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baryon mass, and 5' the total c.m. energy. See ref-
erence 2 for the kinematically accurate expressions.

~One can verify that this formula gives the appropriate
Born terms due to baryon exchange, if the lower limit
is extended to pick up the delta-function contribution
from Imh~-. We might also mention that the approxima-
tions leading to (1) yield equations combining the ad-
vantages of the static nucleon theory with those of the
fully relativistic theory. Thus one obtains the correct
cuts in the variable s but none of the nuisance cuts in
W=s . (At the same time the linear divergence of the
static theory is removed. )

I. P. Gyuk and S. F. Tuan (to be published). These
authors also consider the EN channel.

9Richard H. Capps, Nuovo Cimento 27, 1208 (1963).
~~R. E. Cutkosky, Ann. Phys. (N. Y.) 23, 415 (1963).
~~A. W. Martin and K. C. Wali, Phys. Rev. 130, 2455

(1963); and (to be published). These authors find that
the I'3/2 decuplet persists when the mass differences
are taken into account.

Explicit forms of $8 and $8~ are given by P. Tarjanne,
Carnegie Institute of Technology Technical Report
NYO 9290, 9290A (unpublished). %'e follow the phase

conventions of this reference.
~2In place of the symbols of reference 5, we prefer to

distinguish the various baryons and their resonances
by a symbol such as BJp~(Y, T, T3), where 8 stands for
baryon, i the representation (multiplet) to which the
state belongs, J the total angular momentum, I' the
parity, Y the hypercharge, and T and TB the total and
third component of isospin. For instance, the third

-P resonance would be designated 85/2+ (1,1/2, -1/2).
~4L. Bertanza, P. L. Connolly, B. B. Culwick, F. R.

Eisler, T. Morris, R. Palmer, A. Prodell, and N. P.
Samios, Phys. Rev. Letters 8, 332 (1962).

For evidence from associated photoproduction, see
H. Thorn, E. Gabathuler, D. Jones, B. D. McDaniel,
and W. M. %oodward, Phys. Rev. Letters 11, 433
(1963), and theoretical references cited therein.

~eB. T. Feld and W. Layson, in the International Con-
ference on High-Energy Nuclear Physics, Geneva, 1962,
edited by J. Prentki (CERN Scientific Information Ser-
vice, Geneva, Switzerland, 1962), p. 147.

~TThe kinematical data are taken from reference 5.
The I'&~2 values should be reduced by the ratio of elastic
to total I'&/2 cross sections.
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We examine in this note some of the knowledge
that can be gleaned from intensive studies of neu-
trino and antineutrino interactions in the energy
region slightly above the thresholds for strange-
particle and baryon-resonance production, i.e. ,
in the energy region -1-2 BeV/c. For example,
the basic structure of the weak interactions can
be simply tested, in large bubble chambers.
Feynman and Gell-Mann' have proposed the selec-
tion rules b,S=0, bJ=1 and AS=kg, EI=1/2 for
weak interactions. Proposed tests, using neu-
trino and antineutrino beams, are suggested.

Test of hS = hQ law. —Let us define a violation
parameter x = I'(AS = -b, Q)/I (b,S =+6,Q). We de-
note nuclear matter consisting of A nucleons and
Z protons by AZ. In the I AS I

= 1 neutrino reac-
tion in which a hyperon Y of S = -1, A-1 nucleons,
and n pions are formed, i.e. ,

p+A —(1',A —l, nw) + pZ+1

we note that lepton conservation forces the emis-
sion of a negative muon, so the total charge of
the strongly interacting system is Z +1. Thus,
for Reaction (1), we have the selection law AS
= -h, Q. Conversely, in the corresponding anti-

neutrino reaction,

V+A —(Y,A - 1,nw) + p, +,Z-1
lepton conservation insures that AS =+6,Q. Clear-
ly, the violation parameter x is the ratio of the
cross sections of (1) to (2), a(l)/v(2). For pur-
poses of estimating the experimental sensitivity
for existing devices, such as the heavy liquid
bubble chamber and beams available at CERN,
we use the numerical estimates of Table Ib to ob-
tain a branching ratio of -2% for the sum of the
reactions v+n-Z +IL(. and v+n- Y,* + p, +, Y,*
-A +n . We can now compare these rates with
the corresponding b,S = -AQ' reactions v +n - Z+

