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Electromagnetic Interactions of a Vector Meson with a Scalar Excited State*
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A relativistically invariant formalism is presented for a theory of a meson possessing a vector and a scalar
state of different mass which are tightly coupled by the electromagnetic field. It is found that the theory
reduces formally to the theory of a five-dimensional vector meson, with the constant which couples the
states playing the role of a fifth component of the energy-momentum vector. YVith a large coupling constant
there is a high probability for producing excited-state mesons, and hence decay photons, in electromagnetic
processes; e.g., by Rutherford scattering on passage of a beam of mesons through heavy material. The
production of many photons in nucleon-nucleon scattering, such as has been reported at Berkeley, might
possibly be interpreted as resulting from the decay of excited-state mesons which are produced directly. It
is also found that the existence of a scalar excited state aggravates the high energy divergences of vector
meson cross sections for such electromagnetic processes as Compton effect, so that the validity of the
Christy-Kusaka argument against the p-meson having spin 1 is not affected by the possible existence of a
scalar excited state.

I. INTRODUCTION

ECEXT experimental work has forced the aban-
donment of the idea that by the assumption of

one simple-type meson field (such as vector, scalar,
etc.) all the phenomena of cosmic rays and nuclear
forces could be explained. Instead all evidence points
to a picture of great complexity. It was therefore con-
sidered worthwhile to investigate the consequences of
a theory which treated particles possessing several
states of different spin and mass. In particular, it is the
purpose of this paper to develop a convenient formalism
for a relativistically invariant field theory of a meson
possessing a vector state and a scalar state of diGering
mass. The states are assumed connected by the elec-
tromagnetic field and our main interest will be centered
on the electromagnetic cross sections of this meson.

In 1941 Ch1isty and Kusaka' showed that cosmic-ray

(p) mesons must have spin 0 or -', since the electromag-
netic interaction of high energy vector mesons is much
too strong to be compatible with experimental evidence.

We shall inquire whether the assumption of a scalar
excited state with an appropriately chosen coupling to
the vector ground state can alter this conclusion. We
might expect that the assumption of excited states
would lower the theoretical cross section for a vector
meson if we consider the latter as being simply the
ground state of a system of two tightly bound spin ~

particles. This system may be supposed to have a
number of discrete states and a continuum of unbound
states, so that for the limit of infinitely high energy the
system behaves like two free spin ~ particles, hence has
a relatively weak interaction with the electromagnetic
field. In this paper, however, we restrict ourselves to
the consideration of a single scalar excited state and
find that in this case the additional terms lead to an
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' R. Christy and S. Kusaka, Phys. Rev. 59, 414 (1941).

increase in the high energy cross sections. Moreover,
the additional mechanism for photon production which
is provided by the possibility of Rutherford scattering
to the excited state followed by decay to the ground
state also leads to an amount of burst production in-
compatible with cosmic-ray evidence.

It should also be mentioned here that some work on
the problem of a "vector-scalar" meson has been done
by the Russian physicist V. L. Ginsburg' who used the
usual wave theory formalism. He, however, never de-
veloped the theory much beyond the qualitative stage.

II. DEVELOPMENT OF MATRIX FORMALISM

A. Introduction of Coupling

In this paper we shall use the matrix formalism
originated by Kemmer. ' While this formalism at first
appears unnecessarily complex, the spur techniques
which it makes possible are invaluable in a calculation
of this kind. We first write down the relativistically
invariant Lagrangian density.

L= Lvcctor+ Lccoior+ Lconp ling l

L „t„ihc[P,+B„"——(Bf,/AX„)+ (M„c/I'g) f„+f„j;
L...,i„=ihc[$,+B„'(Bg,/BX„)+(M,c/Ii)P, +P,);

L,.„,i;„,= ghc(4. +q4.+—4.+q+P.)

Here P„ is the ten component vector meson wave
function (four-vector potential and associated anti-
symmetric tensor); P, is the five component scalar wave
function (scalar potential and its four-gradient); 3f„and
M, are respectively the vector and scalar masses; the
8„"sare Kemmer's ten by ten matrices; the 8„"sare
his five by five matrices. p is a ten by five matrix which
we introduce to couple the vector and scalar states.
We shall deduce its properties later. Also

P+=iP*Nc. (N„= 2B '—1).

