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We have in any case a model in which the coherent
inelastic effects can be evaluated completely, and, in
fact, the total contribution from all coherent inelastic
states is simpler to evaluate than that from any single
state. It might be interesting to study in detail the
magnitudes and phases of the individual contributions;
this could probably be done using the methods devel-
oped in Ref. 11.

Insofar as our model is applicable to real elementary
hadrons, it indicates that X factors as large as 1.4 in
the forward direction are quite likely, and that X's as
large as 2, as used in Ref. 3, are not completely un-
reasonable. Our model, however, gives little justifica-

tion for choosing X independent of momentum trans-
fer."We obviously have not proven that a constant
X is impossible, but we have shown that a not com-
pletely unrealistic model predicts a rather rapid vari-
ation.
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"This conclusion was also reached, on somewhat different
grounds, in Ref. 8.
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Preliminary results on the application of the Reggeized V(6) U'(6) 130(3) absorptive peripheral
model to photoproduction reactions are presented, with a detailed treatment for yp —+71-+n. The agreement
of the theory with experiment is most encouraging.

1. INTRODUCTION 2. FORMALISM

N a series of papers, ' ' the Reggeized U(6) SU(6) S.. O(3) absorptive peripheral model has been applied
with reasonable success to high-energy 0 —',+—+0 -',+
charge- and hypercharge-exchange reactions. The model
has now been extended to photoproduction processes.
The Reggeized U(6) SU(6) SO(3) symmetry scheme
is used to calculate the pole graph, thus providing sig-
nificant constraints among the Regge residues. Regge-
cut contributions are then introduced by applying ab-
sorption corrections to the pole amplitudes.

In Sec. 2 we present the general formalism for
p-', +~0 -',+ reactions in terms of the s-channel helicity
amplitudes and outline the derivation of the Reggeized
supermultiplet amplitudes. Section 3 contains a dis-
cussion on the application of absorption corrections to
elementary and Reggeized pion exchange. We conclude
in Sec. 4 with a discussion of the differential cross sec-
tion for the reaction yp —+Ir+II obtained from our model.
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For photoproduction of mesons on baryons, the
SU(3) U-spin scalar transformation property of the
photon in the vector-dominance modeP gives for the co-
variant T matrix

T (yB—+AHAB')

=Xp$T (p'B &MB') + (1/43)—T (IdsB~3fB')J,

where the p-photon coupling X, is given by

X,= e/g, , with g, '/4Ir= 1.8 and e'/4Ir= 1/137.

The Reggeized U(6) SU(6) SO(3) symmetry scheme4

is used to calculate the pole graph for the reaction
0 ~+—+1 ~+. By applying time reversal and the vector-
dominance model, we obtain the pole amplitudes for
~1+~0—1+

For meson-baryon scattering, which proceeds by the
exchange of excitation number E, the relevant effective
Lagrangians for the two U(6) SO(3) invariant 3-point

3 For a review of the recent literature see, e.g. , D. Schildknecht,
DESY Report No. 69/10 (unpublished), in which further refer-
ences can be found.

4 R. Delbourgo, A. Salam, and J. Strathdee, Phys. Rev. 179,
1487 (1968); 172, 1727 (1968); 186, 1516 (1969).
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couplings are

(a) Meson-meson-meson supermultiplet vertex:

(6, 6; 0)~»+, —(6, 6; 0)x»-,.—(6, 6; N)

&(.)=t" @~'(lP+q')C'c (l p q')—ho' )~~'~n"

8
y», & && «~—«~o—y&», &+& (p„»

Bqg Bq c

8 8
+»&&& '(4~, —

&& ",„C»&(—P, «j.
Bqa Bq c

(b) Baryon-baryon-meson supermultiplet vertex:

(56 1' o) —:~Q—(56, 1;0)-:~Q—(6, 6; N)»,

2(») =m 6 (qp+q) No)cr)) (—qp+q)

X(go4 +mgi 8/Bqs )@(»()(p, q),

where nz and tM are the masses associated with the
(56, 1; 0) and (6, 6; 0) rnultiplets, respectively. The
gp hp and ho' couplings do not contribute to charge-
exchange scattering.

The V(6, 6) fields are decomposed as

N(ABC) (p) (Pl 1&2N)

= (642m) —'I [(P+m)»C] ()e.»dN„"(„,...„,,)

+ (cyclic perm. ) }

@'~ (P)(»1" »N)=(2&~t) '

Xf(P+ )[ 1'.'". —.V. ~ ' »]} '.
The covariant T matrix is

~MB (a) (b)
and

~(Ã) (@(N) (P, q) @&»(—P, q ) )
=(t—M')-'(e a') "

is the fully contracted propagator for the meson super-
multiplet, where M is the mass associated with the
exchange.

