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Press, Princeton, New Jersey, 1946), p. 265. The
unitary trick is intimately connected with the Eucli-
dean formulation of quantum field theories. See,
e.g., J. Schwinger, Phys. Rev. 115, 721 (1959).

‘We wish to thank Professor M. Gell-Mann for an
interesting discussion on this point.

5It cannot be stressed too strongly that this sub-
group is not identical with the physical Lorentz group.
The generators of this subgroup are the “spin” part
Si]- (as opposed to the “orbital” part Lz’j) of the gen-
erators My; =Lj +S;j of the Lorentz group. To the
extent that Sz’j is approximately conserved [which
is implied by the approximate U(6) invariance], so
is Lz'j:Mij"Si‘ (M. Gell-Mann, private communica-
tion). In a state in which {(L;;) =0, we may utilize
the transformation properties under U(6) to deduce
the spin of the state.

fFrom here on, whenever we write a set of gen-
erators G; we always refer to a group of transfor-
mations exp(ia;G;) with real parameters a;.

"This is a consequence of the Baker-Hausdorff
theorem; see, for example, D. Finkelstein, Com-
mun. Pure Appl. Math. 8, 245 (1955). In a more
pedestrian way the invariance of Py [$y5¢] under
the transformations (4a) [(4b)] can be checked by
direct calculation.

8We follow here the customary notations from the
Fermi theory of beta decay.

9All W(6) and GL(6) groups considered in our work
contain (as has been emphasized in I and in this pa-
per) a U(6) subgroup with generators p°®Jz-. This
subgroup leaves the mass term invariant. The fact
that the mass term does not violate U(6) invariance
has been noted independently by M. A. B. Bég and
A. Pais, to be published.

ypon application of the unitary trick M(12) leads
to U(12). This symmetry could also play a role only
in Euclidean field theory. Whether this has anything
to do with physics in our Minkowskian world is an
open question.
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In this note we study some consequences of
the assumptions that the effective strongly in-
teracting particle currents of both vector (V)
and axial vector (A) kinds associated with the
semileptonic processes each transform accord-
ing to the adjoint representation of the group
SU(6). We discuss furthermore the implications
of more restrictive dynamical assumptions
which relate to each other the adjoint repre-
sentation for the V current and the one for the
A current. In this latter context we also en-
counter the question of the SU(6) completion
of the Goldberger-Treiman relations. In ac-
cordance with the general considerations® about
the interpretation of SU(6), we restrict our-
selves for the present to the low-frequency
limit of these effective currents, taking into
account only effects up to and including the
first order in v/c.

(i) Vector current. Up to this order we must

consider two kinds of terms: (a) the weak charge

term proportional to the Fermi constant Gy,
which gives the allowed Fermi transitions,

and (b) the weak magnetism term.? In the spirit
of the proportionality assumptions between
these terms and the corresponding electromag-
netic ones, our assumptions will here be the
straight transcriptions from those made ear-
lier® for the electromagnetic case. Thus we

postulate that the weak charge operator trans-
forms like an (8,1) member of a 35 and the
weak magnetic ‘moment operator like an (g, §)
member of a 35. Again, as for electromag-
netism, we do not assume that the same 35
representation appears in both cases. The
meaning of this last proviso will be discussed
in more detail elsewhere.*

(ii) Axial vector current. At low frequen-
cies we have here only the Gamow-Teller tran-
sition term proportional to G4. This term is
now assumed to transform like an (§, §_) mem-
ber of still another 35.

With these specifications, we can now write
down the effective low-frequency four-point
vertex for the interaction between leptons and
strongly interacting particles. We consider
specifically the interaction with the baryons
of the 56 representation® of SU(6), which may
be written as®
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by = Eu(p)-pn)/e. ®3)

The lepton variables are gontained in the L
symbols. We have L, =(L,7L0);

B 0 l, cosd lusinB
)" =V 1,7coss 0 o |, @
° I,fsine 0 0

-ilu = _II(,D4))/“(1 +y5)V'u(P3)
+e—’(p4)y#(1 +y5)Ve(P3),

with ¢ =p,-p, =ps—p,. The SU(3) tensor, Eq. (4),
has been defined so as to have no neutral lep-
ton currents. We have furthermore weighted
the AS=0 relative to the AS=1 transitions by
means of the Cabibbo angle” §. Normalizations
are such that (at low frequencies)

(ni=p3),=G /N2 3=pY, =G, N2, (5

where we specify in terms of the neutron — pro-
ton transition amplitudes. The }’s denote the
3 component of spin; subscripts V and A refer
to the vector and axial vector parts, respec-
tively.

