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A model for low-energy meson-baryon scattering within the framework of U (6,6) symmetry is studied.
The effective U (6,6)-symmetric terms are treated as background terms representing distant singularities.
These are supplemented by the appropriate one-particle exchange contributions. The model is used to
calculate the real parts of the S, P, and D partial-wave amplitudes in the low-energy region of 7N and KN
elastic scattering. It is found that the results are in reasonably good agreement with the experimental
information in T'=% and T=4 =N and in T'=1 KN scattering. However, the model predicts large S-wave

scattering in the 7'=0 KN channel.

I. INTRODUCTION

N dispersion theoretic treatments of scattering pro-
cesses, it has been customary to treat the long-
range forces (or, equivalently, singularities near the
physical region) by appropriate one-particle exchange
graphs. The short-range forces (or, equivalently, dis-
tant singularities) are approximated by low-order
polynomials in the usual Mandelstam variables s and .
The resulting representation for the scattering ampli-
tude is known as the Cini-Fubini approximation! and
has proved successful in semiphenomenological analyses
of 7V and KN elastic scattering in a restricted energy
region.23
The present paper is concerned with the investiga-
tion of a specific model for meson-baryon scattering,
which leads to Cini-Fubini-type amplitudes in a very
natural way. The model is based on a symmetry scheme
which is presently known as U(6,6) symmetry.*
The main ideas leading to the model were briefly dis-
cussed in I. As regards the development of U(6,6)
symmetry, its successes and failures, the interested
reader is referred to a number of recent review articles.”
What is relevant for our present purposes is the con-
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sideration that U(6,6) symmetry provides a satisfactory
description of three-point functions.® This implies in
particular that the trilinear meson-baryon coupling
constants, where the mesons and baryons belong re-
spectively to the 35-dimensional (octet of pseudoscalar
and nonet of vector mesons) and 56-dimensional
(octet of JP=%+ and decuplet of JP=+ baryons) repre-
sentations of SU(6), are determined in terms of the 7V
and p-mw coupling constants. Thus, all the one-particle
exchange contributions involving these particles are
determined in terms of these two coupling constants.

In addition to the one-particle exchange contribu-
tions, there are “effective” U(6,6) symmetric terms
which are polynomials in the variables s and £.9:1
These terms may be considered as arising from more
complicated diagrams. Taken by themselves as repre-
senting the full scattering amplitude, they lead to some
consequences which are in total disagreement with ex-
perimental results.® 1% Our viewpoint is to regard these
terms, supplemented by the one-particle exchange con-
tributions, as input Born terms for dynamical calcula-
tions based on dispersion theoretic methods. To see
whether such an approach is meaningful, we consider in
this paper pseudoscalar meson-baryon scattering in
partial wave amplitudes fi, where /=0, 1, 2. As no
unitarity corrections are taken into account, the scat-
tering amplitudes are real and the model is applicable
only to small phase shifts in the low-energy region.

In Sec. II, we analyze the structure of the U(6,6)
symmetric terms. Section IIT is devoted to the dis-
cussion of free-particle propagators and the calculation
of one-particle exchange contributions. The general
features and the comparison of the numerical results

8 It should be noted that only the collinear subgroup of U(6,6),
SU(6)w is relevant for the three-point functions. H. J. Lipkin
and S. Meshkov, Phys. Rev. Letters 14, 670 (1965).

9R. Blankenbecler, M. L. Goldberger, K. Johnson, and S.
Trieman, Phys. Rev. Letters 14, 518 (1965).

10 7. M. Cornwall, P. G. O. Freund, and K. T. Mahanthappa,
Phys. Rev. Letters 14, 515 (1965).
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of the model in the case of low-energy 7V and KN scat-
tering are presented in Sec. IV. The final section con-
tains the summary and the discussion of the results.

II. U(6,6)-SYMMETRIC FOUR-POINT FUNCTIONS

In the U(6,6) symmetry scheme, one can construct
effective interaction terms that are formally U(6,6)
invariant. However, the kinetic terms or the free
Lagrangian parts break this symmetry. This was the
main reason that led Bég and Pais'! to suggest that
such invariant terms represent effective S-matrix
elements. As remarked in the Introduction, we inter-
pret the four-point interaction terms only as approxima-
tions to distant singularities in two-body scattering.

For meson-baryon scattering there are four inde-
pendent U(6,6) symmetric amplitudes and, in momen-
tum space, the effective scattering matrix element is
given by

M s=a¥4B0(p") ¥ 4pc(p) PP (— k') PpZ(k)
+BYABC(p" )W 4pp(p) B P (— k)BT (k)
+BTABC(p") W 45p@EP (k) BcE(— k)
+yTABC(P )V 4pp(p)BsP (— K )BE(R), (2.1)

where ¥ p¢ and P4 are, respectively, the totally
symmetric third-rank and mixed second-rank tensors of
U(6,6). As in the case of three-point functions in I, we
calculate M s by using free-field solutions of Bargmann-
Wigner equations for ¥ and Duffin-Kemmer equations
for ®. Here e, B8, B, v are functions of s, £, and u subject
to the restrictions due to crossing symmetry/ :

y(s,t,0) =~ (u,,s) . ' (22)

In the present investigation, we make the simplest
choice for these arbitrary functions, namely, we regard
them as constants. The restrictions in (2.2) then imply
that 8=p8, and hence we have effectively three free
parameters.

