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In concluding we may mention still another factor
whose possible influence on the effect may be of interest.
We have assumed from the outset that the complex
phase changes brought about by the passage of a wave
through the two regions of interaction are additive.
When the interaction regions overlap, any nonlinearity
in the superposition of their fields may imply nonaddi-
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tivity of the phase changes. This too would contribute
to the observed cross-section defect, but its analysis
must clearly follow a more complete investigation of
the linear effects. The author is greatly indebted to
Dr. Anatole Shapiro for calling the measurements of
the effect to his attention, and to C. Sommerfield and
J. Bernstein for aid with some of the calculations.
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A tentative scheme is developed to formulate the behavior of the new unstable particles. This scheme
is a straightforward generalization of the usual charge-independent meson theory. The selection rules for
isotopic spin are identical with those suggested by Gell-Mann. Owing to the particular form of the inter-
action assumed in this scheme, we can derive a new selection rule which seems to be of some use in inter-

preting the metastability of the new particles.

1. INTRODUCTION

EVERAL attempts! to interpret the contradictions

between the copious productions of the new par-
ticles and their metastabilities have been published.
Among these attempts the ‘‘two-coupling-constant
theory,” due to Pais, seems most successful. In this
theory the production processes are due to an inter-
action with a large coupling-constant while the other
small coupling-constant is responsible for decay proc-
esses. Pals’ recent theory! based on the four-dimensional
w space seems especially attractive. However there may
remain, of course, other kinds of formalisms within the
framework of the “two-coupling-constant theory.”

In the present paper, the details of a theory of the
baryons and mesons will be presented. In this theory
particles will be distinguished by (a) isotopic spin I,
(b) curious particle constant A4, and (c) intrinsic spatial
parity e in addition to the usual mass, spin, and charge.
The theory is constructed so that the selection rules in-
volving I, I,, and 4 are identical with those proposed
by Gell-Mann.? In addition we will show that it is
natural to introduce an additional selection rule in-
volving the intrinsic parity e. This last aspect was
briefly discussed in a paper by Tobocman and the
author.?

In the usual formalism, the neutron and the proton
are described by a spinor ¢*(e@=1,2) in a three-dimen-

1 A. Pais, Physica 19, 869 (1953); A. Pais, Proc. Nat. Acad. Sci.
40, 484 (1954) ; M. Gell-Mann and A. Pais, Proceedings of the In-
ternational Physics Conference, Glasgow, July, 1954 (Pergamon
Press, London, 1955); T. Nakano and R. Utiyama, Progr.
Theoret. Phys. (Japan) 11, 411 (1954) ; T. Nakano and K. Nishi-
jima, Progr. Theoret. Phys. (Japan) 10, 581 (1953).

2 R. Utiyama and W. Tobocman, Phys. Rev. 98, 780 (1955). In
the present paper this will be cited as U.T.

sional 7 space. Similarly the charged and neutral mesons
are described by a vector ¢ (or a symmetric spinor of
the second rank x*=xf* (¢,8=1,2)) in 7 space. The
interaction Lagrangian between the two fields in the
usual charge-independent theory is

golysw= 2 ex*AysTasl.

a,f=1,2

(1.1)

Here 7.5 and x*® are defined as follows:

ru=T1al=1i(r141i72), T2=Tu=—1irs,

and
X=x=— (i/2) (p1—igs), x2=x¥=(i/2)¢s.

Now we consider a straightforward generalization of
(1.1), namely

£ X

n aiag---ap=1,2

x (@ 'a”)lL’Ys' T (a1 -an)¥p. (12)
Here x(@1** - ig a symmetric spinor of the #th rank in
7 space and is assumed to describe a meson field with
the ordinary spin 0 and 7 spin #/2, and ¢ is a wave
function corresponding to some assembly of baryons
with ordinary spin % and various values of 7 spin.
T (a1---any is some square matrix which is considered to
be a generalization of the usual 7 matrix.

