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~G. Domokos and P. Suranyi, Nucl. Phys. 54, 529
{1964).

~M. Toiler, University of Rome Nota Interna 76 and
84, 1965 (unpublished).

D. Z. Freedman and J. M. Wang, Phys. Rev. (to be
published).

To give the energy dependence of the n+p p+n for-
ward peak.

R. F. Sawyer, to be published.
Spin nonf lip contributions to forward m+N p+N

can come from the exchange of an 4& conspiracy (class
II, see Ref. 10). There is some evidence that in the
reactions m-+P p +n and x-+N p +(N+nm) at lab
momentum 18 BeV/c, spin-nonf lip dominates for the
smallest momentum transfers. I am grateful to Profes-
sor D. Caldwell for showing me an analysis of his data,
a preliminary account of which appeared in Jones et al. ,
Phys. Letters 21, 590 (1966).

The combination n~ has of course been suggested

many times as a prime ingredient of a dynamical p
meson. However the 1 member of our conspiracy
cannot be a p (since it becomes uncoupled from any
spin-zero plus spin-zero system at zero energy). It
would no doubt mix with the p, except at zero energy.

~3A. H. Rosenfeld et al. , Rev. Mod. Phys. 39, 1 (1967).
~4This notation for quantum numbers may be some-

what unconventional. The given dependence of Q on J
is for the nucleon-antinucleon system. In N+N N+N
there is no connection between charge conjugation and
signature. (The st spectral region remains the st spec-
tral region under the operation C.) But for the process
N+N two different bosons, charge conjugation inter-
changes the st and su spectral regions in such a way
that the intrinsic G parity of the trajectory, for pur-
poses of coupling to mesons, is a signature-dependent
constant along the trajectory. The way to remember
the results is, of course, to demand that our NN G pari-
ty agree with G(meson) at the right-signature integers.
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The spectral-function sum rules are given for a general Lie algebra, and then applied
to the vector and axial-vector mesons coupled to the currents of SU(3) SU(3).

The spectral-function sum rules' for chiral
SU(2) S SU(2) have been used to relate the p
and A1 masses, and to calculate the m -m mass
difference. ' In this note we shall state the cor-
responding sum rules for a general Lie alge-
bra, and will then show that the sum rules for

the SU(3) S SU(3) spectral functions can be used
to make sense out of the masses and couplings
of the observed vector and axial-vector mesons.

Ne will first consider a general multiplet
of currents which satisfy the commutation re-
lations

[8' (x;t),J (y, t)] = ic 5 (x-y-)J (x, t)+s.T.,

where C
p

is the structure constant of a simple Lie algebra, ' and S.T. denotes a Schwinger term. '
The spectral-function sum rules are

Jp "'(p )p dp +Jp (p )dit =$5
ap ap ap'

fi "'(u')du'=&~
ap ap'

(2)
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with S and Z unknown constants, and pop(j)(p2) the spin-j spectral functions:

(4)

No assumption of current conservation or par-
tial conservation is needed to obtain these re-
su1ts.

The simplest way of deriving (2) and (3) is
to use the detailed commutation re1ations pro-
vided by the algebra of gauge fields. ' Within
the context of the usual algebra of currents,
it is necessary to make a separate assumption
that Schwinger terms in Eq. (1) are c numbers.
We can then derive Eq (2). by using (1) in the
Jacobi identity~ for O' ', Jp', and J'&', and tak-
ing the Fourier transform of its vacuum expec-
tation value. [The c-number Schwinger term
does not contribute to the inner commutator
of the Jacobi identity. ] The resulting equation
tells us that the Schwinger term must be lin-
ear in momentum and must commute with the
generators (T&)~p= C~&p of the adjoint repre-
sentation. Schur's Lemma requires that the
Schwinger term be proportional to a Kroneck-
er delta, and the integral representation' of
the Schwinger term then yields Eq. (2). The
second sum rule, Eq. (3), can be derived from
assumptions about the high-momentum behav-
ior of the current in precisely the same way
as in Ref. 1, but the derivation from the alge-
bra of gauge fields' is much more convincing. '

We now turn to the special case of SU(3) 8 SV(3).
Each generator of this algebra carries a unique
set of observed quantum numbers (isospin,
hypercharge, and parity), so that the pzp (&) (p, 2)
are diagonal in n and P. Assuming the functions
p~~"'(p') to be dominated by an octet of vec-
tor mesons and an octet of axial-vector mesons9

as shown in Table I, we find from Eqs. (2) and

(3) that

Zm '+ fp +'(p')dp, 2=S (not summed), (5)
Q

where m& is the mass of the spin-one meson
coupled to J~~.

