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where a, b, a„b„etc., are functions of s, t, m,

40, and E. q and r are given by

q=2E(X- Ycos8)+ —[2XY —(X + Y') cos8],j. 2

mn

r = sin8 [(-tm„)(4m„E'+4YE + m„t)P" .
Expressions (2) and (2) have been obtained as-

suming a local current-current form for the weak-
interaction Lagrangian. These results also hold
in vector-boson-mediated theories of weak inter-
actions, but are changed in some other models.
In scalar-boson mediated theories, for example,
higher powers of E or cosp and sing also occur,
but reduce to the above expressions, as expected,

in the limit of a very large mass for the interme-
diate bosons. A point of special interest in this
case is that since the photon can couple to the
charged-lepton and intermediate-boson lines, devi-
ations from the locality theorems can be calcu-
lated independent of the details of strong interac-
tions, in contrast to the deviations from the Pais
and Treiman theorems4 which needed additional
assumptions regarding the hadronic currents par-
ticipating in weak interactions. Details of such a
calculation will be published elsewhere.
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for useful discussions.
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We present an analysis of four meson charge-exchange reactions (7l p —n n, 7i p —g n,
K p K n, and K+n K p) within the context of our Regge-pole-cut model based on the
Durand-Van Hove model. Quite good fits to all differential cross sections and polarizations
are obtained. Predictions for the KN charge-exchange polarizations are also presented.

I. INTRODUCTION

In the past few years it has become abundantly
clear, on both theoretical and phenomenological
grounds, that the j-plane structure of hadron scat-
tering amplitudes must include cuts. ' The discon-
tinuity structure of these cuts being unknown, a
number of models have been proposed for gener-
ating cut corrections to simple Regge exchange'
or otherwise approximating the effects of j-plane
cuts. '

The Durand-Van Hove model' has previously
been successful as a means for studying the com-
plicated structure of daughter poles' in the j plane.
It has been modified to introduce Regge cuts in
backward nN scattering so as to resolve the parity-
doubling problem. 2&d& However, the strength of the

cut in the last model is not related in any natural
way to the properties of the particles lying on the
trajectories and is completely adjustable to fit the
data. As formulated, the model of Ref. 2(d) cannot
be applied to forward scattering.

Motivated by the observation that the Durand-
Van Hove model is a zero-width particle exchange
model generating pure Regge poles (and daughters),
and by the expectation that nonzero total widths for
the exchanged particles and Regge cuts in the j
plane will arise somehow from unitarity effects,
we constructed' a model in which the Regge-cut
contributions arise from the introduction of j-de-
pendent widths for all particles in the exchanged
resonant tower; that is, we modified the E-channel
spin-j propagator to a simple Breit-Wigner form
with resonance pol, es on the second sheet of the t



2694 J. P. HOLDEN AND D. C. ROBERTSON

plane. As simple model for the j dependence of the

total widths, we chose a square-root j dependence

with branch point moving linearly in t: I'
f

-r[j —a,(t)]"', a,(t) =a, +a,'t. This has the double

advantage of allowing analytic inversion of the

propagator to obtain j=a(t) and of determining the

cut strength in terms of a single parameter y.
This parametrization leads to approximately con-
stant widths for the particles on the trajectory;
this is not inconsistent with the experimentally ob-
served widths. ' The parameter y is determined by
the total widths of the particles on the Regge tra-
jectories (see Sec. II).

In Ref. 6 we applied this model to pion-nucleon
charge-exchange (CEX) scattering, with good re-
sults. In particular we predicted that, on the basis
of our model calculations, the polarization in mN

CEX scattering for -tv 0.4 (GeV/c)' would be
large and positive, falling to zero rapidly for -t
a 0.6 (GeV/c)' and remaining near zero for larger
t values. This was contrasted with the strong-cut
Reggeized absorption model (SCRAM), '(~~ which

gave (at that time) essentially the opposite predic-
tion. No data were then available in the large-t
region. Our previous results are in substantial
agreement with the new measurements from
CERN

In order to determine whether or not our model
can successfully confront a large body of data for
reactions involving trajectories other than that of
the p meson, we have studied in this note four me-
son-nucleon charge-exchange reactions (r p- non,

r p-))'n, K p K'n, -and K'n-K'p) The for.ward
n p CEX reaction is reanalyzed here to remove
some unnecessary approximations and to include a
t-dependent factor in the residue function that was
previously omitted. The model is then extended
to fit the other three CEX reactions. Quite good
fits to the presently available data are obtained.
Predictions for KV CEX polarization are also
given.

