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The presently available data on pion-nucleon scattering for incident momenta from 6 to 18 GeV/c and for
small values of momentum transfer L~t ~

&1 (GeV/c)'g are analyzed using a model characterized by the
dominance of several meson Regge poles in the crossed channels. Among the processes considered are ~+p
and m p elastic scattering and the charge-exchange reactions ~ p -+ m'n and x p —+ y'e. All the contributing
meson trajectories, P, P', fo, and A2, are taken into account. The following EE reactions: E p, E n, E+p,
E+n elastic scattering and the E p —+ Eon charge-exchange reaction, are also analyzed with the contributing
trajectories P, P', p, A2, and m. %'e 6nd that both frt, t and da./dt data for pion-nucleon reactions can be
very well fitted by the model with energy-independent residue functions. The polarization data are well
fitted, and determine the residue functions of P, P', and p. These parameters are then used to Gt the EN
data to obtain the residue function of au. The polarizations of the EE scatterings for which data are still
lacking are predicted by the model. In connection with the speculation that the P' trajectory may behave
like the p trajectory, three alternative trajectories are assumed for P, and their corresponding residue
functions determined by the given data. The results are plotted, and we 6nd that the "predicted" polariza-
tions are not very sensitive to the variation of the P' trajectory. Our results show that the nonQip residue
functions of both&a and p cross the t axis near 0 & ~t

~
&O. l (GeV/c)r, while those of P and P' do not. We have

established the relative sign between different trajectories. We would also like to point out that in the
fittings more constraints derived from the sum rules are verified in the present work.

I. INTRODUCTION

'HE presently available data on pion-nucleon scat-
tering for incident momenta ranging from 6 to 18

GeV/c for small momentum transfer $ ~

f
~
& 1(GeV/c)s]

are analyzed by a model characterized by the dominance
of several meson Regge poles in the crossed channel.
LThe units of f are (GeV/c)' and the units of do/dk are
mb (GeV/c) '; they will be omitted from here on.j
Several constraints in the form of simple sum rules from
the model are tested in the fit. By assuming several pos-
sible trajectories for the I" pole, the data are ex-
haustively studied to evaluate various alternative
residue functions. We 6rst check to see that the Regge-
pole model is indeed in good agreement with the known
experimental data of tr+p and w p elastic scattering and
the charge-exchange reactions z. p -+mots and s=~
t)'n. We also analyze the EJV reactions, including K—

p,
IC n, It+p, it+e elastic scattering and the Ix p-+K'n
charge-exchange reactions, with the meson trajectories
I', I", p, A~, and ~ as the contributing Regge poles.

The principal results of this work are: (a) The charge-
exchange scattering of w P —+ trots, as well as the elastic
n+p and w p scattering, has definite Regge behavior
near the forward angles t see Eq. (15) and Fig. 1]. (b)
Instead of assuming one trajectory for the I"pole as in
Ref. 1, we assume both a curved and a straight trajec-
tory for the P' pole in fitting the 7r+p data, and the re-

IO

0—
0,0

I

0.2 0,8

suits are reported in Fig. 2. (c) From the present data on
s.—p and x.+p elastic scattering, we plot in Fig. 3 the
curves of the difference of these cross sections, drr/df
X(s p) —do/dh(tr+p), for several energies, and they all
show a characteristically similar behavior, namely, they
go to zero around f~—0.1, become large but negative
around f~—0.15, and then tend gradually toward a
small negative value around t~—0.9. When we take
this into account in fitting the data, the Rip and non-
Qip residue functions for p are obtained and presented in
I'ig. 4. They arc somewhat di6erent floni those of Rcf.
1. (d) tr+p elastic polarizations are studied with this
model. Their fits determine the Rip and nonQip residue
functions of P, P' and p. (e) The cu trajectory is in-

* Work supported in part by the U. S. Atomic Energy Commis-
sion.

' C. B. Chiu, R. J. N. Phillips, and %. Rarita, Phys. Rev,
158, @1485 (19O7).

