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Meson-Baryon and Baryon-Baryon Reactions in a Quark Model
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(Received 7 June 1966)

An "independent-quark model" for mesons and baryons which recently was applied very successfully to
elastic scattering at high energies, is extended to inelastic meson-baryon and baryon-baryon reactions. A
number of relations between cross sections are derived, most of which are independent of SU(3). The
agreement with the available data is fair except for one case, but more data at higher energies are needed
for a detailed test of the model.

I. INTRODUCTION

ECENTI.Y a very simplified "independent-quark
model" for mesons and baryons has been success-

fully applied to elastic baryon-baryon and meson-baryon
scattering, "neutral-meson production cross sections, '
proton-antiproton annihilation at rest, 4 strong decays
of the decuplet baryons and the calculation of electro-
magnetic and strong mass differences. ' This quark
model sometimes gives relations which are consistent
with SU(3) and SU(6)s symmetries and also makes
predictions which are not obtainable from these sym-
metries, most of which agree well with experiment. In
the particular case of certain relations for elastic
forward-scattering amplitudes which do rot depend
upon SU(3), the agreement with experiment is much
better than what one is used to call agreement in the
case of SU(3) and SU(6)s relations. As pointed out
in Ref. 3, however, this remarkable success of the quark
model for elastic forward scattering may perhaps be
due to the particular simplicity of such processes where
the four-momentum transfer is zero and where there
are no corrections for mass differences and form fac-
tors. It is therefore tempting to apply the same model
to inelastic meson-baryon and baryon-baryon reactions,
where these eRects can become appreciable, and to
compare the obtained predictions with experiment. In
Sec. II we construct the wave functions for the mesons
and baryons and summarize our assumptions for the
reaction mechanism. In Sec. III we consider a particular
set of reactions which are independent of SU(3) and
which do not require the quark model for the baryons.
In Sec. IV we derive relations which depend on SU(3)
and some of which are equivalent to SU(6) s predictions
and in Sec. V we then discuss the necessary corrections
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to the cross sections (phase-space and form factors) and
compare our results with experiment. Section VI finally
contains a review and discussion of our assumptions
and relations with symmetries.

II. PARTICLE WAVE FUNCTIONS AND ADDI-
TIVITY ASSUMPTION FOR QUARK-QUARK

SCATTERING AMPLITUDES

We assume that any 0 or 1 meson is a quark—
antiquark pair, whereas any of the octet or decuplet
baryons consists of three quarks coupled to the appro-
priate internal quantum numbers of the particle under
consideration. For the case of the mesons the coupling
of the spins and isospins of the quarks is unique. Thus
the x' meson, e.g. , is given by

zr =s (O'T(Pl —tPl(PT —KTKf+KlKT). (1)

We denote the isodoublet quarks by (P and X with
charges +s and —s, respectively, the strange quark
with charge —

3 by ), whereas the physical proton,
neutron, and h. states will be denoted by P, tz, and A.
The arrow represents the spin projection on an arbitrary
s direction. For the baryons one has the freedom to
couple two of the quarks to intermediate spin zero or
one and/or to intermediate isospin zero or one. The
coupling is fixed, however, if one requires the baryon
wave function to be totally symmetric in the internal
degrees of freedom, i.e., classifying the baryons into
the 56 multiplet of SU(6). The dynamical single-quark
states in a baryon (analogous to the single-particle
states in a shell model) shall be symbolized by their
position in the state vector. The notation (q qsq')
therefore means that q occupies the single-quark state
with energy E&, q~ that with energy E&, and q& that with
energy E3. The wave function of the physical A. , e.g., is
then given by

A =(1//12) P (Ln'TKj, —KT(PgX ), (2)

where P means the sum over all permutations of the
three quarks and where m is the spin projection on the
z axis. Similarly an%~+ with spin projection m=-„e.g.,
is given by

(3)&'++~=zts= s Zr tPTtPTtPT.

Clearly all other particles of the meson octets and
singlets, the baryon octet and decuplet can be generated
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from formulas (1) to (3) by use of isospin, U-spin, and
V-spin raising and lowering operators.