In this treatment, we shall include only three kinds
of meson fields: the ordinary 7-meson field (x ()* or ¢),?
the #-meson field with 7 spin 3 (x@)%), and the r-meson
field with = spin % (x(?). As to the baryons we shall
include the nucleon field (¥ (v)%), the A particle with
7 spin 0 (Y)), the = particles with 7 spin 1 (¥ (%),
and the cascade particle ¥ with 7 spin ¥ (¥ (r,%). Con-

3 Indices «, B, --- are spinor indices in 7 space. The ordinary
spinor indices of baryons are omitted.
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sequently the strong interaction Lagrangian (1.2) has
the form

Linc(S)=g Z ]:'SZ'YF:'Taﬂ(T)‘I"X(W)aﬂ

a,B=1,2
Fvs Ta Y- x 0y %+ Pvs Ta Y x()%]

-+ (Hermitian conj.). (1.3)

The structure of the three kinds of 7T-matrices can be
determined by the requirements that (1.3) be invariant
under Lorentz transformations, gauge transformations
and under rotations in 7 space (charge independence).

On account of our special assumption that the strong
coupling between the meson-family and the baryons is
a s interaction, a new selection rule involving the
intrinsic parities can be derived which may be of some
use in interpreting the metastability of the new particles.
The selection rule derived from the invariance under
7 rotations is sufficient to interpret the metastability
of all the known particles. However, if more new par-
ticles are discovered in future, more selection rules may
be necessary to guarantee the singular metastability of
the newcomers. The intrinsic parity rule mentioned
above may be of use in this connection.

In the following sections, we shall give explicit ex-
pressions for the 7T-matrices and derive the above-
mentioned new selection rule. Further we shall consider
the possible types of electromagnetic and weak inter-
actions.

2. ROTATION-INVARIANCE IN = SPACE

The total Lagrangian density is written as
L=Lp+Ly+Lin®, (2.1)
Lp=p(y*0,+M)y, Lu=—(dux* 0*x+x*uw'),

where % and x* are defined by

X ()%,
= x®* x®™ x0*), = |x®% |,
X ()%
and u? stands for

wn’Es 0

2 p@’Es

uw= )
() Es)
where E, is an (nX#) unit matrix.

As to the wave functions of baryons, we shall take
the following representation:

Yan® o
v=|Ya |, ¥=0Fva g
Yy =W van ¥t vm). (2.2)
Y®
In this case, the mass operator M has the form
M nyEs 0
M= M(A)El

M(Z)E;;
0 M v E,
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Under an infinitesimal rotation in 7 space ¢ and x
are assumed to be transformed in the following way:

3
> epD®)Y
7, k=1

Y — = (1+4(i/2)

3

x—x'=1+(/2) 2 exD*)x

7. k=1

j, k=1, 2, 3).

(2.3)

(6= —exj,
Here D and D are respectively given by
D(3)

D:

and
D(1) 0
D(3)
0 D(3)

where D(I) (=0, or % or 1) stands for an irreducible
Hermitian representation matrix of (2/-41) degree for
the generator of the r-rotation group.

Now let us assume charge independence for the
strong interaction, namely, we assume the invariance
of the Lagrangian under any r rotation. Then we get
the following relation

0Lins ) =58(g-YvsTy- %) =0,

where T means?

D=

b

(Tag™, To®, Ta'"),
and T.x the scalar product of T and .
Substituting (2.3) into the above equation, we get
To#=[D#*T],

or equivalently

i Targ ™ (/8’| D*(1) [af) =[D*,Tes™ ],

a’,p/=1

223 To® (o' | D*(1/2) |0) =[D*,T®]

a’=1

(2.4)

and
2

2 To® (o' | D#*(1/2)|a0) =D* T ].

a’=1
Now in our particular representation shown in (2.2),

the T-matrices can be split into various rectangular
submatrices in the following way :

GIT|3) GlTI0) GITIY) GIT]3)
_|©]T]3) (o|T]o) (0|T[1) ©[|T]3)
—lalrly) alrioy Ty Q7)) |

GlT» GITIo) GITIY GIT

4 and B are not matrix suffices but spinor indices taking values
1 or 2. Each T is an 8X 8 matrix whose matrix indices are omitted.

T (2.5)
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where (I T|[V) is a (214+1)X(2/41) rectangular
matrix.

By virtue of the relations (2.4) the zero submatrices
of T’s are given by

CT™|l)=0 for I—I's£+1o0r0,
G T®[1)=0 for I—Us=+1, (2.6)
CTO|)=0 for I—U'==+%

(see Appendix).

