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%ays to test G. —The nonconservation of G

can be demonstrated by finding charged states
that decay into modes of different G, such as
~m and pm and ~Tt. The proof that G conserva-
tion is valid is, perhaps, more difficult. If
one could find, for example~ an&0 go+„0
with odd J, then the nonoccurrence of I+-m+m
would be good evidence in favor of G conser-
vation.

There do not seem to be any simple tests
for Gin pn or np interactions since it is not
obvious how to prepare initial states of known

G for these systems. One possibility would
be the comparison of p +p- y' +n' with p+n
—y +m . 'These two processes do not have
to be identical if G is not conserved.

Conclusion. —We conclude that present data
on the strong interactions of 8 =B=0 systems
offer good evidence in favor of I' conservation
but do not exclude the possibility that G is not
conserved. " The question of G conservation
can be, in principle, subjected to sensitive
experimental tests, but whether or not these
tests will become available may depend large-
ly on the cooperation of nature.

*Research supported in part by the U. S. Atomic En-
ergy Commission.

T. D. Lee and C. N. Yang, Nuovo Cimento 3, 749
(1956).

2There is good evidence for I conservation in nucleon-
nucleon systems (8 = 2, ~ = 0) and in pion-nucleon sys-

tems @=1,S =0), but comparable evidence does not
exist for S =B =0 systems.

3G. Goldhaber et al. , Phys. Rev. Letters 12, 336
(1964).

4S. U. Chung et al. , Phys. Rev. Letters 12, 621
(1964).

5M. Aderholz et al. , Phys. Letters 10, 226 (1964).
M. Deutschmann et al. , Phys. Letters 12, 356 (1964).

7J. Alitti et al. , Phys. Letters 15, 69 (1965).
R. L. Lander et al. , Phys. Rev. Letters 13, 346a

(1964).
BThe recently discovered D meson is a possible can-

didate for such an. &2 although the suggested spin-
parity assignments do not include 2+.

~ A. Forino et al. , Phys. Letters 11, 347 (1964); H. O.
Cohn, W. M. Bugg, and G. T. Condo, Phys. Letters 15,
344 (1965); Michigan Bubble Chamber Group (unpub-

lished).
E. Ferrari, Phys. Letters 16, 93 (1965).
D. H. Miller et al. , Phys. Rev. Letters 14, 1074

(1965); Ch. D'Andlau et al. , Phys. Letters 15, 347
(1965).

~3L. Seidlitz et al. , Phys. Rev. Letters 15, 217 (1965);
M. A. Abolins et al. , in Proceedings of the Second Topi-
cal Conference on Resonant Particles, Ohio University,
Athens, Ohio, 10-12 June 1965 (unpublished).

~46. Goldhaber, S. Goldhaber, J. A. Kadyk, and Ben-
jamin C. Shen, Phys. Rev. Letters 15, 118 (1965).

~5A G-nonconserving interaction can, in general, lead
to a mass splitting within a multiplet. The fact that the
observed splittings of 7t+ from. g and p+ from p are
small does not, however, seem to be a definitive mea-
sure of the extent to which t" is conserved. For exam-
ple, NN loops will not cause any G mixing into p+ or
7t+ since these mesons have quantum numbers such
that they can be coupled to NN states which have only a
single G value.

QUARK MODEL FOR FORWARD SCATTERING AMPLITUDES

H. J. Lipkin and F. Scheck*

Department of Physics, Weizmann Institute of Science, Rehovoth, Israel
(Received 29 November 1965)

%e should like to point out some remarkable
relations which follow from an extremely sim-
ple quark-model' assumption. These include

(a) relations between meson-baryon and bary-
on-baryon forward-scattering amplitudes which

are in good agreement with experiment and

which are not obviously obtainable in any other

way, and (b) relations for meson-baryon scat-
tering which are also obtainable from higher
symmetries. Our basic assumption is that the
forward-scattering amplitude for any reaction
is simply the sum of all possible contributing
two-body quark-quark or quark-antiquark scat-

tering amplitudes.
Consider, for example, ~+P scattering. We

denote the proton and neutron by P and N, re-
spectively, and the basic triplet of quarks by

p, n, X, where p, n constitute an isodoublet of
strangeness zero and ~ is an isosinglet of strange-
ness -1. The quark constitution of z+ is (pn),
of P is (ppn). The w+P forward-scattering am-
plitude is then given by'

(m'PI~'I)
= ((p&) (pp~) I (p&) (pp&))

=2(pp Ipp)+(pn Ipn)+2(np Inp)+(nn Irwin). (1)
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=2[(~'P) +(~-P)]--,'[(A'P) +(X P)], -
(2p) (pN) =-(x-p) -(sc x), -
(AP)-(PP) =(SC X) (~'P-),

(2c)

(2e)

(~+p)-(Z p) =(~+p-)-(w p)+(Z+X) (SC u), (-3a,)

—,'[(z'p) -(z-p)]
= (~+p)-(~-p) = (sc'x) (If -x), -

(z'p) + (Ic-p)

= —,'[(~'p) +(~-p) +(z'x) +(z x)]. -
The relations between meson-baryon and bary-

on-baryon reactions have no obvious interpreta-
tion other than that of the quark model. Com-
parison with experiment must cope with find-

ing the proper values of energy and momentum

at which reactions involving particles with dif-
ferent masses should be compared. At high

energies this difficulty is avoided as the var-
iation of cross sections with energy is small.
However, at very high energies, relations (2a)
and (2d) are trivially 0=0. Relations (2b) and

(2c) provide nontrivial tests even at asymptot-
ically high energies, since there is no other
reason why these should be expected to hold.