II. THE MODEL

We refer to Ref. 6 for the details of the construc-
tion of the model, contenting ourselves here with a
brief sketch. In the Durand-Van Hove model, the
signatured A' and B amplitudes for meson-nucleon
scattering'0 are given, to leading order in x,
= cos6l„by

A, (,)( t) i ~(2j+1)g'(j) b(. )
m' (.)m'(j) -t p'

f

x(-pq}'[P~(-&,)+ rp~(&, )], (1)

x [p, '(-x, ) —rp, '(x,)],

where m =nucleon mass, p. =pseudoscalar meson
mass, and p and q are the t-channel center-of-
mass momenta of the nucleons and mesons, re-
spectively. The function g'(j) is the spin-j cou-
pling constant [g'(j ) =g»gg& „,for the coupling of
a spin-j object to the ÃN and sx vertices]. The
functions a(j) and b(j) measure the strength of the

two possible couplings at the N57 vertex:

(NW coupling), =b(j)P„P„~ P„P„
+ma(j )P„P„P„ tr„,

where there are j factors of P„=2(p, -p, )„ in the
first term Als. o, a(j)=a(j)/j, where a(j}is
regular near j=0.6 The mass of the exchanged
spin-j object is taken as

j = a,(t) = a, (t) —kr'+ tkr(4a't r')'". — (5)

As in Ref. 6 we require that a, (t) develop an imag-
inary part for t& 4p, ' which we relate to the width
of the resonances on the trajectory. Thus for t

&4)),', Ima, (t) =0, and for t& 4)),~, Rea, (m,„')=J and
Ima, (m ') = ~' aml' . For the two Regge poles
(p and A,) which contribute to the four CEX reac-
tions under investigation, J~ = i, 2 for m ' = 0.585,
I.V2 (GeV/c'}' and I' =0.150, 0.085 GeV/c . These
constraints are used to fix o.o and y, leaving one
free parameter for each trajectory function, which
we take to be its slope o~'. Because of the above
constraints we do not require exchange degeneracy
of the p-A, trajectory [which is only approximately
verified even in pure pole models —see Refs. 1l
and 18(a)]. Our fits show, however, that within

where e~, u~', and y are constants which corre-
spond to the trajectory's intercept, slope, and cut
strength, and where a~(t) and a, (t) are the trajec-
tory functions of the "bare" Regge pole and branch
point. The input trajectories for the pole a~(t) and
the branch point a,(t) are taken as linear functions
of t:

ap(t) = a()+ ap t,

a, (t) =a, +a, 't = a~(t) -a' t,
where

CP =Q —ot
p c

This leads to effective Regge trajectories of the
form
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FIG. 2. xN CEX polarization. The data are taken from Hefs. 12(c) (pt b = 5.9 and 11.2 GeV/c) and 12(d) ~ = 5 and 8
GeV/c). The curve is calculated atp&& = 6.0 GeV/c but shows little s dependence. For -t~ 0.6 (GeV/c), the polarization
is approximately zero.

would give much better over-all fits to the data.
The fit to the mN CEX polarization shown in Fig.

2 is also acceptable, although the magnitude of the
CEX polarization in the dip region (I t=0.5-
(GeV/c)'] is not as large as the new CERN large-
angle data" would indicate. " However, we wish
to emphasize that the relatively large, positive
bump in the polarization at t= 0.5-(GeV/c)', fol-
lowed by a rapid falloff for -t& 0.5 (GeV/c)', is a
firm prediction of our model and is in agreement
with the new data For .-t& 0.6 (GeV/c)', our po-
larizations are very small, also in agreement with
the CERN large-angle data. This is in contrast
with the earlier predictions of the strong-cut
Reggeized absorption model' 9 and earlier fits in
the complex Regge-pole model. ' Our fits overes-
timate the total cross-section difference Ao
= o, (w p) —o,(w'p) by approximately 0.3 mb for
p»& 10 GeV/c, but agree with experiment" for
larger values of p„, .

B n p~qon (qo~2y)

For this reaction only the A, meson has the ap-
propriate quantum numbers to couple at both the
mg and NN vertices. For the purposes of this
note, we have ignored all questions of A, splitting,
taking the A, as the lowest-lying resonance on a
Regge trajectory passing through J=2 at m„= j..31
GeV/c' with a width I'„=0.085 GeV/c'. ' We have
assumed an extra factor of j in the coupling con-
stants to remove the spin-zero ghost pole in the
A, amplitude (see Appendix). The results of our
fits to the differential cross sections' and polar-
ization"'" "are presented in Figs. 3 and 4. Ade-
quate fits are obtained without assuming any t de-
pendence for the residues; this yields a three-pa-
rameter fit to the data (see Table I).