Since Lp and Ly are invariant under transformation
(2.3), we get the conservation-law of = angular mo-
mentum:

3
;D/W“D"’ﬁl/—i{ K*DFGrx — oi*- Dify} ]=0.  (2.7)
X

In particular, we have

_ dx 9x*
Iz=f[1//’yopz¢+’i(x*ﬁ)z-———-—ﬂ)zx) ]dx

it at
= const. Dz=D% Dz=D2 (2.8)
3. GAUGE INVARIANCE AND ELECTROMAGNETIC
INTERACTION

To introduce the electromagnetic interaction, (2.1)
must be replaced by the following expressions:

Lp— L' =iy{v*(d,—ieCA,)+M}y,
Ly— Ly'=— { (6#——ieC'Aﬂ) x}*
X{(ov—ieC'A")x} —x*wx.  (3.1)

Lg' and Ly are invariant under the following infini-
tesimal gauge transformation:

Y — ¢ =[1+ie(x)ClY,

x — x' =[14+1ieN(x)C"]x.
Here C and C’ are defined as follows:

C=Dz+A4, C'=Dz+4,

and in that particular representation in which Dz and
Dz are diagonal, C, C’, 4, and 4’ have the forms®

(3.2)

1
0,
0, . 0 E, o 0
C= 0 =Dz+% ! 0 ’
0 3
0 -1, —E,
0
_IJ
(3.3)
rl b
0
-1, 0 0s 0
C’= 1 =§Dz+ 7E2 1
0, 0 %E2)
0 1
0

® These representations of C and C’ correspond to the following
representations of  and x:

RYOYU UTIYAMA

Now L;i»:® must be invariant under the transforma-
tion (3.2). From this requirement, we have

TC'=[C-T],
or

[4-T]-TA'=T -©;—[Dz,T]=0

on account of (2.4). Thus, we have the following repre-
sentation for T-matrices:

N
0
T(m = N

N

TO) = T = 0:  Nie

0, 0,

where V; and N« stand for 2)X7 and 7X k submatrices
having nonvanishing elements respectively.
The conservation of charge is now expressed by

(3.4)

0y Noxs 0, }

‘ a
Q=e f [¢7°C¢+ix*c'(——ieC’Ao)x
ot

6 *
—i{ (;_ieC’AO)K} C’x]dx=const. (3.5
¢

If we omit the electromagnetic interaction, (3.5)
becomes

*k

a I¢]
Q=f[¢7°&l/+ijx*C’—x—iC'x”dxzconst. (3.6)
™ 7o ot

From (3.6) and (2.8), we have the law of conservation
of A for the strong coupling:

; oy Ix*
f[x,b’y“A\I/+i{x*A’—a————g—A’dex=const. 3.7
3 13

Since every transition process must conserve the total

charge Q, the conservation of A4 for the strong coupling

is synonymous with that of Iz for such a coupling.
Besides the gauge transformation, our Lagrangian is

invariant under the phase transformation of baryon-

fields

¥ — Ye i a=const.

¥ — e,

Here it must be noted that all the baryon fields are
assumed to be complex functions. From this invariance,
we get the conservation of the number of baryons.

proton
neutron at
R a0
A° T
= =+ =] 6t
¥ % s 9 A
> J—
_______ F
e 7°
L ¥
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4. INVERSION-INVARIANCE AND THE
SELECTION-RULE

It is easily seen that our Lagrangian is invariant
under the proper Lorentz group. As to spatial inversion,
however, some care is needed. As Yang and Tiomno®
pointed out, spinor fields have four possible transforma-
tion characters under inversion in ordinary space:

\[/(x) . E'Y‘ﬂb(_x)y
(B) e=—1, (C) e=i, (D) e=—i. (4.1)
Since the # meson is assumed in the present paper to
be a scalar field owing to its decay mode, and since
we assume that the strong coupling interaction is a
s interaction, we are forced to introduce baryon fields

with various intrinsic parities.
Now let us consider any element of the S-matrix

(fIS]i)=(Ts*-S¥,)
which is rewritten under inversion as
(fIS|8)y=LA¥)*-ISI*- (IF3) ].