The Bo'rn diagram is evaluated at the pole /=M',
and phase factors -', [1&exp( —i~N)] extracted from
h(+), respectively. Representing natural and unnatural
parity exchange by e and I, respectively, we make the
replacements for natural parity:

t M'+ sin~(n„—1)—= —~/I'(n ) I'(1—n„),
X—+o.„—1,

and for unnatural parity

t M' +sinmn„= —m/—I'(1+—n„) I'( —n„),
X~A~.

The Gell-Mann ghost-eliminating mechanism is intro-

duced by dividing by I'(n„) for natural parity exchange
and I'(1+n„) for unnatural parity exchange.

For 0 -',+~1 -', + the T matrix is

T= (1+M/2p) 2u(-', p+q)

X I (1/gMt ) [P, Lq', 7.]»]+(0 0'/M't ) PB
—(io),„(l),'y, /2)i) IN( —-', p+q) 8+ (1+M/2)»)

x (1+2m/M) f»(5p+q)»~( —kp+q) (P,/M) 6~,

where

g=-', P„[1—exp( —i~n„) ]I'(1—n„) (&V„)n

X[(s m—' )"—+-'t) /2m) 7 " '+—hatt. +

X[1+exp( —i~n„+)]I'(1—n +) (I'V„)»

X[(s—m' —t»'+ -,'t) /2mt»7 -+—'

is associated with natural parity exchange, and

S=-',P„ [1—exp( —Arn„ )]I'(—n„ )(EU„)D

X [(s—m' —ti'+-', t)/2m)»]" +-',P„+

X[1+exp( —inn„~)]1'( —n p) (I'V„)»

X[(s—m' —p,'+-'t)/2m@] +

is associated with unnatural parity exchange. The ~
refer to even and odd signatures, respectively.

The U(6, 6) spinor decomposition is carried out and
"Gribov doubling" is used to remove the Qt kinematic
singularities. All poles are made evasive by multiplying
the residues by t/4m@, giving

T= I
—(t/Smt(') (1+m/»() (1 t/4m'—) ( N»[y„q]1V)»
—[(s—-', Qm, 2+-', t) /4mp, 'jp„[(1+t/4m)), )

X (N»1V)»)~2»» (t/4m') (1+ /tm)(N»»N)»]

+ (t/4m'ti') [(1+t/4m)») I q„(N»q'N) D+,»»
—-', (.—&PmP+-', t) (N»~„N) n+»»} (1+m/t —)

X [q„(N»q'1V)» —-', (s——',gm, '+-,'t) (N»y„Ã)»]] }O'

+ (P„/2)») (1+t/4m)(() (1—t/4m') (Ny»N)D+2»/»Q.

Defining T„ to be the time-reversed T matrix with
t/'„removed, gauge invariance implies that

( 2P+q') T.=0, —
where (—2p+q') is the photon 4-momentum. The
above T matrix is gauge invariant except for the pseudo-
scalar coupling, which can be made gauge invariant by
the inclusion of a contribution from the s-channel graph.
Since this contribution vanishes in the Coulomb gauge
in the center-of-mass frame, the T matrix for 7p)~+»»
is effectively gauge invariant.

%e dehne m;, E;, and X; to be the mass, c.m. energy,
and helicity of each particle, with i = 1, 2, 3, 4 specifying
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the target baryon, the photon, and the outgoing baryon
and meson, respectively. E and Q are the magnitudes
of the incoming and outgoing 3-momenta in the c.m.
frame. We also de6ne

P lab

(GeV/c)

TABLE II. Absorption coefFicients.

&initial &final

s'. ~» L(GeV/s) '3 «*-i E(«v/~) 'I

C= (Et+mr) (Es+ms),

H~ =E(Es+ms) aQ(Et+mr),

A = rsP„[1—exp( —i7rn„) 51'(1—n„)hn

5.0
8.0

11.0
16.0
18.0

0.295
0.295
0.295
0.295
0.295

0.81
0.76
0.73
0.71
0.71

0.26
0.26
0.26
0.26
0.26

X[(s m—' p'—+-'t) /2mtr5~"

+-',p„+[1+exp( —km„~) ]r (1—n„+)hp

X[(s m'—ti'+—-,'t) /2m']""~'

8= -,'J3„[1—exp( —i~n„)]r (—n„)hn

X [(s m' ts'+—,'t)/—2m'] -" +,'P„+--
X[1+ exp (—i~n„~) ]r (—n +) hp

X[(s—m —t. +-', t) /2mt ]--+,

where h is the coupling constant at the meson-meson-
Reggeon vertex and g is the coupling constant at the
baryon-baryon-Reggeon vertex. For convenience we
introduce

A = —,(1+ —
)(1—,)gpA,

A2 ———1

using the notation in Table I,

yi ———(iX,/v2 QC) f Ai[—2 sin-', 0

X ((E+E )D-—(Q—&)H—)
—H Q sin0 cos-,'0)+AsH Q sin0 cos—,'0

+As[—Q sin0 cos-', 0 ((Es+E4)H~+ (Q+K) D~)