This assignment of mesons and baryons to the known
multiplets does not mean, of course, that SU(3) or
SU(6) is assumed to be a good symmetry. They are
only used for the classification of the particles but the
transition amplitudes will in general not be assumed to
be invariant under any of these groups. ~ This point is
discussed further in Sec. VI.

We again assume that all scattering amplitudes for
any meson-baryon or baryon-baryon reaction are simply
given by the sum of all possible quark-quark and quark-
antiquark reaction amplitudes. As a particular example
consider the charge-exchange amplitude m. p —+~'e,
leading from a proton with spin projection +-, to, e.g. , a
neutron with spin projection —~, which then is given by

(a) decomposing 6rst the mesons,

&1r pTl7r'ei&= (1/2v2)

X((»pTI6 T.l&
—

&6 lpTl~i. l)
+&~lpTI61.1&-&6TpTI~T 1)); (4)

(b) then decomposing the baryons,

&7r pTl7r'si&= (5v2/12)

x(&xT6 Tl6 Tel&-&(pl(PTm. lxl&
+&&l6'Tl(pl&l& —&(PT(PTIDiT&l&) (5)

The justi6cation for this additivity assumption of
quark amplitudes is not clear at this time. Our approach
to the "independent quark model" is based on the
analogy with the independent-particle model of the
nucleus in the early days of the nuclear shell model. At
that time the success of the model in explaining experi-
mental data seemed incompatib1e with the obvious fact
that nucleons interact with one another with a very
strong short-range interaction and cannot move
independently in nuclear matter. It was only a number
of years later that this point was clarified by the work
of Brueckner, Bethe, Weisskopf, and others. In the
same way we consider quarks as interacting inde-

pendently without justi6cation and look for predictions
which can be compared with experiment. We feel that
the success obtained so far by this approach justifies
looking further for other predictions of the model and

probing the region of validity of the model by com-

parison with experiment. A rigorous justi6cation of the
use of the model is a much deeper and more difBcult
problem and can reasonably be left for a later time.

The following example is presented as a guide to
intuition in the use of the model. Consider the scattering
of a high-energy electron by an e particle in which the
0. particle receives a momentum transfer without
breaking up. The scattering amplitude for this process
is given to a very good approximation by the Born

7 In particular we will not assume invariance under 8' spin. It
is therefore irrelevant whether one classi6es according to SU(6)e
or 8U(6)e.

approximation since the electromagnetic coupling
constant is small. The scattering amplitude is found to
have the following form: It is the sum of the amplitudes
for scattering of the electron by the individual protons
in the n particle multiplied by a form factor or structure
factor which is just the Fourier transform of the proton
wave functions in the o. particle.

In this example the additivity approximation is valid
because the process is treated in the Born approxima-
tion; i.e., by one-photon exchange. In a similar way it
is easily seen that the additivity approximation using
the independent-quark model is also valid for scattering
of mesons and baryons if the process is treated in Born
approximation; i.e., with a one-meson-exchange model.
Thus in a theory where hadron scattering processes are
described by meson exchange and the fundamental
coupling is a quark-quark. -meson vertex, the sum of all
possibLe one meso-rt exchange diagrams gives an expression
for the scattering amplitude which satis6es our addi-
tivity assumption. The sects of absorption can also be
accounted for within the framework of this model to
the extent that these absorption effects are representable
by some kind of "optical potential. " In this case the
individual quark-quark scattering amplitudes con-
sidered are not those of free quark. -quark scattering but
represent scattering amplitudes between single-particle
quark states corresponding to motion in the optical
potential. This corresponds to the distorted-wave Born
approximation commonly used in studying nuclear
reactions. With this picture we expect the model to be
valid primarily for reactions which are peripheral and
have a strongly forward-peaked angular distribution.