For lower energies, the forward dip in n P- g'n

for -t& 0.1 (GeV/c)' arises from a dip in the /1'(')
amplitude, which is much larger than the B~' am-
plitude. This is in contrast to the forward dip in
mN CEX, where only ReB~ ' is small, while ImB& '

is comparable to both ReA' ' and ImA'~ ' near
t = 0; the large helicity-flip amplitude gives rise to
the forward dip in nN CEX. The smallness of the
B~ amplitudes in n p-g n is due primarily to
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FIG. 3. n p yon (g 2y) differential cross sections.
The data are taken from Ref. 13. Two geometries with
different angular acceptances were used in this experi-
ment; Geometry II covers a larger t range at all ener-
gies.
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bo b( Qp

w p-m'n (p)

7t p qn (A2)

-0.11 2.56 18.2

3.74 3.43

5.65 0.90

0.89

TABLE I. The values of the parameters that were ob-
tained in fitting the CEX reactions. The parameters are
defined in Eq. (A7); the trajectory or trajectories are
given in parentheses after each reaction.

Table I). We predict. a fairly large, negative polar-
ization for t-& 0.3 (GeV/c)'; unfortunately, the
K p CEX polarization is as yet unmeasured. Pre-
vious theoretical calculations" of this polarization
generally predict a large negative polarization for
-t& 0.4 (GeV/c)', although there is considerable
disagreement cn its magnitude. The results of
Ref. 18(c}in particular are based on SU(3} octet
symmetry (see Sec. IIID).

K p K~is

K'n -K'p
A2

2.93

0.49

15.8
2.24

16.9
8.38

8.33
6.53

6.41
6.25

11.1 0.go
0.89

25.8 0.90
0 Sg

D K'n~Eop

This is the line-reversed reaction to E p- K n
discussed in Sec. IOC. Again, the p and A., are

cancellations between the pole and cut contribu-
tions to B '; this accounts for the model's pre-
diction of a small, positive polarization, which is
in reasonable agreement with the data of Refs.
12(c), 12(d), and 13.

C. E p~Eon

Both the p and A, mesons have the appropriate
quantum numbers to couple to the KK and .VN ver-
tices. W'e have taken the slope of the p trajectory
from our fits to s p CEX [a~' =0.90 (GeV/c) '] and
that of the A, trajectory from w P- q'n [o~' =0.89
(GeV/c) ']. Only the strength and t dependence of
the coupling constants are varied. The differential
cross sections'4 and predicted polarization are
presented in Figs. 6 and 6. For -t& 1.0 (GeV/c)'
the agreement with the data is reasonable. As
before, we found no need for any t dependence in
the coupling constants of the A„while such t de-
pendences were required in the p couplings (see
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FIG. 4. ~ p g~e polarization. The data are taken
from Refs. 12(e) (p~ = 5.0 GeV/c), 12(c) (p» = 5.9 GeV/c),
and 12(d) (p» = 5.8 and 11 GeV/c data added to improve
statistics) .

FIG. 5. K p CEX differential cross sections. The data
are taken from Ref. 14; the fits are made with the param-
eters of Table I. The dashed curves show the SU(3)-
symmetric fits obtained by using the E'+n E'~p param-
eters as explained in the text.
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the dominant contributions. If SU(3) symmetry is
good, the amplitudes of the four reactions A-D
are related for all s and t by"

(v p~(sen) =-&2m(s, f),

(ff p)T7'n)-=S(s, t)+D(s, t),

(ff'n~ Z'p) = E(s, I)+-a(s, t),

((( fp I )) n) = (e )' 'D(s, ~)

Use of the parameters for K p- K'n and the above
relations does not yield acceptable fits to the K 'n
-& p data. " However, fits to the K'n- K p data,
coupled with the SU(3) relations above, produce
reasonable fits to the K p-K n differential cross
sections (the dashed curve of Fig. 5). Our fits
agree with the relative signs of the various A' and
B amplitudes predicted by the SU(3) relations, but
quantitatively they fail to satisfy the relations by
roughly a factor of two at small t.

We have, therefore, fitted the K'n-K'p reac-
tion independently of the K p-K n reaction. The
differential cross section" and predicted polariza-
tion are shown in Figs. 7 and 6, respectively. The
sign of the K'n-K p polarization is opposite that
of K p- K n, as expected for line-reversed reac-
tions, but the t-dependent structure is quite differ-
ent, especially in the large-t region. The polar-
ization is in rough agreement with the SU(3) pre-
diction of Ref. 18(c) for -t& 0.3 (GeV/c)', but dif-
fers markedly for larger t values.