+2(2s+t —Q mP) D~ sin-', 0]I,
a=1,4

gs ——(—iX,/&2 QC) f At[2 cos-', 0

X ((Es+E4) D++ (Q+E)H+)
—H+Q sin0 sins05+AsH+Q sin0 sins0

+As[Q sin0 sin-,'0 (—(Es+E4)H +(Q—E)D )
—2(2s+t —g m') D cos-', 0]I,

i=1,4

Qs = (—iX,/C2 QC) Q sin0 sins 0 f (—At+ As) H+

+A,L
—(Es+E4) H +(Q—&)D-]I,

p4
——( iX,/&2 QC) Q sin0—cos-', 0 f

—(—At+ As) H

s s m +'
gD+2F/3

2mp,

+A,[(Z,+E,) H,+ (Q+X)D,]I,
where 0 is the c.m. scattering angle.

The P s are expanded in partial-wave series and the
absorption corrections applied using the traditional
Watson formula'

gJ;A,

Ti,„' = -', (5» ~ „,i+hei sf'„») Tg„~,

mAs=, , 1+
~ gnpssts 1+ —g~-

16m'p' 4m') p,

Using the covariant boost convention, together with
time reversal, the s-channel helicity amplitudes are,

TABLE I. Helicity dependence of amplitudes for p —',+~0 —,'+.

0

1 02

where p and X are the initial and Anal helicities, respec-
tively. The Gaussian model of elastic scattering is
assumed:

Ss= 1—c exp[—j(J+1)/v'P']

where J is the angular momentum, p is the c.m. 3-rno-
mentum, and v the elastic radius of interaction. The
partial-wave series are then resumed to give the modi-
fied helicity amplitudes |t;, in terms of which

d /«=( /&')X-', Z 14 /8 v'si'.
i=1,4

The absorption coef6cients used are shown in Table II.

' H. D. D. Watson, Phys. Letters 17, 72 (1965).
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FIG. 2. Predictions for elementary m, Reggeized 7r, absorbed elementary m, and absorbed Reggeized x (indicated by curves 1—4, re-
spectively) at 8 GeV/c.

(ii) The contribution, when continued to the region
t~m 2, should reduce to the result for elementary m

exchange.
(iii) The energy dependence of do/dt for small t.

should be approximately s '.

4. DISCUSSION AND RESULTS

Within the content of the vector-dominance model,
the reaction yp —+~+m can be expressed in terms of the
reactions

p'P —+~+m,

P~ce7ar+e

For p'p —+m+m, the possible 3-channel exchanges are
the A2 (natural parity) and the ~ (unnatural parity),
while for temp

—+m+n the possible exchanges are the p
(natural parity) and the 8 (unnatural parity). The
relevant SU(3) couplings are shown in Table III.

Little is known about the trajectory of the 8 meson,
but it is generally believed that it is relatively low-lying.
We therefore consider only x, p, and A2 exchange.

We took the residues to be constants and param-
etrized the trajectory functions for negative t by

n(t) = np+nt exp(n23)

in keeping with Ref. 1. This gives the conventional
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TAm, K IV. Regge parameters.

Trajectory

Ap

u, L(GeV/c)-'g
tt L(GeV/c) -'1

—0.520
0.513
0, 674

21.637

—0.871 (not varied)
1.413 (not varied)
0.632 (not varied)

—33,318

—0.936 (not varied)
1.420 (not varied)
0.607 (not varied)

35.040

No. of data points
X2

99
255.0

linear parametrization of a Regge trajectory in the
peripheral region:

n(t) (np+nr) +ntnpt.

The p- and A2-trajectory parameters were taken from
Ref. 1. The pion trajectory, in accordance with the
first of Leader's conditions, was constrained to pass
through the pion pole by extrapolating the linear form.
In order to satisfy angular momentum conservation
in the forward direction it is necessary to evade the
pseudoscalar coupling. In the U(6) C3 U(6) 80(3) sym-
metry scheme, this demands that we not only evade the
x residue, but also the p and A2 residues. The residues
for the p and A2 in Ref. 1 were nonevasive, so we cannot
hope to carry over the residues from Ref. 1 to this work. .
We therefore have two trajectory parameters for the
x, and three constant residues, giving a total of five
parameters to be determined from the data. We used
MINUITs (CERN Program Library No. D506) to obtain
these parameters by a z' fit of the differential cross
section to the experimental data. The results of this
minimization procedure are shown in Table IV.

A Chew-Frautschi plot of the x, p, and A2 trajec-
tories, using these parameters, is shown in Fig. 1. We
note that the x trajectory has a slope for positive t of
0.3S, which is to be contrasted with the p and A2, which
have slopes of 0.90 and 0.86, respectively.

