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The ¢, =1, 2, 3 are the unitary spin indices, 7, j=1, 2
are the spin indices, g and f are the coupling constant, ¢
and o represent physical particles, and the w-¢ mixing
angle §=cos™(v/%) is taken. The spatial dependence
that is not needed has been suppressed and units
h=c¢=1 are used.

Put Egs. (2) and (3) into Eq. (1), and we obtain
A= gT11|:V71P57P16+P71V57P15+P71P57V16
+V1YP, P35+ P17V P+ P17P V5t
X%(V7"P57P“5+P1”V37P“5+Py"Pa“fV,“):laf
+fTHV PP la2.  (5)

The factor o42 indicates that the Z component of vector-
meson spin is Sz=1.

The following relations among the decay amplitudes
V— P+P’++v up to a constant factor are obtained
from Egs. (4) and (5).

(0| mrry)
= (0| m%7%) = (| 7tz~y)=VZ (g+f),
( po ( 7r+7r°’)’)
=V3 (ot | 7tny) =V3 (0| 7%) ©)

= (K*+|K*n')= (K*| K'r%)
= (—1/V2)(¢| KK %) = (—1/V2) (¢| KK 207)
= (1/V3) (wdr®yy)=V2g,
(0| mmy) =V2(3g+f),
(K* | r+Koy) = (K®| rK+y) = (o] K*K—)
= (¢| KK y) = (@] 1n%y)
= (¢|7try) = (¢|n%n%)=0. (7)

The relations in Egs. (6) and (7) except for the ¢ and
w decays can also be obtained from those® of SU(3) in

5 Relations (3) are obtained (up to an irrelevant over-all phase
in some cases) by putting a;=a:*+V3az* = — (2V2/V3)g, b1=(2V2/
V3)(g—f), and az=b;=0 in Ref. 3.
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Ref. 3. To obtain the ¢ and w decays from Ref. 3, one
must consider the decay o — P+ P’+ and then form
the suitable combination of « and ¢° decays with the
mixing angle 6= cos™1(v/%).

The only experimental decay mode of V — P4 P'4vy
known presently has the partial decay width®

I'(w|7try)<0.3 MeV,

from which one can obtain the following relations among
the partial decay widths:

R
=31 (p* | 7ny) = 3T (o°| x%y) = [ (K*+| K+n)
=T(K*|K%%)=3T (¢| K"K %)
=3T(¢| KLKo0y) = %P(wlfoﬂ’)’):

T (| 7try)

=2l (| 7'7%) =T (0| 7r7y)<0.3 MeV. (8)

The assumptions underlining Eq. (8) in addition to
the normal ones are the validity of SU(6) (broken by
electromagnetism) in which case the pseudoscalar
mesons in V — P+4P’4+ are in a symmetric JP=0%
state so that the decays proceed as a electric
dipole transition, and that the w-¢ mixing angle is
6= cos™(v/3)

Some of the relations in Eq. (8) may perhaps be
checked experimentally to see, whether SU(6) sym-
metry is valid for the decay mode V — P+ P'+7.
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A Regge-pole model of vector-meson production is considered and applied to p and « production. The
Regge-pole contribution is computed explicitly, without use of the asymptotic forms. The residues are
related to the well-known coupling constants. The only parameter is the slope of the trajectory, which is
estimated to be 0.64/GeV2. Good results for the differential cross section are obtained. The question of the

decay density matrices is discussed briefly.

T present, it is fashionable to explain the peripheral
production of resonances on the basis of an
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absorption model or one-particle-exchange models with
form factors.! On the other hand, many of the desirable
features of both models are automatically contained in

1 See, for example, J. D. Jackson Rev. Mod. Phys. 37, 484
(1965). This survey paper contains further references.
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a Regge-pole exchange picture,®> which is also very
helpful in connection with the unitarity restrictions.
Of course, the Regge-pole model has to be handled with
some care at nonasymptotic energies, where it also has
a somewhat different meaning. Although simple Regge-
pole exchange does not seem to be a good approximation
in elastic channels at higher energies,? it is possible that
the accumulations of branch points, which seem to
complicate the situation in the angular-momentum
plane of a crossed channel with the quantum numbers
of the vacuum, may not be very relevant in channels
with different quantum numbers and at lower energies.
We think, therefore, that it may be reasonable to
explore the ‘“naive” Regge-pole model for inelastic
reactions.

It is the purpose of this note to discuss the Regge-pole
contribution to vector-meson production.* The Regge
formalism is applied to p and w production. We show
that, under reasonable assumptions, the damping of
the differential cross section at large values of momen-
tum transfer can be well described by Regge pole terms
alone. Furthermore, we find that the Regge ansatz
gives the right order of magnitude for the cross sections.
Of special interest is the amplitude for w production,
because in this case only p*-meson exchange is allowed,
and the relevant coupling constants are well known.

