m, ,=(E, +m)(E, +m)~ (P, ](P, ),

n, ,= (E, + m)(E, + m)
IP. I IP. I

E, +m E, +m '

w= Ws.

E, (E,) and k, (w, ,) are, respectively, the energies
of the incident (final) nucleon and pion (vector
meson).
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