FIG. 1. Value of f,'(t) +I f,'(t)n, (t})' as defined in Eq. (15),
plotted versus —t. These values are obtained bv fitting Eq. (1S)
to the data from Ref. 11.
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Fxo. 2. Residue functions of P and P' trajectories. They are obtained from fitting Kq, (9) to the data in Ref. 13.The residues for the
P trajectory are denoted by A (/) and B(t), and those for the P' trajectory by A'(t) and B'(t). The three cases are explained in the text
The 6ts are not unique, especially for

I
I

I
&O.S.

vestigated by fitting the EE data. We will see that the
residues of co and p behave rather similarly, with their
nonAip residue functions crossing the t axis around
0(

~

I
~

(0.1 and becoming negative for large momentum
transfer. (f) EX elastic and inelastic scatterings are
fitted, and their polarizations are reported. (g) Relative
signs between the different residue functions are
established.

In Sec. II, relevant formulas necessary for the fitting
are given. In Sec. III, fits to the xX cross-section data
and elastic polarizations are reported. In Sec. IV, ES
elastic-scattering data as well as some inelastic KN scat-
terings events are studied.

II. FORMALISM

In the Regge-pole model, formulas describing pion-
nucleon and kaon-nucleon scattering and further de-
scriptions of the model are easily found in the litera-
ture. ' ' Three quantities that are useful to our later dis-
cussion are the total cross section

o-r(s)=ImA(s, I=0)/p,

the differential cross section

t s+p 2

+
4M s s 1—(I/4Msrs)'

and the polarization

—sin8, Im(A 8*)
J'(s, I) =

16~s' "d~/dI
(1c)

where s is the square of the c.m. energy, p is the pion
laboratory momentum, k is the pion c.m. momentum,
and P(s, I) is the polarization defined relative to the di-
rection of y;„&(y,„~.4

The meson Regge poles contributing to the mX scat-
terings are I', I",p, and A2 trajectories. Each trajectory
will contribute to the helicity-nonQip and helicity-Qip

2 R. J. N. Phillips and W. Rarita, Phys. Rev. 139, 81336 (I965).' V. Singh, Phys. Rev. 129, 1889 (1963).
4,R. J. ¹ Phillips, Lectures given at Erice Summer School,

1966 (unpublished).
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plot the measurements at three energies:

thc values IQ F
. , and 15 GCV. The solid curve is the curve calc 1 t d f

s IQ FIgs. 2 Rnd 4. Thc dl&crcnt cases (I) (ll) Rnd ( }
cu a c rolll

hc solid curve, for I always dominatesmake little diQ'erence in th
11 ll) Rn ill

RInp1itUdcs ln thc following IIlanncr:

3;(1)fe-' 'Wij Z

sin(xa, )
(1)fe rag~ f,j g—a~—t

sin(sa;) Es

where A, (1),8;(1) are the reduced residue functions, and
the trajectory of the contrlbutIng In E

scale ParRIDeterq Rnd Is tRkcn to bc 1 GCV, E 1s thc total
pion laboratory energy. The & signs are the mell-known

SIgnatUresq + fol P Rn(i I RnQ —fol p Rnd, QP.

In this work, we shaB adopt the foHowing trajectories
foI' I Rnd p poles

9+a~(0)j'
I+a~(0) ar '(0)1—

a,(i) =0.55+0.891,

with a~(0)= 1 and a~'(0) =0.34.
~The tr ' '~

e trajectory ls a two-parameter form suggested by A.
Pignotti P'hys. Rev. Letters 10, 416 (1963)]which includes some
cur'vature. While for the p trajectory we ad t th l

p c folnl of R stI'Right lllM, lt vanlsllcs Rt E= —0 6 L h d
cusslon by C. Clllu Phys. Rcv. I471 31045 (I966)j. A'p($ =0.0)
=0.55 was determined also by the author in Ref. 7 by using the
data on the difkrence between the x P and m+p total cross sections.

zo

-eo
0.2 OA 0.6

-t, (GeVZc)'

(b)

Pro. 4. (a) Residue functions of the p plotted versus —I. They
are obtained by 6tting to Kq. (10).We see that f,2(/)+L f'(I)~, (&)$~
is equal to the value in Fig. 1, where f,=(1 1/43llrr') Isf (h)— -.

s I in Fig. 4(a), scaled to get the new residue
unction

f'=f (1) 4M+ (I—E/4M~')

Kq. (I4).
T e reduced residue functions can be obtain d f th bIQC I'OIQ ls y USIQg

ug(0) =I, ap'(0) =0.34 were taken from Ref. 2 th d

agreement with our investigation.
c . 1 cy RI'c ln good
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The third relation is obtained by combining Kqs.
(5)—(7).' It has been determined previously in Ref.
7 that p and A~ are, within experimental error, members
of SU(3) octet (see also Ref. 4 for discussion). Hence
we can use the following SU(3) relations for the vertices

The helicity-nonflip amplitudes for the ~ p and the
~+p elastic scattering have contributions only from P,
I", and p trajectories.

