Feb 2003

Brief History of the Sakata Model
| and
U(3)-Symmetry

— A Personal Recollection —

Y. Ohnuki
Nagoya Women's University



|

1946~1947:. Rochester and Butler
Discovery of V-particles
(2 events in cloud chamber exp.)

U

New particles:

Copious production,
Long life time ~ 10710 sec.

1953:
Nakano-Nishijima and Gell-Mann Rule:
Np+ S
Q="Ts+ 3

for strongly interacting particles (hadrons)

Q. charge in the unit of proton charge.
T3: 3rd component of isospin .
Np: baryon number.

S: strangeness (n-charge)



1955~1956:

S.Sakata: |

On a Composite Model for the New Particles:
(delivered as an extra talk out of the program at the 10th

annual meeting of Physic_ai Society of Japan 9~16 Oct 1955

Tokyo, and published in Prog Theor Phys 16 (1956) 686.)

Fundaméntal_Triplet:
N=(,n), 4,  N=(p,n), 4

Ny — Ny,

To = ,
3 2

N-N-G relation: Q= Np

Sakata stressed, in his paper, that the curious properties of
the new particles could be reduced to those of AV, just like
the mysterious properties of the atomic nuclei were reduced
to those of neutkon. Hence our theory contains less arbitrary
elements than was the case for original one of Nishijima and
Gell-Mann. )

* * * * *
Integral (half odd-integral) spin of nucleus
)

Even (odd) atomic number,



The problem was solved by introducing the neutron as a
constituent of nucleus. (Heisenberg, Iwanenko; 1932)

Analogy with atomic nuclei;

nuclet <«  hadrons
p —~  N(=p,n)
n > A |

Note:

Importance of the role of neutron in understanding the struc-
ture of nuclei was emphasized by Sakata in his graduation

thesis On the theory of nuclei (in Japanese, Kyoto University
1933).

Calculation of masses of mesons in field theory

S.Tanaka, Prog. Theor. Phys. 16 (1956) 625.
Z. Maki, Prog. Theor. Phys. 16 (1956) 667.

1956: Matsumoto's mass formula for hadrons
(Prog.Theor.Phys.16 (1956) 583.)

M = 1840 x (Ny + Ni) + 2180 x (N4 + Ny)
~3400% (Ny — Ny — Ny
—3400%x (Nyg + Niy — Nva — Ny7)
+250 X (N1 + Ny (Mev)



1958: Ogawa's Proposal:
Similar ‘properties for the fundamental triplet
AN, = AN, = AN, = 0 in strong int,
Spin of p, n and 4 =1/2,

4

Assumption for Strong interaction:

Charge independece,
Invariance under p+ A, n « A.

Effective meson-baryon interaction:

P(L)7T(1)y(1)e(1) |
b(1)=(p,n), PL)=(xt,70,77)

4
p <« /A n <« /A
/ N
P(2)7T(2)9(1)¢(2) P(3)T(3)Y() (1)

»(2)=(4, n), @)=, MO, M) »(3)=(p, 4), P(3)=(L, IO, )



M, L KO g+

iso-singlet meson « linear comb of M° and .0

X * X S *

Ogawa’'s Fundamental Hamiltonian
(Dirac matrices omitted)

H=>Y" G{QW@NjN—jNi + 2N iN;NiNj + (NpNyp,)?
(4,4, k)

—2N;NiN;N; + e[(N},N;)? + 2N¢Niﬁijl},
(3,9, k) = (1, 2,3) cyclic.

Ni1=p, Np=mn, N3z=A.

U(3) Symmetry:

Tab * Ted + Oab0cd = 20,405 ,
Firez identities for v-matrices

Y



Charge independent 4-Fermion interaction

H' =3~ { gaOT7a9)?+gy (Tya9) (Ayad) +gf (Fya)2),
A

N=(p,n), ~va=~y-matrices.

mmvariance under p < A, n — A

H/ = ZQA(—X-’YAX)Qa X = (pa n, A):
A

Invariant under x' = Uy
(U: arbitrary 3 x 3 unitary matrix )

Thus

Ogawa's proposal <= Us-symmetry
in the limit of mp = my, = my.

lLetters to Ogawa from Y.O. (1958)
(Sakata Memorial Archive)

e 29 Nov: Summary of some results obtained from Us-
| symmetry and possible existence of 7

e 03 Dec: Derivation of octet ps-mesons of the same
mass in the symmetry limit

e 06 Dec: Construction of the invariant operator (Casimir

operator) and its eigen-value in 8-representation



In these letters the importance of group theoretical approach
was emphasized, and it was mentioned that construction of
a representation theory of U(3) based on the Sakata model

would be inevitable to make a systematic classification of
composite particles.