+p, p+n- Y,*++p. , Y, +-A'+~+. In about
two months of running in a neutrino beam, the
CERN freon bubble chamber' can collect -800 in-
teractions of all types. Using the 2% rate, we
thus estimate about 16 events of AS = -hQ if x = 1.
If none are observed, this would constitute a 6'ro

upper limit.
Test of BI= 1/2 for ES =+8,Q. —This selection

law can also be tested in a model-independent way
by noting that the ratio of the Reactions (9) and
(8) in Table Ib, i.e. , I (v+n-Z +g )/I'(P+p

262



VOLUME 12, NUMBER 10 PHYSICAL RKVIKW LKTTKRS 9 MARcH 1964

Table Ia. Predictions for neutrino reactions.

Reaction
Unitary
coupling

Structure of
matrix element

Square of
coupling coeff icient

Estimated
rates

(2)

(3)

v+n P +p

v +p ~ pj4++ +p

v+n-N~++ p

88
108
108

+ 1.25' y

5 A
(1' —G (10}/G)

5 A
(y —G (10)/G)

cos28

(12/5) cos28

(4/5) cos 8

47.0

39.8

13.2

Table lb. Predictions for antineutrino reactions.

Reaction
Unitary
coupling

Structure of
matrix element

Square of
coupling coefficient

Estimated
rates

(4)

(5}

(6)

(8)

{10)

v+p n+p

v+p —N~ +&+

v+n-N* +p+

v+p A +p+

v+p ~ +p

v+n Z +P

v+p Fg +p

v+n Y~ +p

v+p Fo +p

108
10(3)8

888

8(3)8

108
108

+ 1.25' y

(y —G (10)/G)
5 A

5 A(y —G (10)/G)

+0.62' y
p 5

—0.65' y

—0.65' y

p 5 A
(y —G (10)/G)

p, 5 A(y —G (10)/G )

V V5- G~(1)/G1'
p 5 A

cos 8

(4/5) cos 8

(12/5) cos28

) sin 8

2
~ sin2g

sin 8

(2/5) sin 8

(4/5) sin 8

6 sin28

39.5

33.3
1.6
0.5

1.0
0.4
0.8

11.8

Table Ic. Predictions for leptonic decays of hyperons.

Decay mode
Unitary
coupling

Structure of
matrix element

Square of
coupling coeff icient

Branching
ratio

(13)

(14)

(16)

0 —"+e +v

A +e +v
=-- Z, '+e-+ v

v

108
888
888

5 A
(y —G (10)/G )

—0.02' y

+1.25' y
p, 5

+1.25' y

(12/5) sin 8

sin 8

sin 8

sin 8

0.35 &10

0.07 X10

0.26 &10

—Z'+ V.+) must be 2:1 if BI=1/2. This is clear
because we couple an I=1 (Z) state to I=1/2 (N)
to form the 1/2 state. The same argument pre-
dicts that the absolute decay rates for the cascade
particles, 1"(:-'-Z++e +v)/r(:- +Zo+e +v)
=2:1, as well as the ratio 2:1 for r(v+n —Y;*
+ v')/r(v+p —&, + g').

Test of AI= 1 for AS = 0.—Reaction rates (2), (3)
and (5), (6) of Tables la and Ib afford a model-
independent test of b,I=1. Here, we combine I
=3/2 (N*) with I=1/2 (N) to make I=1. The pre-
dicted ratios are (rvp+- *N+ +p+. )/ ( rv+nN*+
+) )=r(v n-+*N+) )+/(rv p+-N*+p+)=3:1.

Test of b S = 2.—This forbidden transition can
readily be detected by the occurrence of the re-
actions

v+n - ='+JLt. ,

v+P'- -"o+p. +.