A (~ p —+ s p) =A p+A p +A p, (3)

A (x+p —+ m.+p) =A p+ A p.—A p. (4) 2A, (E+E )=A-, (7r+~ ), -
(2g-', )Ag, (K+E—

)=Ag, (qn).

(5)
These relations, together with Eqs. (5)—(7), give

A (~—
p —& m'n) = —v2A p,

For the ~p and Ep charge exchange reactions, only

p and A2 contribute, so that

A(~-p &o~) =A„, (6)

A (E p ~E'n) = 2A p(E)+ 2A g,(K), (7)

A(E+rs ~E'p) = —2A p(K)+2A~, (K) . (8)

Note that we use (E) to indicate the amplitudes con-
nected with EE scattering; they are dif'ferent from the
xX amplitudes.

In order to study the behavior of the above ampli-
tudes, we shall make use of several constraint relations.
They are simple sum rules contained in Kqs. (3)—(8).
That we stress these sum rules in the htting is one of the
main features of this work as compared Ref. 1. From
the available data, each constraint is able to provide
a relation from which the behavior of residue functions
of P, P', or p can be more completely derived. Subse-
quently, we are able to draw the conclusion that the
theoretical differential cross sections for forward scat-
tering in m.+p-+ ~+p and vr p ~ a'n, at 0( ill (1, are
in good accord with this multiple-Regge-pole model. The
first relation is obtained from Eqs. (3)—(5):

1 do dfT do'
——(s p)+—(m+p) ——

(m p —vr'e)
2 dt dt dt

1 M~'
IlAp+Ap I'

n.s 4k 4M~')

s+p '
IB.+B'I, (9)

4M~' 1 t/4~M'—
where the right-hand side is independent of the p pa-
rameters. The experimental data available for the left-
hand side range from P.=6 to 18 GeV/c and will pro-
vide the information for the combined residue-function
behavior of P+P' with varying ill.

Another constraint relation, deduced from Eqs. (3)
and (4), is

do. do- 4 M~ 2

(~ p) (~'p) =- -—
Ct dt ~s 4k

X 1—— Re[A, *(Ap+A p.)]
4M''

t s+p 2

+ s— Re[Be*(Bp+Bp )] . (10)
4Mpr' 1 t/4M~'—

do 1 do
(E p ~—K'e) ———(~—

p —+ 7r'n)
dt 2 dt

3 do 1 M~)'

2 dh mrs 4k)

t
X 1—

l
Re[A p*(n-)A g, (ger)]

4M~')

s+p 2

s— R.e[Bp*(~)B~,(g~)] . (11)
4M~' 1—t/4M~'

The reason for using Eq. (7) instead of (8) is that
presently no experimental data for E+e +E'p are-
available.

Equations (9)—(11) will serve as a guide to determine
the p, I', and I" residue functions, especially their sign
changes with respect to variation of t and the relative
signs among them.

In the Sec. III, the fit to the data will be presented.
Since the form of the P' trajectory as well as that of A2
is still uncertain, we will assume three alternative forms
for I":

ng, (0) =0.35, ng, '(0) =0.44, (12d)

where in (iii) np. (0)=0.7 is taken instead of 0.5. For

'The additional information obtained from the difference be-
tween the ~ p and 7f.+p diffraction peaks was also obtained by G.
Hohler et al. , Z. Physik 181, 293 {1964).See also R. K. Logan
Phys. Rev. Letters 14, 921 {1965);and Ref. 2.

7 F. S. Chen-Cheung, Phys. Rev. 156, B1520 {1967).' S. C. Frautschi, Phys. Rev. Letters 17, 722 {1966).All the
related information about the degenerate trajectory can be found
there.