Baryon classification:
1-baryon
xX=p n A €3

2-baryon and 1l-antibaryon

Gx)®x: . — 3415
I, x]®x: — 34+ 6*

(S, I) € 15:
(-2, 1/2), (-1, 0), (0, 1/2), (0, 3/2), (1, 1)
(S, I) e6*: (-1,1), (0,1/2), (1, 0)
J
, &7, and A(3,3) €15

rt, X% ¥ ee”,



B-S amplitudes

e (1-baryon, l-antiba ryon)-system

5521, 22) = (0| T x;(21)x (2) | B)

e (2-baryon, l-antibaryon)-system

Piu1 (21, 2, 23) = (0| T x;(w1) xx(22)x; (23) | B)

I

Irreducible Decomposition



1959:

In June, M. Ikeda (Institute of Theoretical Physics, Hi-
roshima Univ) joined in with us. |

X X X XK X

Y. Ohnuki, M. Ikeda and S. Ogawa:

A Possible Symmetry in Sakata's Model for Bosons-Baryons
System,

Contributed paper to the 9th Annual Int'l. Conf. on High
Energy Physics, Kiev 1959 (unpublished).

M. Ikeda, S. Ogawa and Y. Ohnuki:

A Possible Symmetry in Sakata's Model for Bosons-Baryons
System, ’

Prog. Theor. Phys. 22 (1959) 715: 23 (1960) 715,

Y. Yamaguchi:

A Composite Theory of Elementary Particles, |
Prog. Theor. Phys. Suppl. No.11 (1959) 1.

J. Wess:

Investigation of the Invariance Group in the Three
Fundamental Fields Model. |

Nuovo Cimento XI (1959) 52,



Possibility of octet baryons:

Letter to S.Sakata from Y.Yamaguchi (CERN, 25 Dec 1959:

unpublished) (Sakata Memorial Archive)

Xt =etv), A= T(VV + eTe™ — 2,u+,u—))\,
p=putvd, 0= et

* * * *
= XMetr, Kt = AT,

Analysis of hadron resonances:
S. Sawada and M. Yonezawa (1960)

Ps-octet:
Odd parity of K-meson (1960)
Discovery of n°(= =%) (1961)

Proposal of vector-octet:
Salam and Ward:

Vector Fields Associated with fhe Theory of the Sakata
Model, Nuovo Cim XI (1961) 568,

pF, (W0, KO, KO, %)

,/o



Developments (Eight-Fold Way)

Y. Ne'eman:

Derivation of Strong Interactions from a Gauge Invariance,
Nucl Phys 26 (1961) 222

Gell-Mann:

Symmetries of Baryons and Mesons, Phys Rev 125 (1962)
1067

U

Discovery of 27 (1686 4+ 12 Mev, 1964)

U

Quarks
(Gell-Mann, Zweig: 1964)

I
sU(6), U(12), --..
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K g Cof
.@%@m(m'bwq A possible symbetry in Sakata's Model
_ 4o
Xl 3 for Boson-Baryon system

Y. Ohnukd (Hagoya University)

H. Ikeda and S, Ogawa (Hiroshima University)

In Sakata's model of strongly interacting particles, there are assumed proton p,
peutron n and /| -particle /A to be the basic particles which compose other baryons.

The strong interaction is characterized by the following selection rule

A Acb = ANy =aN,=o0 | (4)

From this relation and from ths similarity of the nature éf these three particles,
we are tempted to regerd of these particles as standing on an equal footing, In fact,
when the mass difference is neglected and the electromagnetic interaction is switched
off, we could not expect any difference among three particles. Thus we can reascnably
expect that a certain symmetry is also realized in their mutual interaction.

Ve propose,rhere, a frame work which explicitely assures the equivalence of
three particles in the limiting case of zero mass difference. This means that our
theory holds the invariance under the exchange of .A -particle ?nd proton or /| —partiqla
and neutron in addition to the usual charge independence and tﬂé conservation'of
hyperonic and elactrical charge.

Hotice that our statemént on the nature of particle state, e.g. spin, parity and
iso-séin exceot mass (or energy level), still holds with the finite mass difference
between A =and nucleon, when the actual cade is3 a??ained by adiabatically increasing
the mass of A from the orizinal one (equal to nucleon mass) to the actual one.