We immediately conclude from Eq. (5) that
all vector mesons coupled to the currents of
good quantum numbers must have equal mass,
since in this ca,se po, o"'=0. For SU(3) 8 SU(3)
the good quantum numbers are isospin and hy-
percharge; so our first prediction is that

m =m =(Z)S)u2
P (d

Experimentally, m&/m& -1.03. We would claim
this as an unqualified success for our approach,
but unfortunately we obtained (6) only by leav-
ing the y meson out of the sum rules. It is
a mystery to us why this should work, but we
shall see that the same mystery also appears
for the axial-vector mesons; so perhaps there
is some systematic reason why some particles
have to be left out of these sum rules.

The other vector and axial-vector mesons
couple to currents that are not conserved; so
Eq (5) tel. ls us only that mn &m&. However,
if we assume that the divergences of the cur-
rents are dominated by a set of spin-zero me-
sons In, P), then Eq. (5) can be used to calcu-
late the "leptonic decay amplitudes" I'„, defined

Tsble I. Mesons assumed to dominate the spectral functions poz{j)(p ). The masses in the third column are ex-
perimental; see Ref. 9. The masses in the last column are predicted: Al in Ref. 1, ~ by Eq. (6), and X* and E by
Eq. (14).

Current
Dom. meson

j=0
Dom. meson

j=l
Predicted

mass forj = 1

V@=1,
V:r=o,
V:I=2,
Ay=1 t
A:I=O,
A:I= p

1

Y=O
Y=+1
Y=0
Y=O
Y=+1

'g aLld 'g

X

p(760)
~(780)
E+{S90)
A1(1080)
&(1420)
EA(1320)

input
760 MeV

825
1075
1440

input, gives
FK/ n1.2'
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We shall use an estimate" of S and Z based
on p dominance and Eq. (6):

$ ~~ 2 Z~2F
7T W P

(8)

Using Eq. (7) and (8) in Eq. (5), we find the
old result that m&1/m& =v 2 and the new results
that

F /F = [2(1-m /m 2)]'~2 = 1.16,K m p

F /F =[2(1-m '/m, ')]"'=0.73, (10)

[F +E ']"'/F =[2(1-m '/m ')] ' = 1.20. (11)
q g' m p E

Our prediction of E~/Ez is in good agreement
with the experimental value" F~/F~ = 1.28.
Unfortunately, it is not possible to measure
F~, I', or I'&~ in leptonic decays, but our pre-
dictions (10) and (11) are of interest, since
they can be used together with Goldberger-Trei-
man relations to determine the various meson
coupling constants. For instance, from Eq.
(10) we predict that

(12)

by10

(OIJ (0) In, P)=F P (2m) (2~ ) . (7)
-3 2 -1 2

We have almost succeeded in proving that Eq.
(14) is actually valid (within the meson domi-
nance approximation) to all orders in coupling
constants.

The natural extension" of the v model to SU(3)
I3 SU(3) puts the scalar and pseudoscalar me-
sons in an 18-dimensional representation (3, 3*)
+ (3*,3). In this case there are just two fields
that can have nonvanishing vacuum expectation
values, a scalar singlet o, and the I= F= 0
component v, of the scalar octet. Setting (v,)0
=0 yields the results of exact SU(3), while keep-
ing terms of first order in (va), reproduces
the Gell-Mann —Okubo relation. In fact, (v,),
= -0.3(v,)0, and we are keeping all order in
SU(3) symmetry breaking. With the experimen-
tal values' of m& and m&&, and our previous
prediction that mal/m& =v 2, we predict the
values given in Table I." We do not find the
D, just as before we did not find the y, but
aside from this Eq. (14) appears to furnish a
successful account of the observed vector and
axial-vector mesons.

We are grateful for discussion with S. Cole-
man, K. Johnson, F. E. Low, and J. Schwing-
er. One of us (S.W. ) would like to thank the
Physics Department of Harvard University for
their hospitality.

PV y 2 p,&= -gE F -2m 4' @ -a(9
epv n 0 op n p,

V) (& V-a07' C V) +~(V), (»)OnngnOn
where E~» is the usual antisymmetric gauge-
invariant derivative of 4&&, m, is the bare
mass, and 7"z is the matrix representing the
Lie algebra on the y;. In models of broken
symmetry like the o model, ' the vacuum ex-
pectation value of y„ is a nonzero vector of
order minus one in coupling constants; so (13)
shows that to zeroth order the mass matrix
of 4)'~p will be

m '=m '5 +g '(T (y) ) (T (y) ) . (14)

for the coupling of the scalar kaon.
To calculate the masses of the vector and

axial-vector mesons, let us go back to the case
of a general Lie algebra, and consider a the-
ory of gauge fields 4 z& interacting minimal-
ly with spin-zero fields yz. The Lagrangian
is

*Research supported in part by the U. S. Air
Force Office of Scientific Research and Office of
Aerospace Research, under Grant No. AF-AFOSR-
232-66 and by the U. S. Office of Naval Research un-
der Contract No. Nonr 1866(55), and the National Sci-
ence Foundation.