L1+n(o) 1'
(i) '(~) = —1+

1+n(0)—n'(0) t

(1.+0.5)'
= —1+, (12a)

i+0.5—0.34t

(ii) np. (t) =0 5+0 85t so t.hat' .np (—0.6)=0, (12b)

(iii) np (t) = —1+(1.7)'/(1+0. 7—0.34t), (12c)

ng, (t) = —1+[1+ng,(0)]'
/[1+n~ (0)—n~ '(0)~]

with
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each alternative assumed, the fitted residue functions
and polarizations are plotted in Fig. 2. More detailed
discussion of this will be presented in Sec. III.

A p(&) =A(t)np(np+1),

Bp(t) =B(t)np(np+1),

Ap (1)=A'(1)~p (~p+1),
B'(1)=B'(1)-'(-'+1),
A p(&) =fp(&) (~p(&)+1)/(1 —&/4M'x)'"

B.(&)=f'(1)~,(&)

(13)

1 ~res

xf,(1)+13 (14)
E4M~s (1 t/4M'') —I

where A~, BI, A~. , B~., A„and 8, are the reduced
residue functions defined in Eq. (12).

We now list the procedures of our fitting:

(a) Residue functions for the p pole can be determined
by Eq, (ib) and the data of Stirling et af "For this. pur-
pose, it is more convenient to reexpress Eq. (1b) as"

cos(rrn„) —1
X 1+ E'~~. (15)

sin zo.~

' We are only interested in obtaining the reduced residue func-
tions, so we have arbitrarily assumed the factor of o.(a+1) in
them. However, one may reexpress them in any useful form one
prefers (for example, with explicit kinematic factors, etc.). This
factor is diferent from the one in Ref. 1, but the conclusion we
draw about A(t), B(t), A'(t), and (8't) (see text) will not be
changed if we use the same factor.

"After this paper was written we were informed that a similar
conclusion has also been reached by G. Hohler et a/. , Phys. Letters
20, 79 (1966). They also treated the residue functions without
parametrizing.

"A, V. Stirling et al. , Phys. Rev. Letters 14, 763 (1965).
"The second factor in Eq. {1b)can be written as

—t st/4MN +p2 —t p2

~N2 1 t/4' N2 ~N2 1 t/43EN2

this gives about 6 jo error when E=6 GeV and t= —0.7, but the
error is much smaller when E becomes large and t ~ 0. This ex-
pression is fitted to the over-all behavior of the data first, and then
we refit the data, using the exact expressions,

III. FITTING THE DATA AND CALCULATION
OF m+P ELASTIC POLARIZATION

Most of the fits to the data are obtained by hand
computation, since we do not postulate any explicit ex-
pression for the residue functions. All the fits are within
experimental errors. The uncertainties in the parameters
obtained are not more than 1%.

The general behavior of the residue functions is still
unknown, so instead of postulating an explicit form for
them, we shall start with the simplest forms as
follows' ":

Instead of postulating explicit forms' for f~(t) and

f,'(1), we can examine the over-all behavior of the data
by rewriting Eq. (15).

2 (M~&'
f (-,+1)

dt rrs(4k /

cos(~n, )—1&
'

X 1+
sin(s n, ) 1

=f,'(&)+Lf,'(&),1' (16)

For each fixed t, we compute the left-hand side of
Eq. (16) for 8=5.9, 9.8, 13.3, and 18.2 GeV (where
do/dt are the data from Ref. 11).Note that these four
computed quantities (at a given t) are quite close to each
other. Within experimental error, they can be taken to
be equal to each other up to t= —0,5. This energy in-
dependence is in fact required by the right-hand side of
Eq. (16), and hence" it can be said that the Regge be-
havior is well satisfied by the data of s p -+ s'n in Ref.
11 up to t= —0.5. For larger values of t, the data at 18.2
GeV give values slightly different from those given by
other three energy values. Hence for ft f

larger than
0.5, we take the values determined from these three en-

ergies, and they gave fairly consistent results. Finally,
we plot the value of Lf,'(t)+ f,"(t)tr,'1 versus t in Fig.
1. The curve in Fig. 1 does not determine f,(1) and

f,'(1) separately Howe. ver, the f,(0) value is fixed by
total-cross-section data and takes the value of 1.62, or,
equivalently, the reduced residue at 1=0 is A, (0)= 2.5.

(b) Next, we study the I' and the I" poles, using

Eqs. (9) and (13) and the data in Ref. 13. We find that
in general the data can be fitted well. A (t), B(t), A'(1),
and 8'(t) as defined in Eq. (13) decrease as

f
t

f
increases.