The quark-particle and quark-quark amplitudes at
the right-hand side of Eqs. (4) and (5) are unknown
parameters, for which invariance under SU(3) may or

may not be assumed. (Isospin 'invariance is always
assumed. ) In order to obtain relations between cross
sections for physical particles, however, one has to
eliminate if possible these parameters from the sum of
squares of amplitudes like (4) or (5). Such a meson-
baryon reaction (and similarly a baryon-baryon re-
action) may be represented symbolically by diagrams of
the type shown in Fig. 1. Reactions involving double-

FIG. i. TypicaI diagram for inelastic reactions
in the quark modeL
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(6a)

(6b)

(6c)

(7a)

(7b)

(8a)

(8b)

charge and/or double-strangeness exchange clearly are model for the mesons. These relations involve cross
forbiddenin thismodelsince thenmore than one quark sections where the target baryon and the produced
state in the initial meson and the initial baryon would octet or decuplet baryon are always the same in one
have to be changed. particular relation and which can all be expressed in

terms of quark-baryon amplitudes as in Eq. (4). These
III. SU(3)-INDEPENDENT RELATIONS relations therefore are independent of the quark

We erst consider a set of relations which do not structure of the target buryoes. Some examples are the
assume SU(3) and which depend only on the quark following:

o (sr p -+ K'A) = (9/4) o (pp ~ Z'h. )—(1/12)o (pp ~ XA),

a(PP ~XA) =3a(pP +Z-'A)+3~(pP +F—asA),

( p K*'A)=(9/4) (pp F *'A),

a(pp ~ Z-Z+) =a(w+p ~ K+Z+)+-', a(w+p ~ K*+Z+),

o (sr+p ~K*+Z+)= (9/8)o (pp -+ Ft* Z+),

o (pp ~ NN*++) = tr (K+p ~K'N*++)+ (25/9) o (K+p ~ K*'Na++),

&r(K+p +K*'N-*++)= (9/8)rr(pp ~ N*'N*++).

The notation 0- means cross sections averaged over all
initial and summed over all 6nal polarization states.

In relation (6) the outgoing A may be replaced in all
cross sections by Z' or Ft*s and similarly in relation (7)
the Z+ by F&*+. Relations (8) hold also if the target
proton is replaced by a neutron and the produced S*++
by a proton. The choice of the particular relations (6)
to (8) among a variety of similar relations has been
made in view of the available experimental data. Each
of the sets of cross sections appearing in Eqs. (6), (7),
and (8), respectively, are found to depend liriearly upon
only two independent functions of the two-body ampli-
tudes. ' One can therefore 6nd three independent rela-
tions between the 6ve cross sections appearing in
Kq. (6), and two relations between. each of the sets of
four cross sections in Kqs. (7) and (8).

IV. RELATIONS FROM THE QUARK MODEL
WHICH ARE EQUIVALENT TO

8U(6)s PREDICTIONS

It is clear that none of the above relations can be
obtained from any of the higher symmetries which put
mesons and baryons into diBerent multiplets. It has
been shown, however, that for certain classes of meson-

baryon reactions like, e.g.,

P+B~P+B,
the predictions of SU(6)sr hold already in the quark
model under the weaker assumption of SU(3) and a
subgroup of the Lorentz group including rejections. '
Examples of this are relations between scattering
amplitudes like

(K-p[woA) =%3(K-p [+Zo), (9a)

(9b)

( p ~

K'h)= —K3( p ~
.K'Z'), (9C)

etc., which in the quark model hold only, like in
SU(6)s, for the forward direction. . Predictions from
SU(6) sr for processes of the form

P+B -+ P+B*
are irrelevant for the quark model since these are all
forbidden in the forward direction. o

There are, however, some reactions of the type
P+B~P+B for which the quark model gives stronger
relations than SU(6)tr. These are relations for cross
sections rather than forward scattering amplitudes and
which therefore do not follow from SU(6)~. Some
examples are the following:

e (K+I~ K&p) =4o(K p~ ~oA) 2-o(K p~ —w Z+),--
a(K p~ Kort) = 2(a-(~ p~ K'A) -a(~-+p ~ K+Z+)),

o (K—
p -+ srsA) =-, (o (K—

p ~ sr Z+)+o (K p —+ sr Fr*+)),

o(K p~ K'N*') = cr.(sr+—p +K+Ft*+), —

o (K—
p —& sr

—F,*+)=—;o(K+p —+ K'N*++) .