We proceed to state the consequences of our
Ansatz. First we note relations due to SU(3)
only:

(Q7 =E%cottd=(N*"=n)==(N*"=n)V3. (6)

Next, the G4 term yields the ratio (D/F) =3,
as stated earlier® and compared with experi-
ment elsewhere.! It should be stressed that
the value of this ratio is exclusively deter-
mined by the SU(6) structure of the A part of
the interaction. It is in particular (a) indepen-
dent of more specific connections between V
and A currents, (b) independent of specific dy-
namical connections between the A current
which appears in the semileptonic interactions
and the corresponding current® in the strong
interactions.

These same two independences also apply

to the following two new and specific SU(6) re-
lations:

2V2
¥+ 1 1) - _2Vé 1 1
(N** 3 HQ)V 5 (n 3 pE)V,magn’ (7)
2V2
(N*+£~n%)A=—T(né~pé)A- (8)

In Eq. (7) the subscript “V, magn” means that
one should only take the contribution from the
py term in Eq. (2).
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Equations (7) and (8) can be tested from the
33-resonance production in neutrino-nucleon
collisions. For the vector part of v+N -N*+1,
Eq. (7) is of course equivalent to the determina-
tion of the amplitude for N*~N +y as in refer-
ence 3 and subsequent use of conservation of
vector current. A comparison with experiment
along these lines has meanwhile been made by
Albright and Liu® in the course of a detailed
study of N* production by neutrinos.

Equations (6)-(8) imply furthermore that to
a good approximation the 3 and the u decay of
the Q= are strongly dominated by the axial-
vector contribution.'®

All the foregoing conclusions are independent
of the G4 /Gy ratio for the nucleon, as it oc-
curs in Eq. (5). However, it is a natural as-
sumption that C5¥(¢) given by Eq. (2) is the
universal lepton-current combination, that is
to say that the semileptonic couplings of all
SU(6) multiplets come about via Cg¥(g). Then
the axial-vector to vector ratio for different
SU(6) representations can all be expressed in
terms of GA/GV' In particular it follows from
the structure of Eq. (2) that

(G,/G.) =(5/3)(G ., /G.)

9
A"~ V'nucleon A" TV sextet’ ©)

where the ratio on the left is the ratio of the
matrix elements written down in Eq. (5) and
the ratio on the right is the corresponding quan-
tity for AS=0 transition elements for the funda-
mental sextet'! (spin-3 triplet).

Therefore, if the semileptonic interaction
of the fundamental sextet is V—A [in the SU(6)
limit] then the semileptonic interaction of the
nucleon has G4/Gy =5/3 [in the SU(6) limit],
corresponding to the following more specific
form of Cg¥(q):
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It is of course very appealing to reduce the num-
ber of independent 35’s appearing in Eq. (2).
Equation (10) is an example of such a reduction.
Generally, it will be necessary to supplement
SU(6) with specific dynamical considerations
extraneous to SU(6), if one wishes to establish
a relation between G4 and Gy. In order to gain
some further insight on how this may come
about, we consider a rather simplified model
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in which the weak-interaction currents satisfy'?

7 XA B B
u—oo[a J 7], =@, BIPW], ", (11)
[JAV(x)]AB :d(A,B)[VA(x)]AB, (12)

where P is the pseudoscalar octet, V, is the
vector nonet, c(4, B) and d(4, B) are numeri-
cal constants depending on the SU(3) indices
A and B, and all operators are in the Heisen-
berg representation.

Now according to SU(6), the one-particle Fou-
rier projections of P and V, are united in the
adjoint representation 35. Thus if we make
the Ansatz that the divergence of the axial-vec-
tor current is similarly united with the vector
current, we obtain the constraint

c(A,B)=d(A, B). (13)

The conserved-vector-current hypothesis
gives!®

d(2,1) = ”OOzGV/M’ (14)

and the partially conserved axial-vector cur-
rent hypothesis may be formulated!* such that

c(2,1)= 1%, /g, V2. (15)

Equation (13) then implies
Go/Gy=8,/8 16)

a relationship between the strong and weak cou-
plings. Note that Eq. (16) is valid in all SU(6)
representations.'®* Thus G4 /Gy =1 for sextets,
G4/Gy=5/3 for nucleons, etc. Therefore,

the model defined by Eqgs. (11)-(13) is in accor-
dance with, but more restrictive than, Eq. (10).

In the above argument the most important
dynamical input has been the introduction of
assumptions sufficient to guarantee the validity
of the Goldberger-Treiman formulas'® in the
symmetry limit. Since SU(6) only unites states
of the same parity, it can only relate pseudo-
scalar (07) and vector (17) couplings. Any
relationship between pseudoscalar (07) and
axial-vector (1%) couplings is extraneous to
this group.