To obtain Mg, it is convenient to define the “currents”

ch= §ED(—k’)‘I’CE(k)+ ‘I’Eb(k)‘-ﬁcE("‘kl) ’

_ (2.3)
JpC=TABC(p"\W 45p(p),

and
Japc=24P(R)¥5cn(p),

- _ - (2.4)
JABC = FABD(p\JpC(—F) .
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M g is then given by
M s=aJ c€jpP+BIpCjcP+7J 4BCT 4pc.

As we are interested in pseudoscalar-meson scattering
from the octet of baryons, we consider only the pseudo-
scalar-meson and baryon parts of ® and ¥ in the cur-
rents. From I, we have!?

(2.5)

tk\ 7
o0sw: [(1=2)] e,
mo/ Az

Vijt,apy:  Bijk,apy=3[Xijk,a’€spy

+Xjri,6° €svatXeij, A €sas] s
where

Xijk,o® =5[vsC(1+ip/ M °) Jnus(p)Bo* . (2.6)

By using these free-field solutions, we compute the cur-
rents (2.3) and (2.4) and hence M. The results are
summarized in the Appendix (A6) in terms of the con-
ventional invariant amplitudes A4(s,f) and B(s,#).13
Although M ¢ has been calculated in this fashion, it is
instructive and convenient for the purposes of the next
section to decompose the currents j¢” and Jape in a
manner similar to that for J¢P in I [Egs. (5.6, 5.7)].

ch(PP)=j¢j75(PP)=%_[(1)ijjS(PP) )
+ )7V u(PP)+(0w)i?j7u(PP) )
+ (yurs) 4. (PP)+ (v5):/ 5P (PP) ]2,

where
!

_ Bk .
jS(PP)=4<1—~2) (PP+PP),

Mmo

47
7V u(PP)=—(ku+t,)(PP—PP),
mo (2 ~7)

_ ¢ - _
3T w(PP)=—(q,j" u(PP)—qu5",(PP)),
4-mo

J*(PP)=j4(PP)=0,

where g,=k,'—k,, and P and P are SU(3) matrices for
incoming and outgoing pseudoscalar mesons.

From Japc(BP), we can project the parts J24p¢
and J34p¢ that have the SU(3) transformation property
of the decuplet and the octet and expand them as
follows:

JP 45c(BP)=JP ijk,apy(BP) =3[ (viC) it Pu,i+3(0wC) it P s, Jagy »
JB45c(BP)=J5jk,ap,(BP)=3[JBij,a’ sy T Bini, 8’ €syatT Pris,n €sap ] s

Bk, a® = 5[ TECirT M, i(vivsC) it T ¥i(vsC) jnJa’ -

11 M. A. B. Bég and A. Pais, Phys. Rev. 137, B1514 (1963).

(2.8)

12 Because of the specific way in which mass splittings were introduced in I, mo=m, and M® corresponds to the physical mass of

the baryon B,°.

13In the absence of mass splittings these results contain the results of Cornwall et al. (Ref. 10) as special cases.
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Then,
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(;BaaBB‘SP,Y" )
P(afy)

2
€s0aBp"Py7

<kmy—kyp,.>]u<p> >

P(aBy)
(2.9)

R

>75u(1>) (Ba'P—~§04’ TrBP):] ,

Yun my

1 pk\  Siphy ik
Jhad= —l: { 2(1+ >7x—~—(1 ——) }7514([)) (Pa"B,2—16.° TrBP)

18 Mmy M Mo,

e

mo.

and
JE=sJV+v,y5 . (2.10)

The decompositions (2.7), (2.9), and (2.10) show more
clearly the structure of the U(6,6) symmetric terms
(JS48, JVujVu J¥pJ¥g, etc.). They also isolate the
parts of the current that would couple to the vector-
meson, baryon, and decuplet.

III. PROPAGATORS FOR ® AND W,
ONE-PARTICLE EXCHANGES

There are two procedures that one can fdopt in com-
puting the one-particle exchange contributions. The
first procedure is to regard U(6,6) symmetry for the
three-point functions (such as Tr¥¥®, Trdd®) as the
symmetry that relates only the coupling constants and
not the vertex functions. It is then a straightforward
matter to use the conventional propagators for the
physical particles that ¥ and ® describe and compute
the Born terms. Such a procedure [SU(6)w approach]
has been the basis of several bootstrap models.'* An
alternative approach which is more consistent with the
original formulation*® of U(6,6) symmetry is to com-
pute the Born terms from the trilinear interaction
terms and the propagators for ® and ¥ derived from a
Lagrangian.