At t= 0, the data" for a&,&(s p)+0~&(rr+p) give the re-
duced residue functions at this point as A(0) =20 mb
GeV, A'(0) = 18 mb GeV. Again, for fixed t, data on the
the left-hand side of Eq. (9) give energy-independent
values for the residue function at several energies. This,
together with the polarization data in Ref. 15, enables
one to determine completely the residue functions A(t),
B(t), A'(t), and B'(t), which are plotted in Fig. 2. Cases

(i), (ii), and (iii) correspond to the alternative forms
assumed for the I" trajectory.

(c) The relative sign of the p and P residue functions
can be determined. Equation (10), together with data
from Refs. 13 and 14, can be used for this purpose. Only
at the incident momentum of 10.8 GeV/c were measure-
ments made for both vr+p and ~ p at exactly the same
laboratory energy. At the other energies the incident
momenta are slightly different for ~+p and rr p (e.g.,

"K. J. Foley et a/. , Phys. Rev. Letters 11, 425 (1963).
'4 W. Galbraith et al. , in Proceedings of the Twelfth Annma/ In-

ternational Conference on High-Energy Physics, Duenna, 1964
(Atomizdat, Moscow, 1965). The p parameters at t=o will be
fixed uniquely by taking Ot &(m p) —o.t &(x+p) (see R.ef. 7).

"M. Borghini et s/. , Phys. Letters 21, 115 (1966),
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TmLE I. A& parameters for m. p —+ gpss, including the trajectory
parameters of the As [Eq. (17)]and the residue-function param-
eters as given in Ref. 7.

n'(0)

0.44

Cp CI

1.7

Dp D1

2.6

0.2—

I I I I I I I

E=IO Gey/c ~-p CASE(i)—-—~-p CASE (ii)
---—-& p CASE(iii)———7r'p CASE (i)

O,l—

8.8 and 8.9 Gev/c, respectively), but we shall still make
use of them, We present these data for the left-hand
side of Kq. (10) in Fig. 3.We observe that the difference
of the differential cross section do/dt(np) .da/d—t(rr+p)
crosses the t axis at t~—0.1, and takes on a large nega-
tive value of the order —1 mb at around 0.1& I tI &0.2.
It then approaches a small negative value of about
—0.02 m bat t= —0.8. The oscillatory behavior in the
interval of 0.2&

I tI &0.4 is neglected. Using the values
of A (t), B(t), A'(t), and B'(t) in Fig. 2, this curve in Fig.
3 now determines f,(t) and f,'(t)y, (t). The results are
plotted in Fig. 4, and we note that they satisfy the con-
straint given by Fig. 1. We also note that in Eq. (10)
the contribution of the I' trajectory dominates that of
the I" trajectory, so that the three alternative cases in
Fig. 2 give about the same effect in computing Eq. (10).

At small values of t, around t= —0.03, we found that
the relative sign of B(t) and f, (t) must be positive in
order to obtain the large positive values of do/dt(7r p

—rr+p)=3. 5 for E=10.8, while f,(t) is also positive
relative to A(t) but changes sign around t= —0.03. At
this value of t= —0.03, the values" of A, B, A ', B', f,(t),
and f„'(t)n, are still uncertain, for the polarization data
are still not available at this point. New experimental
data at this point would be valuable (the polarization
data in Ref. 15 start at t= —0.1).In conclusion, we ob-
tain f,(t) and f,'(t)n, (t) as plotted in Fig. 4. The result
is similar to that in Ref. 1, but we believe that the
residue function may not be expressible by simple equa-
tions like the ones given in Ref. 1.We also note that the
spin-Rip residue function f,'(t) changes sign at around
t= —0.5, for this seems to give a better fft to Kq. (11)
with the present data. If f,'(t) remains positive, then a
positive value is obtained for t= 0.7 in Eq—. (11), in-
stead of a negative value as given by the data. However,
the data are still too uncertain for one to say any more
than this.

(d) Relative sign of the p and As residue functions:
Equation (11) will be used for this purpose. We assume
a curved trajectory for A2,

I:1+nor(0)j' (1 35)'
&Ay, = j+ = —1+ (17)

1+ng, (0) g,n'(0—)t 1.35—0.44t

and solution 1 from Ref. 7 is used, which we list for
convenience in Table I.Using the results of the p residue
function as given in Fig. 4, we obtain the fft to Eq. (11)
and present the result in Table II. We 6nd that the re-
duced residue A~, is positive and B~, is negative, which
is in agreement with the result listed in Ref. 7.