%e now make a model of the weak interactions
in order to estimate experimental rates for vari-
ous processes. The model uses current-current
coupling, employing phenomenological direct
four-fermion interactions which introduce bary-
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(A{8}I J IB(8})= [f .0 {8}+d .E (8}J

x cosH (tan8 ), j = 0, 1, (4a)

where the d's and f's play the role of unitary
Clebsch- Gordon eoeffieients' corresponding to
the two 8's occuring in 888, with the d and f cor-
responding to the even and odd representations,
respectively. The 0& and F.

&
are' the reduced

matrix elements 0& =GV(8}y& —GA(8}y y5, and
E = GV'{8}y —GA'{8}y&y5. Similarly, the sin-

on-antibaryon couplings of the type NN*, NY, *,
and NFO*, as well as the more conventional NN

and NF types. Such a model introduces a struc-
ture into which all baryon states (excited, as
well as ground states) enter symmetrically. We
assume that the baryons have the unitary sym-
metry called the "eightfold way. "' We follow
Cabibbo' by introducing a baryon current of "unit
length"' J& = cos8J&"'+ sin8 J&"', where J& 'o'

represents the strangeness-nonchanging portion
of the interaction and J "' represents the strange-
ness-changing portion, J& is an irreducible ten-
sor (with space-time properties of V, A) in SU(3)
space which transforms according to the eightfold
representation. Further, the vector part of J&
is in the same octet as the electromagnetic cur-
rent. We note that J& has matrix elements not
only for transitions between the stable baryon
octet of spin-parity 2 (n, P, 3Z, A, 2:-) and itself,
but also between the unitary decuplet of + (4N*,
the,'--,'- ~-P resonance; 3P *, the 1385-Mev A-m

resonance; 2™*;0, the hypothesized S =-3
baryon state whose mass is expected to be -1680
MeV) and the octet, as well as between the uni-

tary singlet of '; (1',*, the 1405-MeV Z-v reso-
nance) and the octet. We limit our considerations
to transitions to the stable octet because these
are our target materials in nature. Such a mod-
el automatically limits us to the selection rules
AS = AQ, AI = '; and AS = 0, AI = 1. Further, in the
limit of zero momentum transfer, for AS=0
transitions of the type n -P, since the vector
portion of J& is in the electromagnetic octet, we
have an exactly conserved vector current (ig-
noring electromagnetic interactions). However,
for AS=A@ transitions of the type Z -n, the
conserved vector-current hypothesis is only
correct if we also ignore the rather large SU(3)-
violating interaction that we observe in nature.

From the above J&, we can form the octet-
octet matrix elements

glet-octet matrix elements are given by

(A(l} I J I B{8})= 0 (lj cos61(tan&17,(j)

j=0, 1,

where O&(lj =GV(l}y&y5- GA(l}y&. The unitary
coefficient is 1 because 1(38=8. We have as-
sumed that A has '-, . Because of the parity flip
with respect to the nucleon, the roles of y& and

y&y5 are interchanged. If the Y,* turns out to
be ';+, we must interchange the above definitions
of GV{lj and GA(l j. Finally, the decuplet-octet
elements are given by

(A{10}I d I B(8})= e .0 {10}cos& (tan8(j)
ABj

j=0, 1, (4c)

where the eA& corresponds to the coefficient as-
sociated with the single 8 resulting from 1088.
The 0 (10}is given by (GV(10}y - GA{10}),
which is the abbreviation for (A& 10}IGV{10}y5
-GA(10}IB(8}).We have coupled the spin & (A{10})
with the & (B(8})to achieve spin 1 without introduc-
ing derivative coupling. ' We note the vector por-
tion of the current is associated with the term
GV{10}y5, and the axial vector with GA{10}.

The strong interactions, in turn, will mix all
of the representations, and will, for example,
cause NN -NN* transitions, as well as the re-
verse. Thus, it is reasonable to expect that the
vector portions of all of the reduced matrix ele-
ments are of the same order of strength, i.e. ,
GV(l}=GV(10}=GV{8}= G, the universal Fermi
constant. We call such a model a "unitary-uni-
versal" interaction. It should be noted that exact
equality of the various Gy's would imply a re-
strictive condition on the strong interactions as
well as the weak.