The relations (2a) and (2b) follow from the
quark model without the additional assumption
of SU(3) symmetry. Relation (2c) is obtained
from (2b) by using SU(3) to eliminate reactions
with neutron targets.

The comparison of relations (2b) and (2c)
with experiment is shown in Fig. 1. The points
for all reactions are taken at the same energy
in the center-of-mass system, and the agree-
ment is reasonably good. Although relation (2b)
does not depend upon SU(3) symmetry, while

'%tate offer no dynamical justification for this as-
sumption at this point.

The following relations follow directly from
this assumption, and the additional assumption
that the individual quark-quark and quark-anti-
quark scattering amplitudes satisfy SU(3) sym-
metry. We use the notation (AB) for the for-
ward-scattering amplitude (AB ~AB). By the
optical theorem these relations hold also for
the total AB cross section.

(pp) (xp) -= (x'p) (sc'x-),

(PP) + (PP) = ~~[(~+P) + (~-P) ]+—,
' [(A'P) + (Z-P) ]

--,' [(Ic+x) + (z-x) ], (2b)

(pp). (pp)

relation (2c) does, there is no evidence for
SU(3) symmetry breaking. Gn the contrary,
the relation (2c) is perhaps slightly in better
agreement than (2b).

Relations (2a) and (2d) are difficult to test,
as the differences between the cross sections
are of the order of the experimental errors.
The differences in (2a) have the correct signP
For the case of (M) the sign of the difference
between the two nucleon-antinucleon cross sec-
tions is not established. '

Relation (2e) would provide an interesting
test if better data on AI' scattering were avail-
able. Presently available data are in rough
agreement, 4 but the errors are large and the
energy is low.

The meson-baryon scattering relations (3)
are all obtainable without the quark model, if
additional symmetry is assumed. For exam-
ple, the relations (3b) are just the Johnson-
Treiman relations, ' which have been obtained
previously under the assumption of SU(6) sym-
metry. The quark model thus leads to these
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FIG. 1. Comparison of relations (2b) and (2c) with
experiment. x and +, at(PP)+aI. (PP) [& from Ref. 3,
+ from S. J. Lindenbaum, W. A. Love, J. A. Niederer,
S. Ozaki, J. J. Russell, and L. C. L. Yuan, Phys. Rev.
Letters 7, 185 (1961)]. Oand , 2[at(& P)+ot(7t P)]
—z'[o&(if+&)+ot(ff P)] [0 from G. von Dardel, D. Dek-
kers, R. Mermod, M. Vivargent, G. Weber, and

K. Winter, Phys. Rev. Letters 8, 173 (1962); W. F.
Baker, R. L. Cool, E. W. Jenkins, T. F. Kycia, R. H.
Phillips, and A. L. Head, Phys. Rev. 129, 2285 (1963),

from Ref. 3]. &, ~[at(& P)+&t(& P)]+2[at(& P)
+o~(~P)]—2[at(II"+N) +at(~N)] (see Ref. 3). On top
are given the average experimental errors.
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FIG. 2. Comparison of the antisymmetric sum rule (3a) and the Johnson-Treiman relations (Bb) with experi-
ment. e, A=et(~P) —gt(K I'); ~, g =2[at(K N)-et(&+N)]; 4, C =2fot(z &)-Ot(7t+&)]; 0, B=ot(T( I')-ot(z P)
+&t(K N)-&t(K N). On top are the average experimental errors. The data below 3 GeV are taken from A. N. Did-
dens, E. %. Jenkins, T. F. Kycia, and K. F. Riley, Phys. Rev. Letters 10, 262 (1963) and Ref. 12, those beyond
3 GeV from Ref. 3. The antisymmetric sum rule requires the two solid lines to coincide.

relations with weaker symmetry assumptions
than are required otherwise. Since it is not
clear which if any of these derivations correct-
ly describes strong interactions, we summar-
ize the minimum sets of assumptions required
to obtain each relation for the following three
cases: (a) SU(3) symmetry without the quark
model, (b) SU(6) symmetry without the quark
model, and (c) the quark model.

The "antisymmetric sum rule" (3a) is a weak-
er relation than the Johnson- Treiman relations
(3b). It can be obtained either from (a) SU(3)
symmetry with octet dominance' in the t chan-
nel (no 10 or 10~), (b) SU(6) symmetry with no

additional assumption, or (c) quark model only
for mesons, no model for nucleons. No high-
er symmetry is assumed, except isospin.