Several authors!® have discussed the Lagrangian
formulation within the framework of U(6,6) sym-
metry. In the present investigation, we follow Salam,
Delbourgo, and Strathdee* with the appropriate modi-
fications necessary to include the mass splittings. The
essential difference between different approaches is in
the contact terms (or nonpole terms) that invariably

14 R. Gatto and G. Veneziano, Phys. Letters 19, 512 (1965);
R. H. Capps, Phys. Rev. Letters 16, 1066 (1966).

15 C. S. Guralnik and T. W. B. Kibble, Phys. Rev. 139, B712

(1965); S. Kamefuchi and Y. Takahashi, Nuovo Cimento 44, Al
(1966); A. Salam et al. (Ref. 4).

’L'p)\ ik
(1 -—) rap)Bpi—i0. mip) |

mo.

appear in the propagators. The contact terms are
unique in the case of the field ® because of the fact
that ® obeys the Duffin-Kemmer equations which can be
derived from a Lagrangian. In the case of the ¥ field,
the total symmetry of W4p¢ requires the presence of
auxiliary variables in the Lagrangian. Different pro-
cedures lead to different contact terms, although the
residues of the poles are the same in all cases. A pre-
scription is therefore necessary to determine the con-
tact terms. We obtain the required prescription by
examining the meson-exchange contributions.

If we ignore the mass splittings, the propagator for
® is given by

(P45, B )= Bia,y P
1 (—1q+m) A2 (iqg+m) cB] (3.1)

= —[3,41) 8cB+
2 m2g?

It is easy to verify that

3L(q+m)i"ont~+ (—ig+m)n*8i™]
(3.2)

1
XPirht=—08;"8u7,
m

where ¢ satisfies the Duffin-Kemmer equation
s[Gg+m)i8ut+ (—ig+m) 8,7 ]®,m=0, (3.3)

and where, for convenience, we have suppressed the
SU(3) variables. Now to obtain the one-meson ex-
change contribution to meson-baryon scattering we take
the time-ordered product of the trilinear U(6,6)-
invariant terms ({GUFFAVppp®,B and (ig/4me) PP
X ®pfP¢C, and contract once on the meson fields. The
result in terms of (2.3), (2.4), and (3.1) is

£G .

— =T 5B 4B .
4mo
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It is clear that the terms in $4¢5P proportional to
8426¢® will produce a U(6,6) invariant contribution to
the one-meson exchange (obtained by letting ¢,=0)
which is proportional to the 3 term of Eq. (2.5). The
parts of the propagator containing ig’s will break the
U(6,6) symmetry. Therefore, it is natural to redefine
the propagator so that the resulting ‘“‘one-particle
exchange” is a pure symmetry-breaking amplitude.
This is accomplished by adding the contact term
—06428¢P to the original propagator (3.1) to obtain
the symmetry-breaking propagator

(24%,3c")+

’ i Dy
=—[—5AD3 cB:( ig+m) 4 (zq+m)03] (3.0
2 m2+q2

Similar considerations lead us to define the propagator
corresponding to the ¥ field as

(Y 4pc, ¥PEF),
s [(—z‘q+M>AD(—iq+M)BE(—iq+M>cF
B 12 pwaBO) M(g>+M?)
M—3iq) 4P6576
_( iq) 4735 cF] (3.5)
M

Note that both propagators [(3.4) and (3.5)] vanish
when the 4-momentum of the exchanged particle goes
to zero. From (3.4) and (3.5), the propagators for differ-
ent components of ® and ¥ [compare Delbourgo et al.,
Eqgs. (4.29) and (4.30), Ref. 7] can be obtained by
multiplying with appropriate combinations of y matrices
and the antisymmetric charge-conjugation matrix C.
The inclusion of the mass splittings, based on the work
in I, essentially amounts to introducing physical masses
in the projected propagators. If we combine the
symmetry-breaking propagators (3.4) and (3.5) with
the vertex functions, we can write somewhat sym-
bolically the effective meson-exchange and baryon-
exchange matrix elements in momentum space as

—1GgUABC(P )W 4pp(p)(BPBET )+

X[2rC(k)Be"(— k) +Bro(— k)P (k) ],
and
GHUABA (p)® 4,0 (— k') (W a5 UPEF ), pP (k) VD mr(p) ,
or in terms of the currents (2.3) and (2.4),

— 1GNP BT )4 jF ",

and

GAJABC(W 45 VPEF) T ppr. (3.6)

Finally when we use the decompositions (2.7), (2.9),
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and (2.10) for the currents, we obtain

for vector-meson exchange:

3Gg 1 3 )
l}(qwr LRV NASY LoV

16 my*+-¢2

2
2 .
_'”"']Tuv(‘m 2_%‘]2)%1]1'] ) (37)
mo
for baryon exchange:
. M I KJ h
Gz[(j v zq“jnﬂ\ Y / TV 'qu J ﬂ)‘>
My /ME2+Q2\ i
. ME—'Zq 7 _ -
—Jv JV+—(J¥q, I, —J ﬂug,,]‘l’)—J . (3.8

B B

for decuplet exchange:

- 1qy _
G2[<JD”+‘JV;4)
My

WM (M g—i 7
x(am—q"q )—*(——i)(.rwﬂhp)
Mg M g?+-¢* M;