We adopt, for numerical computation, GV{8}
= GV(1j = GV(10}= G, and use Cabibbo's' results,
GV'(8}=0, GA(8}=-0.30 G, GA'(8}=-0.95 G, with
6) = 0. 26. Further, for purposes of numerical
orientation, we set GA'(10}= GA'(1 j = G'. We note
that the appropriate squared matrix element,
summed over final spins and averaged over initial
spins, is proportional to G~'+3GA' for the 8(38
coupling, to 2GA'(10} for the 108 case, and to
3GV'+ GA' for the 18 8, if we take the static limit
that the masses of all baryons are equal and that
the reactions proceed with zero momentum trans-
fer. %e can now estimate that the leptonic decay
Q - " + e + v should have a decay ra, te -10 sec ',
corresponding to a branching ratio ~1% for a
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lifetime &10 ' sec. The numerical rates indi-
cated in Tables Ia and Ib are crude estimates
where effects of phase space, nucleon form fac-
tors, etc. , are ignored and the rates are taken
proportional to the squares of the indicated ma-
trix elements in the static limit.

The pomer and new insight available from high-
energy neutrino and antineutrino experiments is
clear from an inspection of Tables I(a) and I(b).
Whereas Reaction (7) could have its matrix ele-
ment experimentally studied in the corresponding
decay mode A'-P + p, +v, the leptonic-decay
analog has a vanishingly small branching ratio
for Reaction (8). Thus, the neutrino processes
allow us to examine the leptonic "decays" of Z,
N*, Y,*, and Y,*, as well as the more conven-
tional varieties such as n, A', and Z . The
estimated rates are all sufficiently large to be
reasonably investigated in a large bubble cham-
ber. We calculate approximately equal ratios of
elastic (47%) and inelastic (53%) scattering in a
high-energy neutrino experiment, ' as shown in
Table Ia, as well as a x+/x' ratio of 5. For con-
venience, we have summarized the branching
ratios for 8(38 coupling for leptonic hyperon de-
cay in Table Ic.

We can test predictions in the 1088 coupling
by noting that

I'(v+p- Yt~&&+ p. )+I'(v+n —1't* +it+)
I'(v p+N*' p+.-)++I'(v +n-N* +p. +)

=
~ tan'6) = 0. 027,

if unitary coupling is correct. A measurement
of N* yield relative to elastic scattering mill de-
termine G&(10) and G+10). Then, the branching
ratio for the decay 0 - " +e + v can be used to
check these parameters. A measurement of Y,*
yield will fix the parameters G&(1) and Gy(l).
Further, we expect that the strange particles
emitted mill be longitudinally polarized. Thus,
a measurement of the front-back asymmetry in
A' decay in Reactions (7), (8), (10), (11), and in
Z+-P+s' from (12) can independently provide
tests of the coupling scheme.

In addition, we can explore the form factors
for both the hyperons and the excited resonances,
as mell as the nucleon form factors, by detailed

studies of the appropriate cross sections as a
function of momentum transfer. The polariza-
tion analysis allows one to then separate the
axial-vector structure from the vector structure.
Parenthetically, we also note that by producing
the strange isobars Yy* and Yo* using v's as a
probe, we are able to observe their decays via
the strong interactions without any interference
phenomena from other strongly interacting par-
ticles, a situation not achievable by other means.

In summary, we see that neutrino experiments
provide us with an elegant and powerful nem probe
to test the structure of both the weak interactions
and the strong interactions.
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p, 5

This is no longer possible using a spin-& particle
coupling to spin ~. For this case, derivative coupling
by necessity is introduced, which means that the ma-
trix element will be proportional to the momentum
transfer. Thus, at low momentum transfer, this ma-
trix element will be severely depressed relative to the
other terms considered above. For this reason, we
have neglected other possible matrix elements, e.g. ,
the possibility of J& coupling the second octet of bary-
ons of spin ~& (the octet containing the second 7t-p reso-
nance) to the stable octet of spin ~.
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