Now we can easily verify that the above mentioned symmetry are ;quivaleﬁt to the

invariance of the theory urder the transformation of the 3-dimensional unitary group

denoted by

x"(ﬁ%p-ﬁgudp X(s  and 5 U(:;; u/” = &y (1)
. =].2. PREE
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252, PARTICLE PHYSICS: SYMMETRY

Soon after, Gell-Mann and Ne'eman* took the decisive step
of identifying the physical baryons p, n, A, T and = , also, as
members of an SU3 -octet. At that fime the basic triplet was regar-
ded more as a mathematical device for the construction of the octet
(called the eightfold way) and the decuplet representations, which
can then be directly applied to the observed hadrons, These appli-
cations of SU3-symmefry led to great success in bringing order to
the complex problems of spectroscopy, dynamics and decay rates of
hadrons,

We now know that all hadrons can be viewed as composites of
quarks**, In this chapter, we consider only the three low-lying quark
fields: up, down and strange, which are sometimes referred to as dif-
ferent "flavors". Each will be represented by an element of the col-

umn matrix

q = q2 ) (12.1)

The strong interaction is assumed to be approximately invariant under

the transformation

q — vq (12,2)
where w is unitary. The detailed form of the strong interaction will
be considered later when we discuss quantum chromodynamics in

Chapter 18, Here we examine only the consequences of the symme~

try assumption.

* M. Gell-Mann, Phys.Rev. 125, 1067 (1962); Caltech Report CTSL-
20 (1961); Y. Ne'eman, Nucl.Phys, 26, 222 (1961),

™ G. Zweig, CERN report (unpublished); M. Gell~Mann, Phys. Left,
8, 214 (1964),



Chapter 12

SU; SYMMETRY

That the strong interaction may have o much wider interng|
Symmetry than the U2 group was first considered by Sakata *, who
explored the possibility of SU3 Symmetry generated by the Unitary
transformationg between Pr nand A . However, Sakata's ap-
Proach encountered serious difficulﬁes, since the A=nucleon force
turns out to be quite different from the nucleon - nycleon force,
Major progress was made by v, Ohnuki ** ;, 1960 who avoided the
dynami cql difficulties of the Sakatq model; instead he Put the em-
phasis on the kinematics of SU3 - The observeq hadrons qre regarded
as composites of o triplet of "baryonn fields, called XI r X5 and X3

by Ohnuki. These fields have the same quantum numbers qs P, n

tify the physical Pions and kaons as members of g SU3 octet, there-
by predicting a new Pseudoscalqr meson, which was later discovered

and is now coHéd n

* S, Sakataq, Progr.Theoref. Phys, 16, 686 (195),

Yy, Ohnuki, Proceedings of the Internationq High—energz Confer_—
ence, CERN (1960), p. 843,

251,
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Generalized Bargmann-Wigner Equation:

Amplitude, Y5155 - 55, (T).

sa(A=1,2...,n); Dirac spinor indices.

We symmetrize them with the Young diagram

A1

A2

where A1 Z A2 Z 0O and A1 -+ Ao = n.
The generalized B-W amplitude:

?p()\l,AQ):sl...sn(x)v or Simp'y ¢(A1,>\2)($>>

which is assumed to satisfy

(28 4+ m) a2y (@) = 0,
(m#0, A=1,2 ...,n).
fyf}; y-matrices a‘cting on the A-th Dirac indices

sa Of the amplitude.

The above set of simultaneous equations (gen-
eralized B-W equation) are known to describe a
particle of mass m and spin (A1 — X2)/2.



Quantized B-W Fields:

mn
w()\l,AQ)(m> — ¢ZA1)A2)(:U-> H ’Yf
A=1
Commutators:

— ZN{<>‘17 >‘2) : H (’I’TL — fY/vballb)sAs;l}A(x — y>7
A=1

upper sign bose; (n = even)
lower sign fermi; (n = odd) -

{(A].) A2) Xsl...Sn};
(X1, Ao)-symmetrization with respect to si... s,

Current:

Ju(@) = iN" 3" By a0 (@), Vi Prg, a0) (@))%
A=1 :

Energy-Momentum Tensor:

___N/ n L s
5 { By @), T80 Yy 200 (@)

4 iz
+ [P0y 00 (@), % O u ¢(A1,A2)($)]i}

0, (x) =



S. Sakata (1911~1970), Photo 1960
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Progress of Theotetical Physics,

On a Composite Model for

the New Particles®

Shoichi Sakata

Institute f’or Theoretical Physics, :Nagoya
University, Nagoya '

September 3, 1956

Recently, Nishijima-Gell-Mann’s rule’

for the systematization of new. particles
has achieved a great success to account
for various facts obtained from the ‘ex-

periments with cosmic rays and with high

energy accelerators. Nevertheless, it would
be desirable from the theoretical standpoint
to find out a more profound meaning
hidden behind this rule. The purpose of

this work is concerned with this point.

It seems to me that the present state

of the theory of new particles is very
similar to that of the atomic nuclei 25

‘years ago. At that time, we had known
-a beautiful relation between the spin and
the mass number of the atomic nuclei. .