)Presently Morris Loch Lecturer at Harvard Uni-
versity.

~S. Weinberg, Phys. Rev. Letters 18, 507 (1967).
2J. Das, Q. S. Guralnik, V. S. Mathur, F. E. Low,

and J. E. Young, Phys. Rev. Letters 18, 759 (1967).
~We will be particularly concerned with chiral SU(2)

S SU(2) and SU(3) I82 SU(3). These are semisimple al-
gebras, but parity conservation allows our proofs to
go through as if the algebras were simple. We are us-
ing a canonical basis, in which C zp& is totally anti-
symmetric and the invariant tensor is 5~~.

J. Schwinger, Phys. Rev. Letters 3, 296 (1959).
5T. D. Lee, S. Weinberg, and B. Zumino, Phys. Rev.

Letters 18, 1029 {1967).
6This is not always justified; see K. Johnson and

F. E. Low, Progr. Theoret. Phys. Suppl. 37-38, 74
(1966). However, there is no particular reason to
doubt the propriety of using the Jacobi identity here,
since it does not lead to contradictions, but in fact
gives results which can also be obtained by other meth-

141



VOI.UME 1'9, NUMBER 3 P 8YSI CAL RE VIE%' LE YYERS 17 Jux.v 1967

ods (such as perturbation theory) which do not employ
the Jacobi identity.

K. Johnson, Nucl. Phys. 25, 431 (1961); S. Okubo,
Nuovo Cimento 44B, 1015 (1966); D. G. Boulware and
S. Deser, Phys. Rev. 151, 1278 (1966).

For a different approach, see T. Das, V. S. Mathur,
and S. Okubo, Phys. Rev. Letters 18, 761 (1967).

9The meson masses are taken from the latest com-
pilation of A. H. Rosenfeld et al. , Rev. Mod. Phys. 39,
1 (1967). The K~, A. l, andE are not definitely known
to be 1 resonances, but in each case this is a plaus-
ible interpretation of the data. [There no longer seems
to be any problem in understanding the A1 width;
J. Schwinger, Phys. Letters 248, 473 (1967); H. Schnit-
zer and S. Weinberg, to be published. j If there are
several mesons dominating a particular pz~ "(p,2),
then our predicted value for E„really gives the rms
value of the corresponding E„'s.

~ Only one of the J~& can couple to any given meson;
so it is not necessary to keep a label a on I"„.

~K. Kawarabayashi and M. Suzuki, Phys. Rev. Let-
ters 16, 255 (1966); Riazuddin and Fayyazuddin, Phys.
Rev. 147, 1071 (1966); F. J. Gilman and K. J. Schnit-
zer, Phys. Rev. 150, 1362 (1966); J. J. Sakurai, Phys.
Rev. Letters 17, 552 (1966); M. Ademollo, Nuovo Ci-

mento 46A, 156 (1966). This estimate is based on sev-
eral questionable approximations (for a discussion,
see D. A. Geffen, to be published), but it does seem
to work weQ.

For a review of the experimental determination of
E~/E~, see the rapporteur's talk by ¹ Cabbibo, in
Proceedings of the Thirteenth International Confer-
ence on High Energy Physics, Berkeley, California,
1966, (University of California Press, Berkeley, 1967),
p. 29. We shall show in a separate article that SU(3)
symmetry breaking reduces the E e+ v+m decay am-
plitude by about 10%, so that tan8 is about 10 lo larger
than had been thought, and the "experimental" value of
EI(/E~ is about 1.15 rather than 1.28.

~3J. Schwinger, Ann. Phys. (¹Y.) 2, 407 (1957);
M. GeQ-Mann and M. Levy, Nuovo Cimento 16, 705
(1980).

~4The predictions of this model for scalar and pseudo-
scalar masses and coupling constants will be discussed
in a separate article by S. Glashow and S. Weinberg,
to be published.

~SIf we suppose that the average mass contributing to
the M = 1 vector spectral function is 825 MeV rather
than 890 MeV, then the prediction (11) becomes E„/E~
= 0.5, and (13) becomes IGUANA/G~NNI =0.15.

ERRATA

PP ELASTIC SCATTERING FOR INCIDENT MO-
MENTA BETWEEN 1.0 and 2.50 BeV/c. B. Bar-
ish, D. Fong, R. Gomez, D. Hartill, J. Pine,
and A. V. Tollestrup [Phys. Rev. Letters 17, 720
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A mistake on the verticle scale of the graph in
Fig. 1 was made. The scale should be multiplied
by ~. We are indebted to Ling-Lie Wang for this
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