(10)

(11)

(12)

(13)

(14)

This is easily understood if one notes that the matrix elements between the two meson states (or the two baryon states), in the
quark model, behave under spin rotations either as a vector (V &, Ve, V&) or as a scalar S. Since the cross sections a, after averaging
and summing over all initial and Gnal magnetic substates, respectivel, are scalar quantities in spin space, they can only depend on
the two independent scalar operators ( V ~ ['+ ( Ve '+

) V+~ (' and [S '. The same is true for relations (6) and (7).
H. J. Lipkin, in Proceedings of the Third Cora Gabtes Conference crt Symmetry Prsnciptes at High Energy (W. H. Freeman and

Company, San Francisco, California, 1966), p. 96.
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In relations (9b), and (11) to (14), use has been made
of SU(3) invariance of the quark amplitudes, whereas
(9a) and (9c) are independent of SU(3). All relations
(9) to (14) depend only on the quark model for the
baryons and are independent of the quark. constitution
of the mesons.

The relations between these predictions and those of
SU(6)s can be seen as follows. From the diagram of
Fig. 1, it is evident that the SU(6)s coupling in the
t channel is restricted to those representations which
are present in quark. -antiquark scattering; i.e., to the
singlet and 35. For reactions involving charge or
strangeness exchange the singlet is excluded and only
the 35 remains.

where p; ' and p,„&' are the center-of-mass
momenta of the incoming and outgoing particles. Since
both quarks are bound in composite particles the
scattering cross section has to be multiplied by a form
factor for the pion and a form factor for the proton. For
the scattering of a free quark by a physical particle the
form factor is given by

~s(&)= (O'I exp(i& «) I tp"), (16)

where f, and ft are the initial and final bound-state
wave functions and x is the coordinate of the interacting
quark in the particle S. Any z.p reaction, e.g. , then has
to be multiplied by the factor

(17)

V. PHASE-FACTOR AND FORM-FACTOR
CORRECTIONS AND COMPARISON

WITH EXPERIMENT

In contrast to relations for elastic forward scattering
amplitudes where the momentum transfer is exactly
zero, these relations can clearly not be expected to hold,
in the form given here, in the presence of appreciable
mass differences between the initial and final states and
of nonforward contributions to the cross sections. When
comparing them with experiment we must apply two
corrections: The first is a trivial kinematic correction
for phase space and accounts for the main part of the
mass differences between the initial and the Anal states
and between different 6nal states in related reactions.
The second correction is a "structure factor" which
accounts for the spatial structure, in terms of the quark
model, of the colliding (composite) particles and is
defined in analogy to the Debye-Wailer factor in x-ray
scattering and the form factor in the scattering of high-
energy electrons by complex nuclei (cf. the example of
electron scattering by an n particle). Consider, for
example, the scattering of a x meson by a proton in
the center-of-mass system. The colliding quarks (in the
example of Fig. 1 the (P quark of the proton and the 6'
of the pion) both get an additional momentum.

p. Cm. p
C lll.

(A +A„)= 8 (GeV/c) ',
(AxjA,) = & (GeV/c) ',
(Ar+Ae) =13 (GeV/c) '
(A„+Ao) =10 (GeV/c) '.

(19)

Thus the form-factor correction does not introduce
any additional free parameters and is uniquely dered
for each reaction.

Following the prescriptions of Meshkov, Snow, and
Vodh" the comparison of related cross sections with
experiment is done at the same Q values, Q being the
kinetic energy of the outgoing particles. Each experi-
mental cross section then has to be divided by the total
correction

C.Ill »

p expI —(A tt+A sr) &VAN
Sp. o.m.

in order to obtain the quantities

o =o. ,/F

(20)

(21)

which appear in the quark-model relations.
In Figs. 2, 3, and 4 we have plotted the correction

C=F ' in the forward direction for various meson-
baryon and baryon-baryon reactions as a function of Q.
The solid lines represent the phase-space correction
alone, the dashed lines the total correction (20) including
the form factor.