. Mg—2ig . 1q
—J,,—-————]“+%J,‘,,——J,,,:| . (3.9

E M E
In (3.7), (3.8), and (3.9), a summation over SU(3)
variables is implied. The initial, final, and exchange
masses M, M ;, and M g, m,? can be identified easily by
the SU(3) variables. The invariant amplitudes 4 and B
obtained from these expressions are summarized in the
Appendix [(A7), (A8), and (A9)]. It is to be noted that
because of the contact terms in the propagators, the
terms that we characterize as “one-particle exchanges”
contain, in addition to the conventional exchange terms,
some extra nonpole contributions. A characteristic
feature of these symmetry-breaking “one-particle
exchange” amplitudes is that they vanish at threshold

in elastic scattering.

IV. NUMERICAL RESULTS

Before proceeding, certain limitations of the model
should be considered. The “one-particle exchanges”
that have been included represent only the nearest
singularities to the elastic threshold of meson-baryon
scattering in the sense that they contain the lowest-
lying SU(6) multiplets as intermediate states. Further-
more, these “exchange” terms are real functions of s
and ¢ that contain divergent contact parts. The U(6,6)-
symmetric terms are’ polynomials in s and ¢ that also
diverge for high energies, and if &, 8, and v are chosen
to be real constants, the corresponding amplitudes will
be real. Hence, without modifications to account for
elastic unitarity and higher resonance states, we ex-
pect our model to apply only in the low-energy region
of the physical cut, where the amplitudes are neces-
sarily small and real. This rules out the KN system,
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TaBLE I. Experimental and theoretical values (usmga~—6
=—0.0957) of the S-wave (a2r) and P-wave (aar,2s) scattering
lengths for 7V and KN elastic scattering.

Scattering Experimental Calculated
length values Ref values
as —0.1144-0.003 20 —0.080
—0.088+-0.004 16
—0.096 17
@ 0.205 20 0.160
0.17140.005 16
0.157 17
as —0.0424-0.004 20 —0.071
—0.038+-0.005 16
—0.034 17
ass 0.2154-0.005 16 0.194
an —0.10140.007 16 —0.089
—0.039 17
a3 —0.02940.005 16 —0.047
—0.030 17
az —0.20540.005 18 —0.194
a0 0.03 £0.03 19 0.709
a2 —0.034
a3 —0.002
ao1 0.020
a3 —0.026

which is known to be absorptive near threshold, and
leaves 7N and KN elastic scattering as the most
likely candidates for consideration. Since experimental
data for these reactions are parameterized as partial-
wave amplitudes and scattering lengths, we will com-
pute these from our model. We take the low-energy
regions to be Pi,=0—300 MeV/c and Pip=0—400
MeV/c for #N and KN, respectively, slightly above the
inelastic regions for both (P is the laboratory mo-
mentum of the incident meson).

The “U(6,6)-symmetric” effective matrix elements, as
can be seen from (A4) and (A6), contribute to /=0, 1, 2
partial waves. In the case of elastic scattering (M,
=M;=M, mi=ms=m),

C(s,0)+D(s,))+D(u,t)=0 4.1)
and the contribution from the v term can be written as

4 (7)(5,t) = (7/36)[(33)_" G)D(S)l)+ (38_' G)D(uyt)] )
Br(s,t)=3§v(E—D)bv ().
It can be verified that at threshold, viz. {=0 and
s= (U+m)’, u=(M—m),

AN 4mBM =0, 4.2)

It was previously noted that the “one-particle ex-
changes” also vanish at threshold. Consequently, in
elastic scattering at threshold and hence for s-wave
scattering lengths, it is only the o and B8 terms that
contribute. It is apparent from (A6) that the o term
has the SU(3) and charge-conjugation structure of a
singlet scalar meson exchange in the ¢ channel (without
a pole). The (8 term is a combination of two terms, one
of which has the structure of an exchange in the ¢
channel of an octet of scalar mesons and the other, an
octet of vector mesons. These properties of the o and 8
terms will be exploited later.
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The “one-particle exchanges,” in general, contribute
to all partial waves. When the nonpole parts are ig-
nored, the “one-particle exchanges” are just the stand-
ard vector-meson exchange, baryon exchange, and
decuplet exchange. The parameters G and g and hence
all the required coupling constants, as discussed in I,
are determined from the #-N and p-77 coupling con-

stants:
50 My 2M i\ 2
gPP,r“2=-—(1— )(1—!— )G"’,
81 4M 2 m,

2 8 2
8 =—"8oxx""
81"

(4.3)

From gpp,.%/4w=15 and g,..2/4r=3%, we have G?/4r
=2.05 and g2/4r=0.0494. The vector-meson couplings
needed in 7V and KN scattering are given by the fol-
lowing relations:

Lorr=28pkK= (9/2\/7)g;

G2 1m, S5 my?
v {1 T )
V23 3My 12 My?
G2 mpy 1 m,?
ngP———(3+——— ) )
V23 My 4My?
(4.4)
G4 SMy 3 m,
orr= {12 22)
V29 m, 4My
G4 My 9 m,
g wrp=— —(—3‘1"——- —)
V29 my 4MN

g¢PP=g’¢PP=O’ Mpy=My.