I I I I I I I I

IO— (0)

0.0
(3
Xl
E

-0 I—

-0.2
-20—

I 1

I I t I t I

f

s
\

-0,3— IO—
(b)

-04 I I I I I I I

0.0 0.2 0.4 0.6
-t {Geyj'c)2

0.8

FIG. 5. Fit of the m p polarization for E=10 GeV in Ref. 15.
The theoretical value is indicated by the solid curve. We note
that for ItI )0.5, the data are uncertain, but that a st to more
accurate data could easily be made.

"The residue functions A (t},A'(t), B(t), and B'(t) are not neces-
sarily straight when plotted on semilogarithmic paper, but in the
forward direction, i.e., at small t, they are well approximated by
a straight line, which indicates an exponentially decreasing func-
tion of ItI. We shall leave them the way they are in Fig. 2. for this
work.

o) 5—
(3

1

0
t
l

I I I I I I I I I

0.0 0.2 0.4 0.6 0.8 1.0-t (Gey/c)~

FIG. 6. co residue functions. We use Eqs. 27 and 28 for
(a) and (b), respectively.

It I f I/O

~g (&-t/4M. )
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TAax,z II. Comparison of Eq. (11) with the experimental values and the theoretical computations.

—0.02 —0.05 —0.07 —0.27 —0.37

Experimental points
given by the left-hand
side of Eq. (11) (pb)

Calculated value of
the right-hand side of
Eq. (11)' (&b) 20 22 10

36%e 47&~ 100+~ 60+ e 30~e —3&e —3.4+e —5.1~e

—3.6

a Here e, the uncertainty of the experimental data, is very large, especially for m P ~ g'I; therefore we shall view the fitting in this table only as a tool
to check the relative signs of the fUp and nonQip amplitudes of the mesons involved (Ag, ho).

There is speculation' that A2 and p may be completely
degenerate and can be described by one trajectory. How-
ever, from the 6t to the ~S total-cross-section data4 we
found that n~, (0) = 0.35, while n, (0)=0.55. To further
test this hypothesis, A2 was made degenerate with p and
the over-all behavior of the data for the reaction'~
vrP-+ rhn were studied. We found that the complete
degeneracy hypothesis is a poor assumption. Instead,
we take Eq. (11d) as the trajectory for A2. This is a
curved trajectory, and its extrapolation to h=+ 1.7 will

give the right mass' for the A2. However, the data can
also be fairly well fitted by taking a~, (h) =0.34+0.58h.

Using the residue functions for the I', I", and p poles
which can be read off Figs. 2 and 4, the w p polariza-
tion is computed for the three alternative P' trajectories,
and in I'ig. 5 they are compared with the experimental
points. We note that changing the sign of f,'(h) for the

p pole will give a negative polarization at t= —0.7 if we
use these residue functions. However, the residue func-
tions can be adjusted so that they will give a negative
polarization even if f,'(h) does not change sign. More
accurate measurements of the polarization are required.

In summary, we conclude that our analysis is similar
to that of Ref. 1 except that (a) we study the effect of
different alternative trajectories for the E', and we also
use the relations given by Eqs. (9)—(11) extensively in

our analysis; (b) our p residue function is somewhat
diferent from theirs, if the ht in Fig. 3 is taken seriously:
(c) f,'(h) may change sign; (d) if the vr p polarization is
proved to have oscjllatory behavior, we can still adjust
the p residue functions to 6t the data. YVe believe that
the p residue function f(h) may be oscillating. Better
data are required to confirm this point.

Accurate measurements of do/dh(s P), do/Ch(m+P),
and the z. p polarization at

~
hl )0.6. are needed. Since

the present data for zp —+qn are too crude, better
measurements here will also be valuable.