The forward direction form factors have been used in
all calculations, rather than averages over angular
distributions. This introduced a negligible error for
reactions which are strongly forward-peaked as indi-
cated by the expression (20).

All curves have been divided by the correction for

"S.Focardi et at. Phys. Letters 19, 441 (1965); M. L. Peri
et al. Phys. Rev. 132, 1282 (1963); C. Czyzewski et at. Phys.
Letters 15, 188 (1965).

~~ S.Meshkov, t . A. Snow, and G. B.Yodh, Phys. Rev. Letters
12, 87 (1964).

It is well known that for moderate values of the
four-momentum transfer t and sufliciently high energy
all elastic meson-meson and meson-baryon differential
cross sections fit well to an exponential

(t= ~ ) (18)

with exponents A z which are fairly energy-independent.
This in fact suggests that the 5 dependence of these cross
sections is dominated by the form factor and that the
angular dependence of quark-quark elastic scattering
can be neglected. Since in the quark model inelastic
reactions diBer from the elastic channel only through
the fact that quarks exchange (internal) quantum
numbers, we assume that this situation also applies to
the inelastic channels.

The actual values of the exponent A q are taken from
experimental data for elastic scattering. Some typical
values are"
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the charge-exchange process x p —& m'e. Let 5m be the
mass difference between the initial and the final states
of any one of these reactions. The Rat curves correspond
to low states of bm, the steep curves to high 5m. The
comparison with experiment of related cross sections
with widely different Sm's, therefore, is meaningful only
at sufficiently high Q values, say Q&1 GeV, where the
corrections in all reactions have approximately the
same Q dependence. This applies, for example, to our
relation (11). For those relations, however, where aall
mass differences bm are roughly the same a comparison

tilleven at lower Q values, say 0.4(Q&1 GeV, may sti
be justified. This applies, e.g., to the relations (6c),
(7b), and (8b) which are discussed below.

We now proceed to the comparison of these relations .
with experiment. In relation (6b) the cross section for

10
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FIG. 3. Corrections to E p cross sections with (dashed lines)
and without (solid lines) form factor. 1: for E p -&X'e, 2: for
E p~m Z+, 3: forK p~g'E, 4: forE p —+p 2+and 5: for
E p -+ E~iV*+. I'or 1 and 2 the solid and dashed lines coincide.
All curves are divided by the correction for ~ p —& 7r n.

Q values are needed. For relation (6c), as well as rela-
tions (7b) and (8b), there is little information about
the pp cross sections on the right-hand sides. The only
experiment known to us (for such Q values where data
for the meson-baryon cross sections exist) gives cross
sections which are averaged over different momenta of
the incident antiproton and which therefore cannot be
used for a detailed comparison. " Table I lists some
predicted pp cross sections on the basis of relations

10

pro. 2. Corrections to n p cross sections with (dashed lines) and
without (solid lines) form factor. 1: for w p-+wSe, 2: for
~-p —+ Eog and 3:for x p ~ EZ . All curves have been divided
by the correction for the reaction w p —+ ~on.

pp ~ P,*'A is known to be much smaller than the other
two" " relation (6b) therefore can be simplified to

o'(pp ~AA) =3o (pp -+ ZeA). (6b')

Using this, relation (6a) then reduces to the simpler
relation .( P- &'A) =2 (pp-~"A). (6')

Experimental data for relations (6a') and (6b') are
plotted in Pig. 5. Both relations are in rough agreement
with experiment " '4 but clearly more data at higher

I
V 6—

C

O

O
4P

O

p~ Noh

» B.Musgrave et al , Nuovo Ciment. o 35, 735 (1965).
C. Baltay et al., Phys. Rev. 140, 8102'1 {1965)."D.H. Miller et a/. , Phys. Rev. 140, B360 (1965);G. A. Smith

et a/. , in Proceedings of the Second Topical Conference on Resonant
Particles (Ohio University, Athens, Ohio, 1965); T. P. Wangler,
A. R. Erwin, and W. D. Walker, Phys. Rev. 137, B414 (1965).