The Yukawa-type meson-baryon coupling constants
and the trilinear decuplet-baryon-meson coupling con-
stant are tabulated in L.

Now we calculate the S-wave scattering lengths for
all isospin states of N and KN(aar). Since asr only
depends on the threshold values of the & and 8 ampli-
tudes, we have

—8My (

e (e S
—8Mx (1

“ MN-f-m,{ )(a_!_ﬁ)—g —ﬂ}

4.5)

—8MN (

“T MN+'WLK{ )(a+3ﬁ)+_ ;n‘_ﬂ}
—8Mx mi?

o Y,
M y+mx mo®

(Note that a and 8 have dimensions of inverse mass.)
If we eliminate the parameters and put in the numerical
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F16. 1. sindr % cosérs* for wNV elastic scattering. The solid curves are our calculated results. The dashed curves are the fits of Roper
et al. (Ref. 17). The broken dashed curves are from the effective range approximation of Hamilton and Woolcock (Ref. 16). The data
points are from the work of Barnes et al. (Ref. 20).
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F16. 2. sindrysL cosdpsL for T=1, KN elastic scattering. The solid curves are our calculated results.
The data points are from the work of Goldhaber et al. (Ref. 18).

values of the masses, we obtain the relations

Qo= — 0468(11+ 1 .497&3 )

(4.6)
00=3.3030/1—2.27303.

The scattering lengths determined from experimental
data by several authors have been listed in Table I.
If we use the Hamilton and Woolcock!® values for 7V
S waves, we obtain a;=—0.21240.008 and @o=+0.765
#+0.025. Using the Roper, Wright, and Feld!” values
gives as=—0.217, ao=+-0.737. In both cases, the @
values are close to the result of Goldhaber et al.1®
The ao, however, is very large and far from the extrap-
olation of Stenger et al.,'® whose @, is consistent with
zero. This serious disagreement for the 7=0 s wave at
zero energy will persist away from the threshold and is
the major fault of the model. We will defer further dis-
cussion of the T=0, KN system to the concluding sec-
tion, and discuss only T'=1%,  for 7NV and T=1 for KN.

Because the scattering lengths in Table I are extra-
polated from the lowest-energy experimental data, there
is a rather wide variation of values from one set to
another. Therefore, it is reasonable to determine our

16 ]). Hamilton and W. S. Woolcock, Rev. Mod. Phys. 35, 737
(1963).

17 L. D. Roper, R. M. Wright, and B. T. Feld, Phys. Rev. 138,
B190 (1965).

18 S, Goldhaber ef al., Phys. Rev. Letters 9, 135 (1962).

BV, J. Stenger, W. E. Slater, D. H. Stork, H. K. Ticho, G.
Goldhaber, and S. Goldhaber, Phys. Rev. 134, B1111 (1964).

parameters e, 8, v not from the scattering lengths, but
by requiring a fit to the S-wave data at the lowest
measured energies. One salient feature of the =V S-
wave scattering lengths should first be noted: For all
three values listed, ai=~~— 2a3. This is often taken to be
evidence for the dominance of vector-meson exchange
near threshold. We can simulate this behavior and
eliminate one parameter by requiring 8= —a. For 7N
this has the effect of canceling that part of the 8 term
which has the SU(3) structure of a scalar octet ex-
change, leaving the part that has the structure of vector
exchange. For KV this cancellation does not occur, and
in fact for T=0 it is only the « term that contributes.
To fix the remaining parameters, a and v, unambigu-
ously we require the =3 and T=1 S waves to pass
through the lowest experimentally determined points.
With the definition L2T'2J= sinéwl' COSBTJL= fLﬂ:T
(where L=S, P, D, etc.), we require

S11(P1ap=100 MeV/c)=+0.100,2
521(P1a5= 140 MCV/C) =-—0.123.18

This fixes the parameters (in units of inverse pion
masses),
a=—fB=—0.0957,
v=3.00,
2S. W. Barnes, B. Rose, G. Giacomelli, J. Ring, K. Miyake,

and K. Kinsey, Phys. Rev. 117, 226 (1960); S. W. Barnes, H.
Winick, K. Miyake, and K. Kinsey, sbid. 117, 238 (1960).
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and allows the calculation of all partial waves that con-
tribute to low-energy =V and KN elastic scattering. The
results for the scattering lengths are listed in Table I.

In Figs. 1 and 2, the resulting S, P, and D waves are
given as functions of laboratory momentum for
7N(T'=4%,3) and KN(T=1). For comparison, some of
the experimentally determined amplitudes are also
given. Note that the 7V data of Barnes ef al.2° come from
fitting differential and total cross sections below E,=170
MeV (laboratory kinetic energy), whereas the curves
of Roper et al.'” were determined by including polariza-
tion data up to E,=350 MeV. Because the latter fit
includes higher-energy data than Barnes ef al., the de-
tails of the two fits differ in the region of the N*, where
data are less certain, particularly in the Pi3 and Ps;.
The Hamilton and Woolcock!® curves for 7V S waves
are taken from their effective-range fit to data below
E,=45 MeV. The KN data of Goldhaber et al.1?
come from their experiments on K+p elastic scattering,
from Pr=140—624 MeV/c.