Let us consider the reactions #N— VN, where
V=w,p. The Regge-pole contribution can be calculated
using the helicity representation in the channel
NN — =V together with the crossing relations. It can
be shown® that the Regge-pole term in the crossed-
channel amplitude is given by

([ F(s,0) [Mha)=— a+1)N ()
Xa! (0) (e~ 8@ 1) /2 sinzB(s)
X [4puea) 2M (15117 2O Py (0 (3)
X[ (1—2)/27%2[ (14-2) /22X Cryapg, (1)
where A=X1—X2; Amex,min=max,min(A\y); @=Amax
—Amin; 0=AmaxtMmin; Ps,ks=1initial, final momenta in

the crossed-channel c.m. system, z=cosf;, a(s) = Regge
trajectory, B(s) =a(s)—Amax, M =nucleon mass, and

T (a+>\max+ 1)F (a—')\mnx_"'l)
T (a+)\min+1)r (a_>\min+ 1)

N <a>=[ Tx (= 1w,

2M. M. Islam, Nuovo Cimento 30, 579 (1963); M. M. Islam
and R. Pifion, 7bid. 30, 837 (1963) ; H. Uberall, ibid. 30, 366 (1963).
K. Gottfried and J. D. Jackson, zbid. 33, 309 (1964) ; Phys. Letters
8, 144 (1964). M. S. Marinov, Zh. Eksperim. i Teor. Fiz. 46, 947
(1964) [English transl.: Soviet Phys.—JETP 19, 646 (1964)].
V. Barger, Nuovo Cimento 35, 700 (1965). R. J. N. Phillips and
W. Rarita, Phys. Rev. 40, B200 (1965).

3R. Oehme, in Strong Interaction in High Energy Physics,
edited by R. G. Moorhouse (Oliver and Boyd, Edinburgh, 1964).

4 See K. Gottfried, J. D. Jackson, and M. S. Marinov, Ref. 2.

5F. Calogero, J. M. Charap, and E. J. Squires, Ann. Phys.
(N. Y.) 25, 325 (1964).
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The momentum transfer distribution is then

do M? 1
—=—X-X ¥ |Ar|F(,0)AND]2,  (2)
ds 16mpt 2 Wwama

where p,=initial momentum in the production channel.

The factors in Eq. (1) have the following interpreta-
tions: (2a41)N(x) is a normalization factor arising
from the partial-wave decomposition. The second term
is the signature factor, where ma’(0) has been introduced
explicitly, so that the term reduces to a simple pole as
sinm@ — 0, which happens for s — me? (mex=mass of
exchanged particle). The signature factor, therefore,
has the same effect as a pole? for small values of the
momentum transfer, and it is expected to play an
important role. The third factor is the orbital factor,
which is mainly determined by the orbital part 8(s) of
the total angular momentum. This interpretation is
consistent with the appearance of 3(s) in the threshold
behavior (4p:k:)#®. For Rez>0, the Jacobi function
can be represented by a hypergeometric series as

reso=(" )5
ﬁ )G z = a—
b 2
z—1
XF(—B,—ﬁ-—a; b+1;—-—> )
241

Since for s<1 (GeV)?, z is roughly a constant and F is
a slowly varying function of s, we see that

[(1—2)/20e (1+5)/ 21225t ()

behaves roughly like /2, which produces the damping
at large momentum transfer. Finally, there is the factor
Cxay gy Which is determined by the type of interaction;
it contains the coupling constants and some kinematical
factors.

Because the energies we consider are not very high,
we do not make use of the asymptotic form for the
Jacobi function, but we compute it explicitly.® The
background integral is neglected, because its largest
contribution is near the forward direction, where the
pole at s=m’ is most effective in enhancing the
Regge-pole term.

¢ The asymptotic form of the Jacobi function is proportional to
I'(2a+1) z—l)""‘mx
2

r (a+)\max+ I)P (a_)\min+ 1)
1+ (_a+)‘mux) (_a+kmin) 2 _2__)2
(= 2a) 1—z+0(1—z ]
I'(—2a—1) 2— 1)_"‘"‘111&:_1 2 )]
1 —— —_—
Tr(—a+xm)r(—a—>\m;n)( 2 1+0(1——z
which reduces to Eq. (A2) of Ref. 5 for 2>3>1, and it is valid for
|z—1]|>2. In order to see the reason for the explicit valuation of
the Jacobi function, we give the following numbers: In the case
of p production we have at the peak of do/ds the value 2=1.9 (3.8)
at 4.0 (8.0) GeV/c incident = momentum, while for s<—0.2
(GeV)? the value z~4. (9.). In the case of w production for
§<—0.2 (GeV)?, we have z~3. These numbers indicate that we

are below or slightly above the bound for the validity of the
asymptotic expansion.