1

0.4 0.8
I I

1.2 1.6
Q [GeV]

I

2.0

Fxo. 4. Corrections to pp reactions with (dashed lines) and
without (solid lines) form factor. 1:for pp ~ XA and 2: for pp ~
FPz. The curves are divided by the correction for w p —+ +0n.
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TABLE I. Some pp cross sections predicted on the basis of relations (6c), (7b), and (Sb). F~ and Fe are the phase-space
and form-factor corrections for the meson-baryon and baryon-baryon reactions, respectively Pcf. Eq. (20)g.

Q
fGeVj

lab.

EGeV/cg Reaction

Empt.
cross section

Qb$ Reference Fe/F"
Predicted cross

section [jube
pb aryan

lg,b.

)GeV/cg Eq.

0.44
0.36
0.82
0.43
0.49

2.7
2.7
4.0
3.5
3.0

~-p ~ E*0h.
~-p ~ X*0Z0

~+p ~ QQ+g+

~+p ~ +g+p' g+

g+p ~ ++0@+++

53+8
52&8
23&7

(20a8
1660~290

0.39
0.24
0.41
0.15
0.63

pp -+ P+0h.

pp ~ P +0+0

pp~ Fp z+
pp ~ pp-p' g+

pp ~ g+Ogg++

9.2+1.4
5.5~0.9
8.4+2.6

&2.7~1.4
924~16

3.5 (6c)
3.5 (6c)
5.1 (7b)
4.4 (7b)
3.6 (Sb)

& Reference 12.
& See reference in S. Meshkov et al. , Phys. Letters 12, 87 (1964).

b Reference 14.
d Reference 16.

(6c), (7b), (8b) and the available data on the meson-
baryon cross sections on the left-hand sides. An accurate
measurement of these pp reactions at the corresponding

p momenta should provide a sensitive test of the model.
Replacing the outgoing A by Zo in relations (6a)

and (6b), one easily derives from these two relations
(trying to eliminate those cross sections for which no
data are available) the inequality

r(~ p~-Z'Z') &,'o(pp-XZ') . (22)

In Fig. 6 we have plotted some experimental data for
these cross sections. These data are in clear disagree-
ment with relation (21).

In relation (7a) the cross section for the reaction
~+p —& E*+Z+ with the factor s is again negligible com-
pared to the left-hand side so that the relation reduces to

=(7'p- ~-~') =.-(-'p &'~') (7")

magnitude, a detailed comparison is not yet possible
since there are only two experimental points on the
reaction m+p ~ K+X+ at 2.77 GeV/c" and 4.0 GeV/c. "
Relation (8a) cannot yet be compared with experiment
since the reported data have widely diferent Q
values. "'8

We now turn to the discussion of relations (9) to (14).
Relations for foulard scattering like our relations (9)
have already been discussed in the context of SU(6) ~
predictions and do not, in general, seem to agree with
experiment, It has been pointed out, however, that owing
to the large experimental uncertainties for scattering
in the forward direction the actual values of the cross

I.O—

2.8—

2.4—
4

C9 2.0—

I.G—
a
b

l.2—
ib

0.8—

[7

~ -\

'!

\

C3

E
4

2 b"
n

lb

Experimental data for relation (7a') are plotted in
Fig. 7. Although the data have the correct order of 0.8—
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l

0.6 0.8
Q toevj

l
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FIG. 5. (a) Experimental test of relation (6a'). 0=2o(pp-+

ZA), ~=o(w P~EA} The data for the pP cross sections are
taken from Ref. 13 and from B. Musgrave et al. , ProceedAzgs of
the Siemna INtersatioeal Conference on Flemegtary Partscles and
IIigh Fnergy Physics, 1963, edited by G. Bernardini and C. P.
Puppi (Societa Italiana di Fisica, Bologna, 1963),p. 301.The cross
sections for the x p reactions are taken from Refs. 14. (b) Experi-
mental test of relation (6b'} Q =3o(pp —&ZoA), g=o(pp —+ AA}.
The data

fore�

(pP -+XA) are taken from Ref. 12. Foro (pP -+Z'A)
see caption (a}.