Namely, the spin of the nucleus is always
integer if the mass number is even, whereas
the former is always half integer if the
latter is odd. But unfortunately we could
pot understand the profound meaning for
this even-odd rule. 'This fact together
with other mysterious properties of the
atomic nuclei, for instance the beta disinte-

— e ——

# The content of this lecter was read before
the annual' meeting of the Japanese Physical Society
held in October 1955.

A note on the same supject has also been

. published in Bulletin de L'académie Polonaise des
Sciences (Cl. II.vol. IV, No. 6. 1956)

686

Vol. 16, No. 6, December 1956

gration in which the conservation of
energy seemd to be invalid, led us to a
very pessimistic view-point -that the quantum

.theoty woild not be *applicable in the
~domain of the atomic nucleus. Flowever

the situation was entirely changed after the
discovery of the ‘neutron. Twanenko and
Heisenberg® 'prop'osed immediately a new
model for fhg atomic nuclei -in which

neutrons and protons ate considered to be

" their constituents.” By assuming that the

géutré:ﬁ has the spin of one half, they
explained’ the even-odd rule for the spins

of atomic nuclei as the result: of the

" addition law for the angular momenta of
“the constitients, ~Moreovet, they , could

reduce all the mysterious properties of
atomic ziuclei to those of the neutron
contained in them.

Supposing ¢hat the similar situation
is realized at present, I proposed a com-

pound hypothesis for new unstable particles -

to account for _Nishijima-Gell—Mann’s
sule. In our model, the new particles ate
considered to be composed of four kinds

- of fundamental particles in the true sense,

that is, nucleon, antinucleon, A and anti-A"
If we assume that A’ has such intrinsic
properties as were assigned by Nishijima
ind Gell-Mann, we can easily get their
even-odd rule fot the composite particles as
“the result of the addition laws for the
ordinary spin, the isotopic spin and the
strangeness. In the next table, the models
and the properties of the new particles are
shown together with those. of the funda-
mental particles in the true sense.
Here N and N denote nucleon and antinu-
cleon respectively, whereas A and A denote
A and anti-A° respectively”.
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Name " Model Tsotopic Spin Strangeness O::dfnaty Spin

: 2 1/2 0 1/2

R 1/2 o 1/2
4 0 =1 1/2?
i 0 1 : 1/2?
® N+-R 0 0
(r) N4 1/2 1 : 0?
6(%) R+-4 1/2 -1 0?
b R+Fi+ 4 1 -1 1/2?
g | Rtdsed 1/2 -2 V714

So far as the internal structure is not
concerned, our model for new particles is
identical with that of Nishijima and Gell-
Mann. However, it should be stressed that
the cutious properties of the new particles
could be reduced to those of A% just like
the mysterious properties of the atomic

Hence our theory contains less arbitrary
elements: than was the case for original
one of Nishijima and Gell-Mann,
Though the rigorous treatment of our
model is a vety hard task?, it is worthwhile
to notice that most of the composite
Particles which seem to be stable against
the strong interaction can be identified
with the wellknown new patticles, and
that there are possibilities of predicting
some mote new particles which have not
been discovered up till now.” .
Firially, it should be remarked that
thete are some other arguments in favour
of the compound hypothesis for the ele-
mentary particles, In spite of the great
Success achieved by the advent of
Tomonaga—Schwingef’s- technique, it has
recently become clear that we could not
‘avoid the internal inconsistency .of the
Quantum fleld theory, so far as the point
mode] for elementary particles was adopted.

nuclei were reduced to those of neutron.

Moreover, in the case of Z-meson, the
cut-off prescription has recently been proved
to be very powerful in order to account
for the experimental results, These facts
indicate strongly the necessity of substantial
innovations in the mode! for the elementary
patticles, though some change has already
been made by the discovery of the renor-
malization technique. " Landau pointed out

that the model for the electron would -

possibly be changed i)y the effect of the
gravitational field. But in the case of
T-meson we must lock for another effect,

. because” the cut-off radius is found to be

as large as the order of the nucleon Com-
pton wave length in contrast to €2/me. -1

~107" cm which appeared in the quantum
electrodynamics.”

1) T. Nakano and X. Nishijima, Prog. Theor,
Phys. 10 (1953), s81; K, Nishijima, Prog,
Theor. Phys. 12 (1954), 107; 13 (1955), 285;
M. Gell-Mann, Phys. Rev. 92 (1953), 833,

2) D. Iwanenko, Nature 129 (1932), 798; W.
Heisenberg, 7S, Phys, 77 (1932), 1,

3) Markov (Rep. Acad. Sci. USSR, 1955) pro-

posed also a compesite model which is very

similar to ours. It .should be remarked that
our model may be considered as a generalization
of the r-meson model propesed by Fermi and

Yang (Phys. Rev. 78 (1948), 1739), and that

it will throw a new light on Heisenberg's

Tt s e b e s
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