IV. INVESTIGATION OF SOME ELASTIC
AND INEI.ASTIC E;N SCATTERINGS

The expressions for total and di8erential cross sections
for EE scatterings are similar to that for mE scatterings
in Eqs. (1) and. (2). The various amplitudes to be
studied are

A(E-p ~E-p) =A~+A~. +A„+A,+A~„(18)
A(E n —+E e)=Ar+Ar. +A Ap Ag„—(19)—

A (E+p +E+p)=A'r-+A r A„A,+A~„—(20)—

A (E+I~ E+rh) =A r +A g A+ A, Ag„—(21)—
l l l l l

E=7.2 GeV

A(E p +E'n) =—2A—„+2A~„

A(E+n —+ E'p) = —2A p+2A~„ (23a)

Q

hX

p
A r (mE) =A p(EE),
A, (~X)= 2A, (EX),

Ag, (zÃ) = (2g-', )Ag, (EÃ) .
(23b)

where all the amplitudes 3; are the amplitudes with
respect to EX scattering. The relations between En
and xE amplitudes are as follows:

O.p
l l l l l l I

0.2 0.4 0.6 0.8
-t, toeVxc)'

FIG. 7. Predictions of X p polarizations, using Eq. (27) for
E+p and ——E p, and Eq. (2g) for ——X+p and

~ ~ ~ ~ ~ *po

"0. Guisan et a/. , Phys. I etters 18, 200 (1965).

The relations for the I"and co trajectories are unclear
presently. In this work we And, for the I" pole, that
its contribution to EX scattering is about 10'%%uo of that
to xX scattering.

Ke notice that the co trajectory has come into play
now, but its nature is still little known. However, we
can determine n (0) and its reduced nonflip residue func-
tion at 1=0 from the data on the total cross section'4
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I I I I i l f j that the contribution of I" to EÃ here is only about
10% of that to n S.In the following we shall take this as
a working assumption. UVe shall take two alternative
forms for the ~ trajectory:

(a) n„(t) =0.7+1.17t, (27)

so that n (0.6) 0;

2-

C9

JD
E

0.7—

0.5—

(b) n„(t) = —1+ (1.7)'/(1. 7—0.14t), (28)

so that the extrapolation of t to the mass of co will give
(X(e 10

Now to extract the information on the co residue func-
tions, we fit the data on K+p and K p elastic scattering
in Ref. 19:

0.3-

0.2—

M~ '
(K p+K—+p) =-

dt xs 4k

O. I

0.0 0.2 0.4 0.6
-t (GeV/c)

0.8 I.O
X 2 1 —— Ag+Ag+

4M'~ 2Q—,
'

Fro. 8. Predictions for E n diGerential cross sections, using
Eq. (27) for E+n and ——X n, and Eq. (28) for IC+n
and ——E n.

2t s+p'
+)A."+,'A f'+-

4M'~ 1 t/4M'~~—

for EE scattering. From Ref. 14, we have

ag,g(s)(K p+K n)=21m(A~+A~. +A~) /p, (24)

...(s)(K+p+K+n) = 2 Im(A, + A, ,—A„)/p, (2S)

and from these equations

o „~(K p+ K n) o,.~(K+p—+IC+n—)—
=4 ImA „(t=0)/p. (26)

Now if we express as usual the spin-fhp and spin-
nonQip terms as follows:

e
—Swore

A„= f.(~.+1)—-
sinxn

B~ BI — 8 ~ -'8 ' 29
2+2

where we have converted the relevant quantities from
the vrX amplitudes by means of the SU(3) relations in

Eq. (23a), except for A„~ and B„~,where )'t indicates the
XE amplitude.

I I I I I I I I

E=7.2 GeV

~
—A a~ j

8„= f 'a.(u.+1)—
sine n„

then the data will provide us n„(0) and A (0) through
Eq. (26)".

n„(0)= 0.7,
A (0)=4A.

R0
I-a
N

O
cL 0 I 1 1

I I i I & I

I I I
I I j

If we reinsert these values into Eq. (24), we can estimate

"Here the co pole will stand for both co and p, which belong to
the same octet as p but partly also to a singlet. The recent article
of V. Flores-Maldonado, Phys. Rev. 155, 81773 {j.967) gives
m~{0) =0.5, which is smaller than the value we obtained from
fitting to the total-cross-section data. However, there is no well-
established value for this quantity, so we shall continue to use the
one we obtained in this paper, a (0) =0.7.

I I I I I I

0.0 0.2 0.4 0.6 0.8
-t (GeV/c)2

FxG. 9. Predictions for X n polarization, using Eq. (27) for—E+n and E n, and Eq. (28) for ~ .E+n and——E n.