FIG. 6. Experimental test of the inequality (22). O=',rr(pp-+-
XX), ~ =o(m P-+X'Z'). The data for o(n. P-+IPZ'), are taken
from Ref. 14; for o(pP —+ XZ') see caption of Fig. 5.

5 S. S. Vamamoto et a/. , Phys. Rev. 134, 8383 (1964).
Aachen-Hamburg-I ondon —Muenchen Collaboration (to be
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r" G. A. Smith et al. , Phys. Rev. 123, 2160 (1961); M. Ferro-

Luzzi et ul. , Nuovo Cimento 36, 1101 (1965); G. Goldhaber et al. ,
Phys. Letters 6, 62 (1963); and G. Alexander (private
communication).

"M. I'erro-Luzri et a/. , Nuovo Cimento 39, 417 (1965).
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section at 8=0' may well differ appreciably from the

reported values which are averaged. over a 6nite interval
of tII, in which the cross section is a rapidly varying
function of the angle. " As long as the cross sections
have not been correctly extrapolated to 8=0' a fair
comparison is clearly not possible.

For the remaining relations (10) to (14) which ex-
plicitly assume invariance under SU(3) there are as
yet only a few data at sufliciently high energies and
comparable Q values, and a meaningful test of these
relations is not yet possible.

QI(expiX x)Qp,dssc, (23)

where f; and Pr are the initial- and fmal-state wave
functions for the particle, cL is the momentum transfer,
x is the coordinate of the particular quark making the
transition, and 0 is the appropriate operator which
changes the internal quantum number of the quark;
i.e., spin, strangeness, or charge. In the present treat-
ment the meson wave functions used are assumed to
have the same radial behavior for all 36 states and the

~ A. Bar (private communication).

VI. REVIEW OF ASSUMPTIONS AND
RELATIONS WITH SYMMETRIES

Because the foundations of this model are unclear it
is advisable to keep track of the various assumptions
which are used to obtain experimental predictions. In
particular the minimum set of assumptions necessary
to obtain any given prediction shouM be noted, since
it is only these assumptions which are tested by com-
parison of the prediction with experiment. For example,
some relations are obtainable between diferent meson-
baryon scattering amplitudes which depend only on the
assumption of the quark model and additivity for the
meson and are independent of the structure of the
baryon. Some relations are obtainable without any
assumptions of relations between the individual two-
body scattering amplitudes; other relations assume
invariance under SU(3).

In addition to explicit assumptions of the type men-
tioned above there are certain implicit syrrnnetry
assumptions which are inherent in the model. These
involve relations between wave functions used for
diBerent particles and the assumption that the two-body
quark scattering amplitude is independent of the par-
ticular state in which the quark is bound. Let us examine
these assumptions in more detail in order to see to what
extent they effectively imply the assumption of some
higher symmetry. We 6rst consider the hadron wave
functions. If we use the Born-approximation model as
a guide we see that the exact form of the wave functions
for a given particle enters only in the corresponding
form factor. This is an overlap integral of the form
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Fro. 7. Experimental data for relation (7a'). Q=o(e+p~
E+Z+) ~ =o (pp ~ Z Z+). The data for o (w+p -+ X+X+) are
taken from Refs. 15 and 16, the data for rr(pp ~X Z+) from
Refs. 12, 13, and, from R. Armenteros et a/. , in ProceeÃrtgs of the
Iuterrtatioual Couferelce ort High Ertergy Nuclear Physics at CERN,
edited by j.Prentki (CERN, Geneva, 1962), p. 236.

quark spin couplings are uniquely determined by the
spin of the meson. The baryon wave functions are
assumed to have the same radial behavior for all 56
states and spin couplings defmed by SU(6) wave func-
tions. However, many predictions do not require such
stringent assumptions. For example,

(1) Relations for forward elastic-scattering ampli-
tudes are independent of the form of the wave functions
since the initial and Gnal wave functions are the same,
4=0, and the form-factor integral is unity for all
wave functions.