It has been suggested in the past that if GA/
Gy =1 for bare nucleons, it may be enhanced
to ~1.2 due to renormalization of the axial-vec-
tor current. The present model® reverses
the situation. We now seek a reduction of G4/
Gy=5/3 to ~1.2. Therefore one cannot be con-

fident that this model is meaningful unless one
can show how this reduction comes about by
the breakdown of SU(6).

An alternative way to relate G4 to Gy would
be to embed SU(6) in a larger group. Such al-
ternatives have been encountered before in the
case of the D/F ratio. Thus one can attempt
to find D/F by reference to specific dynamical
models,'” or else, as done here and in fore-
going papers, by embedding SU(3) into SU(6).
A possible embedding of SU(6) is provided'®
by the group U(6)® U(6). Until these points
are clarified further, it is an open question
whether a “good” value for G4/Gy in a sym-
metry limit has definitively been recognized
as yet.
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lished).
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SStrictly speaking, it is an additional assumption
that in the weak interactions at low frequencies it
is again a good approximation to unite the baryons
in this representation.

At zero three-momentum the symbol B B i
explicitly given in Eq. (10) of reference 3. It is ex-
plained in reference 1 how to go to nonzero three-
momentum. We use the notations y=(j,B), 6=(z, 4);
see footnote 9 of reference 3.

N. Cabibbo, Phys. Rev. Letters 10, 531 (1963).

8F. Giirsey, A. Pais, and L. A. Radicati, Phys.
Rev. Letters 13, 299 (1964).

%C, H. Albright and L. S, Liu, Phys. Rev. Letters
13, 673 (1964). See also reference 2 of this paper
for detailed references to earlier work on this re-
action.

10cf. S. Glashow and R. Socolow, Phys. Letters
10, 143 (1964).

UThe sextet is discussed in some detail in refer-
ence 1,

12,00 is the central mass of the 35,

1‘"‘g and g4 are, respectively, the strength of the
strong s-wave p, coupling and the strong p-wave
my coupling to any SU(6) representation. For nu-
cleons, the normalization of g and g4 is as in ref-
erence 8,

14See, e.g., S. Adler, Phys. Rev. (to be published).
183, Bernstein, S, Fubini, M. Gell-Mann, and
W. Thirring, Nuovo Cimento 17, 757 (1960).

18The induced pseudoscalar coupling is, of course,
also predicted in this model, namely Gp = (2M oo/
ko0)GA=3.5G4. However, the transition from the
symmetry limit to the actual situation can not be
made without mass corrections which play an es-
sential role for this coupling. We do not therefore
take this value very seriously.
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1R, Cutkosky, Ann, Phys. (N.Y.) 23, 415 (1963);

S. Glashow and L. Rosenfeld, Phys. Rev. Letters
10, 192 (1963); A, Martin and K, Wali, Nuovo Ci-
mento 31, 1324 (1964).

B8 This group was studied some time ago by F. Glir-
sey, A. Pais, and L. A. Radicati (unpublished) as
the group of V and A charges and currents. One
aim of the study was to find a group which not only
contains the SU(6) of the strong interactions, but
also a new group SU(6), the fundamental representa-
tion of the latter to be associated with the sextet
of leptons with common lepton number, This is
possible, [It was further noted that the introduction
of intermediate bosons carrying a group represen-
tation seems to single out SU(6) representations of

dimensions 15 or 21 as simple possibilities.] In
the symmetry limit of a common zero lepton mass
this new group contracts to a structure contained

in SU(4)& SU(2)& U(1). With respect to this new
group one has G4/Gy =1 in the symmetry limit.
However, this limit can only be taken by also drop-
ping the baryon masses. As emphasized by F. Glir-
sey, this zero-mass limit radically alters the group
structure (suppression of polarization states for
spin >} !). This circumstance obscures a classifi-
cation of particle states in terms of U(6) x U(6).
This group has also been discussed recently by

R. Feynman, M. Gell-Mann, and G. Zweig, Phys.
Rev. Letters 13, 678 (1964); K. Bardakci, J. Corn-
wall, P, Freund, and B. Lee, to be published.

ERRATUM

SCATTERING OF RUBY-LASER BEAM BY
GASES. T. V. George, L. Slama, M. Yoko-
yama, and L. Goldstein, Phys. Rev. Letters

11, 403 (1963).

The graphs of Figs. 3 and 4 of this paper
failed to take correctly into account the angu-
lar variations of the effective scattering volume

of the gas.

The experimental differential scattering cross
sections at 60° scattering angle, of Table I, had
to be reduced by a factor of 0.835 which arises
with the various interface reflections occur-
ring in the experimental arrangement.

These corrections have been included in the
detailed paper scheduled for publication in the
18 January 1965 issue of the Physical Review
[Phys. Rev. 137, A369 (1965)].
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