In general, our results are in reasonably good agree-
ment with the data. All of the =V partial waves have
the same sign and qualitative behavior as the data of
Roper et al. The agreement is particularly good below
P1ay=200 MeV/c, where N* no longer dominates the
differential and total cross sections. Except for the
small negative Py, the KN, T=1 partial waves are
consistent with the dominance of S-wave scattering
reported by Goldhaber et al. These results emphasize
the importance of the background terms, particularly
in the S waves, where the a and 8 amplitudes domi-
nate, and in the Py partial wave where the large v
term counterbalances the large negative nucleon pole
contribution (Table IT).

V. DISCUSSION AND SUMMARY

The physical motivation for our model is provided by
the fact that tensors of U(6,6) subjected to Bargmann-
Wigner equations lead to a supermultiplet structure
which corresponds exactly to that of SU(6) symmetry.
As emphasized by Salam et al.,” this is entirely equival-
ent to assuming that the known particles at rest cor-
respond to the representations of a compact U(6)® U(6)
group. Given the possibility of such an assumption,
one can write down tensor combinations of three-,
four-, and higher-point functions which are formally
invariant under U(6,6). In the lowest-order perturba-
tion theory, they can be evaluated by substituting the
free-field solution for the tensors. Such a procedure has
considerable support from experimental observations in
the case of three-point functions constructed from ¥ 4z¢
and ®48 which describe the presently known low-lying
baryonic and mesonic states. When applied to four-
point functions, however, it leads to contradictions and
conflict with the basic principle of unitarity. Even
in the case of three-point functions, as pointed out in I,
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TasiLe II. Calculated values of #N partial-wave amplitudes
(sindzs% cosérs-) with one-particle exchanges and background
terms separately tabulated to illustrate their relative importance.

Sum of all Sum of all
Py one-particle background Total partial-
(MeV/c) exchanges terms wave amplitude
Sll
60 —0.0010 0.0616 0.0606
100 —0.0044 0.1051 0.1007
140 —0.0114 0.1512 0.1398
200 —0.0227 0.2246 0.2019
240 —0.0369 0.2762 0.2393
300 —0.0618 0.3601 0.2983
S.’il
60 0.0022 —0.0340 —0.0318
100 0.0103 —0.0679 —0.0576
140 0.0266 —0.1136 —0.0870
200 0.0544 —0.2049 —0.1505
240 0.0838 —0.2793 —0.1955
300 0.1359 —0.4070 —0.2711
P
60 —0.0125 0.0086 —0.0039
100 —0.0508 0.0380 —0.0128
140 —0.1206 0.0991 —0.0215
200 —0.2840 0.2650 —0.0190
240 —0.4310 0.4316 -+0.0006
300 —0.7094 0.7718 +0.0624
Py
60 —0.0022 —0.0013 —0.0035
100 —0.0083 —0.0064 —0.0147
140 —0.0185 —0.0117 —0.0302
200 —0.0386 —0.0477 —0.0863
240 —0.0536 —0.0795 —0.1331
300 —0.0769 —0.1462 —0.2231
Py
60 —0.0020 —0.0002 —0.0022
100 —0.0077 —0.0009 —0.0086
140 —0.0164 —0.0016 —0.0180
200 —0.0323 —0.0015 —0.0338
240 —0.0427 +0.0007 —0.0420
300 —0.0558 +0.0088 —0.0470
Py
- 60 0.0070 0.0030 0.0100
100 0.0305 0.0131 0.0436
140 . 0.0813 0.0330 0.1143
200 0.2679 0.0850 0.3529
240 0.6190 0.1347 0.7537

there is no theoretical justification for the procedure
except as a working hypothesis.

Since, in general, perturbation theory in strong inter-
actions is questionable, we adopt the alternative ap-
proach based on dispersion relations. In several calcula-
tions®16 based on the latter approach, it has been found
that it is necessary to introduce background terms which
approximate distant singularities in addition to one-
particle exchange contributions. It is interesting to in-
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vestigate whether such background terms possess higher
symmetries. Within the framework of U(6,6) sym-
metry, the contact terms (four-point functions evalu-
ated in the lowest-order perturbation theory) provide a
representation of such background terms.” If these are
supplemented by symmetry-breaking one-particle ex-
change contributions, one has a starting point to relate
a large number of scattering processes. With this point
of view, we have investigated only a limited version of
the model as applied to pseudoscalar meson-baryon
scattering, confining our attention only to the states
that form the 35-dimensional and 56-dimensional repre-
sentation of SU(6) (we could also consider associated
production, vector-meson production, and baryonic reso-
nance production in the same context). Further, the
model is incomplete for the following reasons. First of
all, we have made no attempt to calculate unitarity
corrections. Secondly, for simplicity, we have chosen
a, B, B, v to be real constants. It is more natural to
choose functional forms with appropriate cutoff pro-
perties in them so that they define a range over which
the U(6,6)-symmetric terms dominate. This would
enable one to use the N/D procedures to obtain uni-
tary scattering amplitudes, thus greatly extending the
predictive power of the model. The model then could
be tested for higher-energy behavior and polarization
predictions.