X
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F16. 1. Comparison between
= Regge-pole contribution to
7 do/ds with the experimental
data. Coupling constants:
1 Sorn?/4w=2.0; gnn.2/4wr=14.5.
Total number of events in-
cluded in Figs. 1(a) and 1(b)
are, respectively, 61 and 220.
The dashed curve is calculated
-+ from simple w-pole model which
is reduced by the Regge-pole
7  damping to the solid curve.
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It may be useful to discuss briefly the energy depend-
ence of a superposition of Regge poles. For a qualitative
discussion we neglect spin effects and write Six©+se’©
(S=signature factor). We assume that all the trajec-
tories are parallel. Since the relevant Regge poles in the
present problem are those of P (P=0~ meson) and V
(V=1 meson), we have the superposition

[12POS p(s) 27O Sy (5) o’ © .

Because of @p(0) <0 and ay(0)>0, we see that, as the
energy increases, the P pole will be suppressed and the
V pole enhanced. This has the following consequences
at nonasymptotic energies: At lower energies 2@ does
not modify the pole effects drastically. Consequently,
the highest lying trajectory does not have to be the
dominant one. As the energy is increased, there will
then be a transfer of domination from the P to the V
term. In our model, the = meson has the strongest pole
effect (the = pole is closest to the physical region).
When 7 exchange is dominant, the induced peak is
sharp. On the other hand, the V peak is much broader
and therefore the transfer leads to a widening of the
distribution and to deviations from the logarithmic
shrinking law in cases where = and V exchange are
allowed by the selection rules. The rate of transfer
depends on the relative magnitude of the coupling
constants.

In the application to p and w production, we retain
the assumption that the trajectories are approximately
straight lines and approximately parallel. As a rough
guess for the slope we take the vacuum trajectory
passing through a=2 at the f° resonance and a=1 at
s=0, which gives o/(0)=0.64. We use the approxima-
tion where the factors Cy,ap, are determined by the
condition that Eq. (1) reduces to the simple Born term

oA 2 3 4 5 )
-s(Gev)?

for s — me* and that the residue of the Regge pole in
the / plane is independent of 5.7 The result of the
matching at the pole is presented in Table I, where the
notation of Jackson and Pilkuhn® is used. The residues
are determined by the decay width (see figure captions
for explicit values).

The result of the calculation of do/ds for p production
is shown in Fig. 1, where it is compared with the

TABLE L. Cw,pe. fp,v=meson-vertex coupling constants for
P,V exchange. gp,v=nucleon-vertex coupling constants for P,V
exchange. y=gr/gv.

A +3 +3
A2 +3 -3
Av
frev s frgv
+1 ——ks 2 14— - (A7) kss
3m 42 3V2mM
frgp
0 ks 0
2Mmy
Sfrgv s Svgv
-1 ——ks12 1y— + (1+47) kss
3m 42 3V2mM

7 This model was suggested by Professor Oehme to the author
in the early stage of the present work. The motivation for this
model is to assign a definite physical interpretation to the residue
of the Regge pole in the J-plane, which in this model is assumed to
be energy-independent. (See Ref. 3, p. 170). For the p Regge pole,
the analysis of R. K. Logan [Phys. Rev. Letters 14, 414 (1965) ]
also indicates the constancy of this residue, and with our value
of the slope, this model gives a reasonable description of 7-p
charge-exchange scattering. The paper of Phillips and Rarita
[Phys. Rev. 139, B1336 (1965)] uses Regge poles in a way which
is quite different from our approach. Therefore, their parametriza-
tion should not be directly compared with ours.

8 J. D. Jackson and H. Pilkuhn, Nuovo Cimento 33, 906 (1964).
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F16. 2. Comparison between do/ds, calculated from p* Regge
pole exchange, with the experimental data. Coupling constants:
Jopr?/4w=10.5; gy*/4w=2.2, for p* exchange it is twice this value;
gr/gv=2.98. At 3.25 GeV/c (Ref. 9a) the histogram is normalized
to the calculated cross section up to —s=0.80 (GeV)? and at
3.65 GeV/c (Ref. 9b) up to —s=0.50 (GeV)2 Total number of
events included in Fig. 2(a): 151 and 6 events outside the range;
in Fig. 2(b): 75 events and 1 event is outside the range.

experimental data.? In this reaction, also w exchange is
permitted by the selection rules, but gy, is not very
well known.1® With the present value of & (0), the result
in Fig. 1 will not be changed drastically as long as
gnnt/4r<2. In the calculation of do/ds for w produc-
tion the ratio gr/gy=2.98 is used, which is based on
the electromagnetic-form-factor data.’? The result is
shown and compared with the data at 3.25% and
3.65 GeV/c# in Fig. 2. The total cross section is
estimated to be 0.27 mb at 3.25 GeV/c and 0.24 mb at
3.65 GeV/c incident 7t momenta. Preliminary results
at 3.65 GeV/c®b give (0.354-0.06) mb, indicating that
our result is of the right order of magnitude.