' K. J. Foley et a/. , Phys. Rev. Letters 11, 503 {j.963).
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Using the results obtained in the above sections for
P, I", p, and A2, taking case (i) for P', we obtain the
residue functions of au as plotted in Fig. 6. Ke then pro-
ceed to present the predictions for the E+p and E p
polarizations in Fig. 7. Finally, the predictions for E—e
and E+n elastic diRerential cross sections are given in
Fig. 8, and their polarizations in Fig. 9. The above cal-
culations are based, on the contribution of the Regge
poles from the t channel alone.
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A pole-resonance model is used to Gt the data for m P ~ A.EO from threshold to 1200 MeV. Parameters
of the three pole contributions are taken. from a study of the 1370-2200-MeV region, with form factors
employed. The reduced widths of eight resonances are then determined by minimizing y'. The most signi6-
cant contributions to the process are found to be those of the F11(1470) and S11(1710),although other
resonances are also important. The results are discussed with consideration given to SU(3) assignments
and parity doubling.

I. INTRODUCTION

~)ESPITE the theoretical work of many authors on
the process s. p ~AE' over a pe. riod of several

years, one cannot say that the following objectives have
been realized: a clear understanding of the contributions
of poles and resonances to the low-energy region, and a
reliable determination of the pole and resonance param-
eters. These parameters are important for the assign-
ment of SU(3) multiplets and the determination. of
D/F ratios of octets, for evaluation of the predictions of
symmetry schemes in addition to those of SU(3), and in
general for assessing the validity of any dynamical
theory of the strong interactions. The present existence
of a large collection of experimental data, both diRer-
ential cross sections and polarization angular distribu-
tions, together with the results of recent phase-shift
analyses, would seem to eliminate the principal ob-
stacles to achieving the aforementioned objectives. It
is our purpose in this paper to present a determination
of the low-energy AE' parameters by 6tting the data
with pole and resonance contributions. In. view of the
complexity of the isospin--,' spectrum of baryon reson-
ances, we can conceive of no reliable way to determine
these parameters other than an analysis of the partial-
wave amplitudes similar to that given here.

A discussion of most of the earlier models was in-
cluded in a previous paper' Rnd will not be repeated here.
However, a relatively recent paper dealing with the
low-energy region, which is not mentioned in Ref. 1,

'J. E. Rush and W. G. Holladay, Phys. Rev. 148, 1444
(19|la).

is that of HoRman and Schnitzer. 2 These authors used
the Cini-Fubini approximation to the Mandelstam
representation to study the region near threshold. The
only "well-established" I=2 resonances at that time
weI'e the F]5 Rnd the Dys& Rnd they RpploxlIIlated the
latter by a real amplitude. Thus the only imaginary
amplitude resulted from the F~5, and other important
contributions, notably that of the imaginary part of
the S&z(1710), were not included. This probably ac-
counted for their failure to obtain a good 6t to the polar-
lzRtlon dRtR.

In this paper, we present a study of the energy region
from threshold P68 MeV) to 1200 MeV which was done

by varying pole and resonance parameters to Gt the
data. In order to take account of all three Mandelstam
channels, we used poles due to the nucleon, the Z, and
the E (890). Resonances which were induded are the
well-known' Sir(1550), Sn(1710), Pn(1470), Die(1525),
D~~(1680), and Fr~(1690), as well as two new resonances
predicted recently by Donnachie et aL, ' a Pu(1151)
and a Pyg(1863). The pole parameters were erst studied

by using the pole terms alone in a simple model at higher
energies, ' where one-particle exchange should begin to

~ H. Housman and H. J. Schnitzer, Nucl. Phys. 76, 481 (1966).
8 For references to data on these states, see A. H. Rosenfeld,

N. Barash-Schmidt, A. Barbaro-Galtieri, L. R. Price, P. Soding,
C. G. Kohl, M. Roos, and %.J. Willis, Rev. Mod. Phys. 40, 77
(1968).

4 A. Donnachie, R. Kirsopp, and C. Lovelace, Phys. Letters
26$, 161 (1').

8 The higher-energy data used are at eight energies 1.4—2.2 GeV,
recently published by 0. I. Dahl, L. M. Hardy, R. I. Bess, J.
Kirz, D. H. Miller, and J. A. Schwartz, Phys. Rev. 163, 1430
(1967).