(2) Rela, tions between elastic-scattering amplitudes
at 6nite momentum depend upon a form factor which
is essentially a Pourier transform of the wave function
and is characterized by the radial size of the bound
state. The experimental observation that the
momentum-transfer dependence of elastic-scattering
processes is independent of charge and strangeness sup-
port this assumption for mesons and nucleons. Note
that no such experimental evidence as yet exists for
hyperons.

(3) Relations for charge-exchange scattering proc-
esses require the same assumptions about the wave
functions as elastic-scattering processes with the addi-
tional assumption of isospin which is accepted as a good
symmetry for strong interactions.

(4) Strangeness-exchange processes involve overlap
integrals between states differing in strangeness. If
SU(3) symxnetry is broken and the spatial wave func-
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tions of nucleons and hyperons are diR'erent, the overlap
integrals for strangeness exchange processes will be
reduced. Since SU(3) symmetry is known to be broken
in the direction of reducing strangeness-exchange
processes, it is tempting to look at these overlap
integrals as a possible explanation. However, in this
work we have considered relations only between sets of
processes which all involve strangeness exchange or all
do not involve strangeness exchange, and the problem
of the diRerence in overlap integrals does not arise.

(5) The amplitudes for vector-meson production in-

volve overlap integrals between the vector and pseudo-
scalar radial wave functions.

(6) All inelastic amplitudes involve an overlap
integral between the initial and 6nal baryon states.
These integrals depend on the spin coupling of the
individual quark making the transition. The assumption
that the baryon spin couplings are those given by
SU(6) is important for these processes.

The assumption that the eRective two-body scatter-
ing amplitude is independent of the states in which the
individual quarks are bound is a nontrivial assumption.
If these amplitudes are not the free two-body scattering
amplitudes but eRective amplitudes "renormalized" by
the binding or some average optical potential, one
might expect such renormalization eRects to be the
same for all mesons and the same for all baryons and
neglect the variation with the internal quantum
numbers, charge strangeness, and spin of the states.
However, the diRerence between a two-particle and a
three-particle bound state seems sufficiently signi6cant
to cast considerable doubt on the assumption that these
eRects should be the same in a meson and a baryon.
The successful comparison of meson-baryon and baryon-
baryon total cross sections in Ref. 2, however, seem to
indicate that this assumption is valid. Note, however,

that the agreement obtained in relations between
meson-baryon and baryon-baryon scattering is of the
order of 10 to 15%%uo and is not as good as the agreement
obtained for relations involving only meson-baryon
cross sections.

VII. CONCLUSIONS

We have given here a few examples of relations for
inelastic reactions which follow from the quark model
and the additivity assumption of quark-quark and
quark-antiquark amplitudes. The 6rst group of relations
PEqs. (6) to (8)$ follow directly from the quark model
without assuming any higher symmetry. The second
group of relations LEqs. (9a), (9b), and Eqs. (10) to
(14)j are derived with the additional assumption of
invariance under SU(3). Among these, as expected from
the general analysis given in Ref. 9, the relations for
forward scattering are familiar from the SU(6)s sym-
metry. The other relations, however, which hold for all
scattering angles are new and do not follow from
SU(6)s. The agreement of our relations with experi-
ment is fair except in the case of the inequality (22),
which is in disagreement with the experimental data.
The discussion of the phase-space and form-factor
corrections to the cross sections shows, however, that
reactions with large mass diRerences should only be
compared at rather high Q values, say Q)1 GeV.
The existing data have Q values between 0.3 and 1
GeV and are thus not sufBcient yet to achieve a fair
test of the model and to distinguish clearly between the
quark model and any of the higher symmetries like,
e.g., SU(6)s. More data at higher energies are needed.
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