IV. CONCLUSIONS

We have presented a simple model for meson
charge-exchange reactions. The model provides
quite adequate fits to the differential cross sections
and polarization (where known). A clear advantage
is that the amplitudes are determined solely by the

4
I I

.6 .8
—) [(Gev/c)']

I

I.O
I

L2

FIG. 7. E+n E p differential cross section atphb
= 5.5 GeU/c. The data are taken from Ref. 15.
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highest-lying Regge trajectories, with their asso-
ciated Regge cuts, and that all but one of the tra-
jectory parameters are fixed by requiring the tra-
jectory to satisfy t-channel constraints. A trajec-
tory's one free parameter (essentially its "slope" )
is the most sensitive parameter in the model and
is consistently determined to be a~' =0.9, in good
agreement with the effective trajectory slopes ex-
pected from "universality" (ue'=0. 5/m~ ). This
model is one of the few Regge-cut models which
agree with the new nN CEX polarization data.
While the complex Regge-pole model also agrees
with the new data, ' we feel that the economy in the
number of parameters (5 for our model vs ll for
the complex-pole model) provides a significant
simplification. Also our model incorporates, in a
natural way, the physical widths of the particles on
a Regge trajectory. Whether or not this model can
adequately fit the elastic reactions, with their
more complicated problems of Pomeranchukon ex-
change, remains unanswered. We hope to return
to this problem in a future note.
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APPENDIX

In this appendix we present the equations which are used in the analysis of the CEX reactions. By con-
tracting in the external factors of p„and q„and using the coupling at the nucleon vertex given by Eq. (3),
we obtain the signatured t-channel helicity amplitudese:

-f':(s, t)=2p g, - I b(j)+ p, o(j) (pq)'[P(-x )+rp(x )], (A1}

2j+1)g' j-f"-(»t)=2p Q s
'

I m'a(j)(pq)' '[P i(-,x)-»~'( x)],

where

p'= ,t -m'-, q'= ,t —p', l-cp=2pqv t sinB, , x, =cosB„and 7.=+1

(A2)

(for qs these definitions must be changed slightly).
These can be related to the standard analytic amplitudes A' and B defined by Singh. ' After performing

the Sommerfeld-Watson transformation, taking the leading terms for large s and negative t, crossing over
to the s channel, and assuming that

, .(2I+1)1(J+k)a.K j)= 2'

ti(j) and b(j) are smooth and fairly slowly varying functions of j, so that they can be taken outside the cut
integral, we obtain for the unsignatured amplitudes

sl 2p +
A'(s, t) =If(t) b(t)+ —a(t) 1+—1'(1 —a,)—-n. (t) p' - Q So

s c--,'K(t)I'(1- a,)—
0

x —tt(t)+ —x (I ) 1+—tt(x. ) - —(ttt) t I(t ) 1—-,—tx (* ) ~ I(x.)I,j 1 mm 2p 1 mm t 2g 2yv nc
Q

' a P' Q an

B(t, )= I(ti)t—1+—I'(I - tt, ) — +,I'(I —,) — ' 1+— (*,) - I -—xt(* ) I,
2ma (t} 2p c 2p, 2p,

s

(As}

(A4)

where a, =a,(t) are given by Eq. (5); Q= 2tq=(4-p, '-t}'"; x, =a(lns)"'(Q+2p); w(x)=e [1-erf(-tx)];
and erf(x) is the error function. The scale mass sa has been taken to be 1 GeV'. For a, (0, )tn, =-iV-a, .
Including signature, the amplitudes are given by

A' t' )(s, t) ~A'(-s, t)+ 7A'(s, t),

B (s, t) =B(-s, t)+ rB(s, t),

(A5)

(A6)

(AV)

For the p fits five parameters were used (the four above plus the trajectory slope a~'), while for the A,
contributions k and b, are not needed and can be taken to be zero. To remove the ghost state at j =0 in the
trajectories with positive signature, an extra factor of j=a(t) is included in the coupling constants a(t) and
b(t). The unsignatured amplitudes A'(s, t) and B(s, t) are modified slightly:

where r ip the signature of the Regge trajectory (-1 for the p and +1 for the A,). The quantities K(t), b(t),
and a(t) were parametrized in our fits as

K(t) =a~' ( ) =boe'i' a(t) =ao.

m' „t 2p. s ~+
A'(s, t) =K(t) b+—a,a 1+—

p I Q SO

-iK(t) — 6 b+—a, a 1+—w(x, )- —,
' b+ —,a a 1-—w(x )+

so aL P
'

Q
' P' Q (sins)"'P' (A8)
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B(a t)= tt(t) — 1 —a, — + —,'1 — a, 1 ~— (a, )-a 1-—w(* )—,t I. (A9)2mg 2P. s + I s c -
2P. 2P, 2iy

s Q
'

so
'

so
'

Q
'

Q (sins)' '

Equations (AS} and (A4} were used for the p trajectory's contributions to the scattering amplitude, and

Eqs. (AS) and (A9) were used for the A., contributions. The formulas for the differential cross section,
total cross section, and polarization are given by'

dt =S4
lab

(A10)

sin&, im(A(E*)
16wv s do/dt
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