In spite of these shortcomings, it is encouraging from
the results in the previous section that we obtain reason-
ably good agreement with the presently available
experimental information in =N and KN (T'=1 state
only) scattering. There is a serious disagreement in
KN (T=0 state) in that the model predicts large
S-wave scattering in contradiction with the results of
Stenger et al.'® Their results, however, are extrapolated
from K*d scattering at comparatively higher energies
(P1ap=350-812 MeV/c). If further experiments (pre-
ferably K;°P) confirm the results of Stenger et al., then
our model in its present form is untenable. In the work
of Warnock and Frye® on the KN system, in which the
Stenger results are used, there is an indication of
significant contributions from higher resonances. One
may then be led to include higher SU(6) multiplets in
the scheme considered here. This and other possible
modifications discussed above need further investigation.

ACKNOWLEDGMENTS

The authors are indebted to Professor B. Sakita for
his continued interest and valuable suggestions during
the course of this work. They would also like to thank
Dr. R. C. Arnold for many helpful discussions.

APPENDIX

The purpose of this Appendix is to collect together
the results for the invariant amplitudes A (s,},%) and
B(s,t,u) from various terms in the model. To this end,

G. R. GOLDSTEIN AND K. C. WALI

155

we note that 4 and B are defined by?!

qi+q;
T=—A(s,ty,u)+i B(s,tu),

(A1)

where T is the T matrix for pseudoscalar meson-
baryon scattering, and ¢; and gy are, respectively, the
4-momenta of the initial and final meson. The cor-
responding 4-momenta of the baryons will be denoted
by p; and py. Let m;, my, and M ;, M ; denote the masses
of the initial and final meson and baryon masses, re-
spectively. Then, s, ¢, and % are the Mandelstam varia-
bles, s=— (pi+4¢:)? 1= —(g:i—qys)?, u=—(pi—g,)?% and
stHttu=M24M 24+m2+ms. When necessary, we
denote the mass of the exchanged meson (baryon) by
me(Mg). The partial-wave projections of A and B
are given by

1 1 1 1
Az(s)=5/_1APl(x)dx, Bl(s)=5/ BPz(x)dx, (AZ)

-1

where x=cosf, 6 being the scattering angle in the c.m.
system. The partial-wave scattering amplitude, fi,
for a state with total angular momentum J=1+3% and
parity (—1)*! are given in terms of 4; and B; by the
following equation:

1
frs =Bk MV M)
8 W
MA+M;
oo

1
(B M)V Ey— M )2
8o Y

MA-M,
X [—A zi1+(W+—-2—‘—>Bli1] , (A3)

where W is the c.m. energy and

EigH+Mi=((W+M; p)*—m: )/ 2W.

U(6,6)-Symmetric Contributions

We would like to emphasize that the term “U(6,6)
symmetric” is used for convenience in the sense that
the relevant contributions can be derived from an effec-
tive Lagrangian which is U(6,6) invariant when ex-
pressed in terms of the fields ¥ and ®. The use of the
Bargmann-Wigner equations violates this invariance.
In addition, it should be noted that we include SU(3)
mass splittings.

To list the invariant amplitudes from different terms

21 A. W. Martin and K. C. Wali, Nuovo Cimento 31, 1324
(1964).
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in (2.4), we define the following functions of s, ¢, and u:
t—M',;2_Mf2 t—mi2—~mf2
o A, )
2M M 2m ?
2 (u—s) (Mi+M;)*—1)

ay(s,t)=— )
3 m,,2 ZMzM/

mp
v [(Mrf“Mf)(%—S) — (mi—m;?) (Mi—Mf):I
‘M,;Mfmp ’
2 (2mp+M A+ M ) (MM ;)2 —1)

b (i)=" ’
i 9 MM m,*

(A4)

C(s,t)y=— [mo(Mi—M 5)*(m,+M+My)

oM gm,?
(M AM ) (m2M ~+m M ;)
— UM iA-m ) (M y+m,)—st
— (M Hmpl—s) (M +mi—s)],

f—M,;Z-—Mf2 2x—]l[i2—Mf2
D(x,t)=2[(l— )(1-;L )

2M M, 2m,®
x—M2—m x—M2—m2\"
e
2Mm, / 2Mim, /.

where x=1u, s.
To denote the SU(3) dependences, we need the fol-
lowing definitions: (BB)w (where W=F, D, or S),
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(BB)y=BB—BB; (BB)p=BB+BB—2TrBB;

(B-B) 8= TI‘BB
w F D S
aw 1 0 1
w -1 3 -2
¢=Tr(—BBPP—BBPP+BPBP
+BPBP)+Tr(BB) Tr(PP),

D=Tr(—BPPB)+Tr(BP) Tr(BP),
&=Tr(—BPPB)+Tr(BP) Tr(BP).