Here I is a unitary operator representing inversion.
Now suppose that ¥; and ¥, are the eigenstates of I,
ie.,

(4) e=1,

I\I/¢=m\1/i, I\I/f=7]f\1’f, ’l)=+1 or '—1,

and that .S is invariant under inversion (no external
field is present), namely,

IS['=S. (4.2)
Then we get
(fIS|3y=nms(f|S|3)
or
=1y (4.3)
( 1 !
°’igr 0 |0
¢ Bl S T
=ilo ol 0 1o |=T,
T TovEel T
0 1010 ovzl O
L jo 0 ol
| lo /
|
\0 :Ol 0 lo 0)
[ |
%101 0 Low
S 1 SR W x
T.=-i| 0ol 0 [0 |=T"°
T T T
o10]"0 1o
I -
L T S
ST
0! o
AR

Fi16. 1. Representation of 7(™.

6C. N. Yang and J. Tiomno, Phys. Rev. 79, 495 (1950);
S. Watanabe, Sci. Papers Inst. Phys. Chem. Research (Tokyo)
39, 157 (1941); Wick, Wightman, and Wigner, Phys. Rev. 88, 101
(1952).
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0 :O[ 03 |o ¢
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0lo, 0 |0
o i J
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F16. 2. Representation of 7,

This is nothing but the usual conservation law of
parity.” (4.2) is a trivial relation in ordinary meson
theory. However, in our case this requirement gives
rise to some restrictions on the form of the interaction.

By using (3.4), Lins®S can be written in the following
way: _

LS =g ;b, X@¥ o 15l @y Yo,  (44)
where x () means some kind of meson, ¥y and ¥
stand for some kinds of baryons, and finally T, s
stands for some rectangular submatrix shown in (3.4).

Now (4.2) is equivalent to

f TL i () dty= f Line® () di,

and from this relation, we get
(4.5)

Here ¢, is equal to =1 and means the intrinsic parity
of x(a), & and e, (¥ is a complex conjugate of €) are
the intrinsic parities of baryons introduced in (4.1).8
If the ordinary nucleon is assumed to be a type-4
spinor, the spinors of type-C and -D can be excluded from
consideration on account of (4.5). From (4.4) and (4.5),
we see that some of the submatrices in (3.4) must be
put equal to zero. If we assume the parity assignment
as shown in the table which was given in the paper of
U. T., the representation of T-matrices is given by

—egerFer=1.

7 Of course in % the parity due to the orbital angular momentum
is included.

8In the present paper the intrinsic parity is defined in the
following way; (i) spinor field is transformed under inversion as

V() — ey (—x),

(ii) tensor or scalar field is transformed as
Ay n () = (=D n(—%)5

n=the number of suffices which are not equal to 4 among u,
v, -+ -\ In both cases, € is called the intrinsic parity of the field
considered.
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F16. 3. Representation 7.

Figs. 1, 2, and 3. In obtaining these representations,
some use has been made of the assumed invariance
under charge conjugation.

Since Lint® satisfies relation (4.5), we have the
following relation for any transition exclusively de-
pending on L) :

e(—Dri=e(—1)™. (4.6)

Here e is the product of the intrinsic parities of all the
particles present, % is the total number of all the kinds
of mesons present, and 7 and f indicate the initial and
final quantities respectively. The relation (4.6) is easily
verified by considering any particular Dyson-Feynman
diagram and supposing that at every vertex of the
diagram the relation (4.5) is valid.

This new rule is essentially due to the particular
choice of the interaction Lagrangian and, of course,
does not contradict the validity of the usual parity
law (4.3).

5. ELECTROMAGNETIC INTERACTION AND
WEAK INTERACTION

The Lagrangian of the electromagnetic interaction
introduced in Sec. 3 is

LOg. mag=eA oy " Chtied { — *C 0t 005*C )

— @A, AR C . (5.1)

The matrices C and C” are diagonal in the particular
representation in which x and ¢ have the representa-
tions shown in footnote 5. Therefore transitions due to
(5.1) do not give rise to any change of characters of
baryons and mesons. In other words, the conservation
of A and the e rule (4.6) are also valid for these transi-
tions.

In the usual meson theory, besides (5.1), we have
another kind of electromagnetic interaction, namely,

RYOYU UTIYAMA

the so-called “Pauli-type interaction’:

%M‘/_’EV”‘/”]‘PFHV) Fu= 6MA,— 3, 4,,
w=the magnetic moment of nucleons.