The effect of absorption on elementary and Reggeized
pion exchange is shown in Fig. 2. Unabsorbed ele-
mentary and Reggeized pion exchange are represented
by curves 1 and 2, respectively. The result for the ele-
mentary pion exchange is taken from Ref. 9, which
employed U(6, 6) symmetry to relate vertex couplings,
and the Reggeized pion is the result of the present cal-
culation. It should be noted that for both the diGer-
ential cross section behaves as 3 for t—+0. The applica-
tion of absorption corrections to the elementary and
Reggeized pion exchanges results in curves 3 and 4,
respectively. A sharp forward peak of width ~m ', so
characteristic of the data, is obtained in each case.
Beyond the region in which we expect the pion to dom-
in«e, i.e., ~

t ~)m ', a, "dip-bump" structure, not ex-
hibited by the data, is present.

9D. G. Fincham, A. P. Hunt, J. H. R. Migneron, and K.
Moriarty, Nucl. Phys. B13, 161 (1969).

Leader s erst condition, that the contribution is as-
sociated with a pole at t =m ', is ensured by constrain-
ing the pion trajectory to pass through the pion pole,
i.e.,

n (t=m ') =0.

For small t our amplitude contains the factor

P (—n ) —1/(t —m„') n' near t =m ',

which is singular at t = m . This denominator is respon-
sible for the rapid variation with t for

~

t
~

&m '. In fact

m '/(t m') —exp(t/m ') exp(50t)

for small t. By comparing the elementary pion exchange
of Ref. 9 with the Reggeized pion exchange of the
present calculation, we obtain

(1 p'/4m—') (1+2m/p) dn
P =6 ghana (1+m '/4mtr, ) (1 m'/—4m') dt

where g and h are the universal U(6, 6) couplings at the
baryon-baryon-meson and meson-meson-meson ver-
tices, respectively. This shows the correspondence of
the elementary pion exchange and the Reggeized pion
exchange when continued to the region 3=m ', as re-
quired by Leader's second condition.

In Fig. 3 is shown the energy variation of the mo-
mentum-transfer distributions for the reaction pp~x+e
obtained from our model. The s and I, dependence of the
experimental data is extremely well represented for
5.0&pt,b&18.0 GeV/c and for 0&

~

t ~(1.0 (GeV/c)'.
Data exist at higher momentum transfers, but this was
not included in our analysis since this is beyond the
peripheral region. The addition of p and A2 exchanges
fills in the dip structure obtained from x exchange alone
to give a "shoulder", and increases the forward nor-
malization. For small t, where our trajectories are linear,
the trajectory of the m —I' cut contribution is given by 0

n, (t) =n. (0)+n.t(0) —1

+ In-'(o) n't(0) /I:n-'(0) +n.t'(0) 3}t

In our case we have a fixed j pole

n.t(t) =1,
"D. Amati S. Fubini, and A. Stangbellini, Nuovo Cimento

26, 896 (1962; S. Mandelptam, ibid 30, 1127 (1963).; 30, 1148
(1963).
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giving
ns(t) =n (0)

0.
Therefore the cut contribution to the differential cross
section is given by

da/dt .Ps"'&'& '/(lns+ const) j'

10

10

O

2 10
Cl

ol~

Because of the slow logarithmic variation, this satisfies
Leader's third condition.

The reaction yp~~+e has been treated in a pole+ cut
approach by Frglyland and Gordon, "Henyey et al. ,

""
and Blackmon et al. ' The model of Ref. 11 contained
evasive x and p exchanges and their respective cut con-
tributions, which were of adjustable strength. Using 18
free parameters, they were able to represent the diff er-
ential cross section. We note that their differential cross
section has a dip at I~m ', the depth of which increases
with increasing energy, in contrast with our model.
Reference 13 used m, p, and A2 exchanges with adjust-
able cuts generated by absorption. Twelve free param-
eters were used. As in the previous model of Frfiyland
and Gordon, " this gives a dip which becomes more
prominent with increasing energy. The agreement for
large t is somewhat unsatisfa, ctory. The model of
Blackmon et al." used an elementary ~ exchange

[n (t) =0) plus a Reggeized evasive As exchange.
Since their ~ is elementary, there were no free param-
eters for this exchange. However, the A2 exchange in-

volved five free parameters. The fit to the experimental
data was reasonable.

Our model, which employs Reggeized ~, p, and A~

exchanges plus absorptive correction cuts, at the ex-

pense of only five free parameters, is able to reproduce
the features of the experimental data. We feel that this
work is additional evidence of the importance of Regge
cuts especially for m.-exchange reactions. "

For the calculations we used an exact partial-wave
summation of 30 partial waves calculated with a 48-
point Gaussian quadrature. Experience has shown that
sufhcient accuracy is obtained in this manner.
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