The Johnson-Treiman relations (3b) are ob-
tained either from (a) SU(3) symmetry with
octet dominance' in the t channel and a pure
I' coupling for the baryons, (b) SU(6) symme-
try with no additional assumptions, or (c) quark
model only for nucleons, no model for mesons,
and. SU(3) symmetry.

The symmetric sum rule (3c) is completely
unrelated to the Johnson- Treiman relations.

It can be obtained either from (a) SU(3) sym-
metry with singlet and octet dominance in the
t channel (no 27) and a pure E coupling for the
octet baryon vertex, (b) SU(6) symmetry with

singlet and 35 dominance in the t channel (no
405), or (c) quark model only for nucleons,
no model for mesons, and SU(3) symmetry.

Comparison of these relations with experi-
ment is illustrated in Figs. 2 and 3. The re-
sults show a reasonable agreement, comparable
to that already demonstrated for the Johnson-
Treima. n relations. ' The antisymmetric sum
rule seems to be better than the other relations,
particularly at higher energies. This is sim-
ply explained in the quark model, as the anti-
symmetric sum rule is the only relation ob-
tained without SU(3) and is not affected by SU(3)
symmetry breaking.

Many of these relations become trivial in
the high-energy limit, where the Pomera, nchuk
theorem is valid and any given inelastic chan-
nel can be neglected in comparison with the
elastic channels. Relations (3a) and (3b) are
trivial by the Pomeranchuk theorem. Isospin
symmetry and neglect of charge exchange make
(2a) and (2d) trivial. SU(3) symmetry and ne-
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FIG. 3. Comparison of the symmetric sum rule (3c) with experiment (references as in Fig. 2). 6, o&(IC"P)
+Ot(K P); 0, —,'[O.t(K N)+O.t(K N)+Ot(x P)+at(m P)].

gleet of charge exchange make (2a) and (2d)
trivial. SU(3) symmetry and neglect of charge
and strangeness exchange make (3c) trivial. '
The only nontrivial relations are (2b) and (2c)
which both become"

(4)

This simply states that in the limit where quarks
and antiquarks have the same scattering, bary-
on and meson cross sections are proportional
to the number of constitutent quarks and anti-
quarks, thus giving the ratio 2.

The predictions (2) and (3) follow directly
from the quark model and the assumption of
additivity of the two-body quark scattering am-
plitudes, with no further dynamical assumptions
other than SU(3) symmetry for some cases.
One may ask what kind of dynamical picture
might lead to this additivity of amplitudes. The
simplest picture is a "nonrelativistic quark
model'"' for the particles and the impulse ap-
proximation for the scattering process (the
particle velocities, being relativistic, are great-
er than the velocities of the internal quark mo-
tion). Such a, picture might be expected to hold
for processes of a peripheral nature, and would
certainly break down if there are strong reso-
nances in the s channel which imply quark-anti-
quark annihilation. The additivity assumption
would be best for forward scattering processes,
with zero momentum transfer. For processes
with finite momentum transfer, a characteris-

tic form factor would be needed, analogous to
the "Debye-Wailer factor" in x-ray scattering
and the Mossbauer effect." Such a factor might
explain the sharp decrease of all high-energy
cross sections with increasing momentum trans-
fer." It could also provide a reason why those
predictions of the higher symmetries which
agree with experiment relate processes which
do not require corrections for large mass dif-
ferences between particles in the same multi-
plets. '~ The presence of mass differences makes
difficult the comparison of reactions at the same
momentum transfer, and a form factor very
sensitive to momentum transfer would destroy
any manifestations of the symmetry in compar-
ison at different momentum transfers. If this
picture is correct, the analysis of high-energy
scattering data would provide information on
the "structure of the mesons and baryons, "
analogous to the investigations of atomic and
crystal structure by "high-energy x-ray scat-
tering. "
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in which quarks have third-integral electric charges.
The results obtained in this paper can be extended to
many of the models with several triplets, possibly with
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In this note we apply the method of Fubini
and Furlan' to the equal-time canonical com-
mutation relations of the renormalized fields
for, say, pions and kaons. This method was
recently used by Adler' and Weisberger' to
obtain their celebrated sum rule for the axial-
vector coupling-constant renormalization.
Our main result here is Z3(K)/Z3(m) = rnK'/

Namely, the ratio of the wave-function
renormalization constants of the kaon and the
pion is equal to the fourth power of the ratio
of the physical masses. Our arguments are
by necessity heuristic; however, we shall not
fail. in showing at every stage explicitly what
our assumptions are.

We start by writing down the canonical com-

mutation relations for the renormalized pion
and kaon fields, m~(x, t) and K+(x, t),

[i+(x, t), m (y, t)]= [—i/Z, (w)]6 (x—y),

[K+(x, t), K (y, t)]= [—i/Z3(K)]6(x-y).

The relations (1) are formal in character since,
as everyone knows, it is quite likely that both
Z, (m) and Z3(K) are zero. Here we shall explic-
itly make the following two assumptions;

(A) We first assume that the ratio Z, (K)/
Z, (m) is finite, even though both Z's might be
zero. (In the latter case we are assuming the
existence of some limiting process which gives
a finite value for the ratio. )

(B) Secondly, we assume that' the relations