Similarly, we can introduce in the present framework
the following gauge invariant electromagnetic inter-
action:

L(Z)el. mag=%mp[3""¥ij¢Fum (52)

where the matrix U is an (8X8)-matrix and plays a
similar role to that of our T-matrices.

This U-matrix is not necessarily diagonal but the
requirements of the conservation of 4 and the e rule
(4.6) lead to the following representation of U:

(1) if Z° and A° have the same intrinsic parity,

c
M1 0 0
0 e
M3 0 a 0
B 0 upa 0 O
U= a 0 M5 0 ’
0 0 0 s
0
0 M7
0 s

where the p’s and @ are some real constants;
(ii) if Z°and A have the opposite parities, U is diagonal.

In the case (i) a fast v decay of Z° to A° is possible if
the value of ¢ is suitably chosen.

So far, we have discussed only the strong and elec-
tromagnetic interactions. For both types of interactions
the e rule (4.6) and the conservation of A-values and of
the number of baryons are always valid.

Now let us discuss the possible types of weak inter-
actions. These we define in the following way; a weak
interaction is one which violates the e rule or the con-
servation of A-values or both. However, the require-
ments of gauge-invariance and of the conservation of
the number of baryons should be also satisfied, for this
interaction.

We shall discuss separately the following three
possible cases.

(i) 4 is conserved but e rule is violated.
The interaction Lagrangian is

LW = [[JVy- x—l—Hermitian conj. ],
where

(5.3)

V=TV, Va® Va®),
and
L.

Each V-matrix can be determined (to some extent) by
the requirements of the gauge invariance and of the
conservation of 4. Namely, by using the notation of
Sec. 3, these two requirements lead to

VC'=[C,V] (gauge invariance) (5.4
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TaBLE I. Assignments of 7 spin and intrinsic parity.

Particle P,N A0 DI U i Yo, V- a7, T 6%, 9 7, 70
Spatial spin 1/2 1/2 12 1/2 0 0 0
Spatial parity A " B A B P.S. S. P.S.
(+) (=) (+) (=) (=) (+) (=)
7-spin 1/2 0 1 1/2 1 1/2 1/2
A-value 1/2 0 0 —1/2 0 1/2 1/2
Wave function %(N)"‘ Y(a) ¥ 2o X(m*? xX®F xX@®
v x
and ' : 1 )
VA'=[A,V] (conservation of 4).  (5.5) - Oi0: 0 | o ot
Vo loocoal o |=V.
Furthermore since (5.3) is a non-ys interaction, V has Vir=|o Irg':r*o*g 19, 22
the following property : : '
§ Property 0101 O 'O
(41V®|4)=(B] V| B)=0, ol
— ]
@vel=@VOB=0, (0 (o foi o]
(A|V®|B)=(B|V®]|A4)=0.
These conditions (5.4)—(5.6) lead to a concrete repre-
. . . [ [ 1
sentation for the V-matrix. For example, in our par- 0,101 O | 0}
ticular case, as shown in Table I, the representation of ®_ o o T o | Vo
V™ is given in Fig. 4, where ¢ and b are some complex (. __':‘DT"—__IT‘_" S
numbers while ¢ must be a pure imaginary constant. o' C: O 0
(ii) e rule is valid but 4 value is not conserved. : 0! E
The interaction Lagrangian is L _'f __L o _:_ _
Ly = f[ysWy - x+Hermitian conj.]. 5.7 \9 19 : | %)
. 165)
In this case, W must satisfy the following relations: ==V, ; T

WC'=[C,W], (5.8)

WA's[4,W], (5.9)
(A|W™|B)=(B|W®™|4)=0,
A|W®|B)=(B|W®|4)=0, (5.10)

(A|W®|4)=(B|W®]|B)=0.

(5.9) is just the formal expression of the following
postulate: we must put equal to zero all those matrix
elements which allow transitions conserving the 4-value.
(iii) € rule and conservation of 4 are violated.

In this final case, the Lagrangian is

L;" = f[YYy¢ -x+Hermitian conj.].  (5.11)
The Y-matrices must have the following properties:
YC'=[C)Y],
YA'=[A,Y],
(4|Y™]4)=(B|Y™|B)=0,
(4]Y®[4)=(B|Y"|B)=0,
(4|Y®|B)=(B|Y®|4)=0.