In our model we have made a pole approximation in
the complex angular-momentum plane, and partially
also in the s plane, at least as far as the coefficient
Cyyap 1s concerned. As a consequence of this, we find

9 (a) Aachen-Birmingham-Bonn-Hamburg-London (I. C.)-Mun-
chen collaboration, Nuovo Cimento 31, 729 (1964) (b) Aachen-
Berlin-Birmingham-Bonn-Hamburg-London (I.C.)-Munchen
collaboration, Phys. Rev. 138, B897 (1965); M. Deutschmann
(private communication) (c) Aachen-Berlin-CERN collaboration,
Phys. Letters 12, 356 (1964).

o K, Kawarabayashi, Phys. Rev. 134, B877 (1964); J. S. Ball,
A. Scotti, and D. Y. Wong (to be published) gives gnn.*/4r=1%,
gnNG/Ar=1.4.

i From Fig. 2, using gnnve=gnn, it can be estimated that the
largest deviation in do/ds due to p contribution is of the order of
0.3 mb for p production, which is a small correction.

21, N. Hand, D. G. Muller, and R. Wilson, Rev. Mod. Phys.
35, 335 (1963).

8 (a) W. Bugg, H. Cohn, G. Condo, N. Gelfand, and G. Lutjens
(unpublished); N. Gelfand (private communication). (b) G.
Benson, L. Lovell, E. Marquit, B. Roe, D. Sinclair, and J. vander
Velde, Bull. Am. Phys. Soc. 10, 502 (1965); G. Benson (private
communication).

that the decay density matrices, in the case of pure
exchanges, are the same as those obtained in the simple
pole model or the peripheral model. These do not agree
very well with experiments. In p* production, at least
part of the discrepancy may be due to the presence of
 exchange, but for p° production this exchange is
forbidden. These discrepancies are not unexpected,
because the density matrices are more sensitive to the
approximations made than the momentum-transfer
distributions.

As we have mentioned before and as may be seen
from Table I, some of the helicity components of the
Regge-pole terms are zero. This is due to our pole
approximation'* in the energy plane resulting in an
s-independent residue of the pole i the I plane’ The
constant residue is determined by the vertices (on the
mass shell) and therefore it is subject to the selection
rules of angular momentum and parity conservation.
If we do not make the pole approximation i the s plane,
then, in general, there will be contributions to the
helicity amplitudes other than those which have the
pole in s.15 These contributions, as well as contributions
from other poles and cuts in the angular-momentum
plane, may well modify the density matrices without
seriously affecting the distributions. It is quite possible
that the discrepancy encountered for the density
matrices in w production indicates the necessity for
exchange of another particle of a higher mass.!¢

Finally we mention that, as is well known, the
absorption model gives a reasonable description of the
decay density matrices. In this paper we are not inter-
ested in the phenomenological description, but in the
question to what extent a Regge picture may be
applicable for inelastic processes, in spite of the diffi-
culties encountered by the model in the elastic case.

The author wishes to express his gratitude to
Professor R. Oehme for suggesting this problem, for
stimulating guidance and for advice. He is grateful to
Professor M. Deutschmann, Dr. N. Gelfand, and G.
Benson for information concerning the experimental
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14 This can be shown using the method described in L. Durand
III, P. C. de Celles, and R. B. Marr, Phys. Rev. 126, 1882 (1962).
This property is also valid for off-mass-shell correction due to
self-energy diagrams and form factors.

15 Note that the Regge pole in the / plane does not correspond
only to a simple pole term in the s plane. Rather it corresponds to
the exchange of a particle with given integer spin only for s=mzex?,
where 7. is the mass ot this particle. For s #me? the conservation
of angular momentum and parity does not, in general, lead to the
structure of Table I.

16 Note added in manuscript. More recent work by the author
(M. Barmawi, to be published) shows, that the exchange of an
axial-vector meson gives rise to nonzero values for just those
components. The inclusion of such a meson makes it possible to
account for the experimental results obtained for the decay
density matrices, especially in the case of w production.