Then,

A@(s)=—4aF () Tr(BB) Tr(PP),
B@(s5,)=0,

A®(s,1)=8 % (BB)w[—4%awF (t)(PP+PP)

(AS)

—(awav(s,)+cwav(s,))(PP—PP)],
B® (5,t)=—B Y (BB)w(3aw+cw)b,()(PP—PP), (A6)

AD (s )= gg[@C(s,t)+3:DD(s,t)+38D(u,t)] ,

B@(s,0)=§v(6—D)bv(1).

“One-Particle-Exchange” Contributions

In pseudoscalar-meson-baryon scattering, we have
contributions due tovector meson, baryon, and decuplet
exchange. We denote the corresponding invariant
amplitudes by 4, 4B A D) etc,

Vector-Meson Exchange

3m V2

3Gg - L
A (s,0)= e % Tr[(BB)W(PP—PP)][aW<

mye—1i

—ayv—av

LM +M ) —t)(M—M) (mf2_mi2>>
MM sm ,(mv:—1t)

“+ewl — iy —Qy+

3my? —dmy?®) [(M:+M)(u—s)—(M;—M 2=l
< (t—4my?) [(M+M ) (—s)—( RIC mj‘)]):l’ an

my—1 I, MM s

3m V2

mV2_

3Gyg _ .
BWM(s,t)= —T %(BB)W(PP—PP)(3aw+Cw)[

Dy () —by(1)+-
3

myr—i

2 (t—4my® [(M "+Mf)2—ﬂ

m MM myi—i

Conventional vector exchange is obtained by taking only the pole terms.

In the case of baryon and decuplet exchanges, it is sufficient to compute the invariant amplitudes 4¢ and
B due to the direct exchanges in the s channel. The corresponding #-channel pole contributions can be obtained
by the substitutions s <> %, m; <> m;, P <> P, and B(s,t)=— B(u,t).

Baryon Exchange

Al(S)
MEZ—S

awy=Tr
(s,t>—§1[ of5)11(5)

—[fils)+ f1(s)—1]4a(s)— 7

/13(5):'

X (25 TtBPPB+5 TrBPBP+5 TrBPBP+TrBBPP),
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B® () GZ[M O L) 1A 1T BM}
S,t)=—- 1S N — 1 Jis s)—1 §)—
81 " ! 11‘[1;2—8 ! ’ MI/}
X (25 TrBPPB+5 TrBPBP+5 Tr BPBP+TrBBPP),
where
QM.;,fME-{-J/[z"fZ*-m,‘,f2+S
fi,f(s) = )
2M ; M g
MAMg MMy MH+M;
A1(s)= —(1+ ><1+ ><ME————— >—(4m,,~i—M,-—l—Mf—{—ZME)(s—ME“’)/Zm,,2 ,
My myp
ZMEz—MiZ_MfZ S"‘ME2
Ay(s)= —<]+ -+ ) ,
2m 2 m,?
Mf{*‘ME ]llf‘{"ME S-ME2
B1(s)=<1+~——~ )<1+ >+ ,
m, m, m,?
2 MAM
Bu)=(———),
M, m,?
and
A3(8)=A1(S)—MEA2(S) , Ba(S)=B1(S)—'MEBz(S) . (A8)

Decuplet Exchange

The results in Egs. (A7) and (A8) follow from Egs. (3.7) and (3.8). As explained in Sec. ITI, these contributions
include (i) parts due to the conventional vector or baryon exchanges calculated using the coupling-constant rela-
tions implied by U(6,6) or SU(6)w symmetry [ I, Appendix Egs. (A2), (A3), (A11)7]; (ii) parts that arise because
of contact terms in the propagators. In the decuplet case, for the sake of conciseness, we present below only the
contributions of the type (i), although the complete results from (3.9) have been included in the numerical
calculations.

AD (s ) =— 1+ ><1+—~—>
81 ME2—S M,,Mf\ My

Mp

MAMy
><2CiCI—Mi2—Mf2+D:|

MA+M; 3
X [(ME‘— 5 )(MH‘ C) (Mf+Cf)+5<ME+

X {3(TrBB TrPP—TrBP TrPB)+Tr(3BBPP—3BBPP— BBPP—BBPP+BPBP+ BPBP)},

BD)(5,f)= —— 1+ ><1+ )
81 My?—s MM\ m,

XM ACH)(M~+C;)—32C,Cr—M 2— M *+1) J{same SU(3) dependence as in 4 @},

Mp

where C; and C; are constants given by

ME2+M,‘2-'WL,;2 ME2+Mf2—ﬂlf2
Cm=————— | Cpm———————. (A9)
2M g 2M g

Note that when the partial waves are projected out, all of the U(6,6)-symmetric and one-particle exchange
terms have the correct threshold dependences, i.e., fi.(g) goes as g2 as ¢ (the c.m. momentum) goes to zero.