From (5.8)-(5.10) and (5.12), we can derive concrete
representations for W and Y.

(5.12)

Fic. 4. Representation of V(™.
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APPENDIX?

We shall explain briefly how to get the representation
of T-matrices. As an example, let us consider the second
equation of (2.4):

2
S Tu® (@ DE() ) =[DH T,

a’=1

(2.4)

Now let us take a particular representation for D¢* as
given in Sec. 3. In such a representation the D’s are

9 The method here developed is quite similar to what was
presented by Bhabha in his paper: H. J. Bhabha, Revs, Modern
Phys. 17, 200 (1945).
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given by the following expressions: put
Dp=D%*+4iD¥, D,=D®—iD%, Dz=D?,
then ’
(l7 mIDPIl7 m—1)=(l, m_llDQIly m)
=[(+m) —m+1)T, (A1)
(¢, m|Dz|l, m)=m, m=11—1,...—(1—1), -1,

where (I, m|D|l', m') means an (m,m’)-element of a
(2141) X (20'4-1)-rectangular-submatrix of D. Further-
more, (o’ |D(%)]|a) is represented in the following way:

(@|D*(3)|B)=(a|11]B), etc,
where the 7’s are defined by

712(1?2 122)’ _T2=(i(/)2 _:;/2)’

/2 0 (.Y
73=(0 —1/2)'

For the sake of convenience, let us rewrite (2.4) as
follows:

[Dp-T1]=0, (A.2), [Dp, Ty =Ty, (A.3)
[Dq : Tl] = T2’ (A4~'): [DIHTZ] = 07 (AS)
[Dz-T1]=3Ty, (A6), [Dz,T2]=—3Ts (A7)

where the representation (A.1)’ has been used. Sub-
stituting (A.1) into (A.6) and (A.7), we get

(m_m,_%)7 (ly m[ Tlllli ml>:0’
(m—ml"—%); (la ml T2ll/> m,)=0

Therefore the nonvanishing elements of 7'y and T'; have
the forms

U, m| 1|V, m—3)50,

4, m| Ta| ¥, m+3)50. A8
From (A.2) we have
L4m) (—m+1) T (4, m— 1| T1|V, m—3)
=[U4+m—3V—m+3 U m|T|V,m—%). (A9)

By putting m=—1 or '4+% in (A.9), this equation
becomes

LU= U+, —U TV, —I1-5)=0
LOHIHD == G T+ Ta[V, 1) =0.

or

RYOYU UTIYAMA

Thus, if
(A.10)
we have
@, 1 T1]1—3%, 1—%)5=0.
Similarly, from (A.5) we can derive the relation (A.10).

Accordingly, the nonvanishing elements of 7-matrices
take the forms

fiE@m)= (1, m| T1|1£3, m—3),
foEQm)= (1, m|T2|l£L, m+3).
By substituting (A.11) into (A.2) and (A.5), the follow-
ing recursion formula can be derived:
@—m41)% [t (1, m—1)= (—m—+2)}- fit(Im),
(Hm)t- (6, m—1)= (+m—1)* fi=(Im),
(Hm)t- fst(m) = (+m+1)}- f5+(1, m—1),
F—m+1)% fo-(m)= (I—m)}- f5 (I, m—1).
Therefore, we have the solution
Jrt(m) « (—m—+1)}
fi-(m) = (+m)k,
fot(lm) = (I+-m—+1)%,
fo(m) = (I—m)t.

Substituting these into (A.3) and (A.4), we get the final
solution

(A.11)

fit(m)=a(l—m+1)},

fi @m) =bi(i+m)?,
fit(lm) = — ar(l+m+1)3,
fr(Gm)="bi(l—m)},

where a; and 0; are arbitrary complex constants only
depending on /. For example, in our case we have

0 06 0a 0 0 O
0 0000 a2 0 0
0 ¢ 000 0O 0 d
T:®=[ev2 0 0 0 0 0 f2 0]
0 e 000 O O f
0 0000 O 0 O
0 0 g 0Ok O 0 0
0 0000 /W2 0 0

On account of the gauge invariance, ¢, ¢, g, and # must
vanish, Further, the e rule makes ¢ and d vanish because
of our parity assignments.