' V. L. Ginsburg, J. Phys. U.S.S.R. 8, 33 (1944).' N. Kemmer, Proc. Roy. Soc. London 173, 91 {1939).
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The B's follow the commutation rule:

8„8,Bi+Bi8„B„=B„bg,+Bgb„„. (1)

The omission of the superscript ~ or s implies that
the law is true both for vector and scalar matrices.

We can now express the Lagrangian in a neater form

by adopting a 1S by 15 formalism. We set:

I.= kc'iTP+8 (fjf/clX )+/+Kg] gP+~— I, (2)

where

t
8„'

B.=i— 8„3'
t'10

We now consider the problem of invariance under a
reQection about the X„axis, i.e., X„'=—X„(p/v);I,' =I„.Pauli has shown that the proper transforma-
tion law is f'= &iV,f, the sign being dependent on the
desired reflection properties of lf. It can be shown that
P'=Ã„P is the desired law for scalar or pseudo-vector;
P'= —Ã„P for pseudo-scalar or vector. We are inter-
ested in vector coupled to scalar so our transformation
matrix is:

(
iV„)

Using this and (3) we find that invariance of P+DP
requires:

D+D)yr 0

From (6) and (8) we can derive the properties of D.
From (6):

M,c ( 0

&&+ 0&

B„B„D+DB„B„B„B+—DB„B„=—0.

Multiply by B„' from front and rear and remember
B„B„B„=O;B„'=B„.Then

B„B„DB„'+B„'D
Our equations of motion become:

8„(&g/BX„)+(K+igD) P =0,

(BP+/8X„)8„P+(K+igD—) =0.

(4)
But since cV„anti-commutes with D and B„

B„B„DB„'=B„B,D( V„+1/2) =8„8,(—iV„+1/2) D
=8„($„+1/2)B,D= B„B,D

It is obvious that the new B„'s still obey the com-

mutation rules (1).It should also be noted that the rest
masses of the vector and scalar states are no longer

given simply by M, since the coupling introduces a
"mesomatic" mass which we shall derive later.

Therefore
B„B„D+DB„B„=0.

Similarly, multiplying (6) front and rear with 8„
B„DB,+B„DB„=0.

(9a)

(ob)

8„8,8„=0; (pW v)
8„'8„+B„B„'=B„(pA'v-)

B„'=B„;

4" =28'-' —]-
.5'„B„=B„X„=8„;
X„B,= —B,iV„; (pW v).

' K. Pauli, Rev. Mod. Phys. 13, 227 (1941).

B. Proyerties of the Coupling Matrix

%e next consider the properties of D as determined

by the conditions of relativistic invariance. First we

consider invariance of the Lagrangian (2) under an
infinitesimal Lorentz rotation. As Pauli has shown, it
is sufhcient that L be invariant under the transforma-
t.ion P'= 5/ P+'= /+5 ' where

5= 1+,' $„„(B„B„B„B„)-, —

(t'„„=—8„„=magnitude of r-otation) provided that the
8's obey the commutation rules (1).The hrst two terms
in (2) are invariant just as in the pure scalar or vector
case. In order that the term P+DP remain invariant
we must require:

(B„B„8„8,)D D(8„8„—B„B„)=—0. (6—)

At this point it will prove useful to summarize some
of the formulas easily derivable from the commutation
rules (1).These are:

Also we have from (8):

V„D+DV„=(28 '—1)D+D(28 '—1)=0.

Therefore
B„-'D+DB„'=D.

Multiplying (9c) front and rear with 8„
(9c)

2B„DB„=B„DB„=0. (9d)

It can be shown that rules (9a—d) and the condition
that D contain only terms coupling vector to scalar,
i.e., no diagonal terms which only represent a change of
mass, uniquely determine D. This may be most easily
seen by considering the usual wave theory formalism
where it is apparent that the requirement of relativistic
invariance allows one to choose only an expression of
the form gQ. V4p as a bilinear, first-derivative coupling
term in the Lagrangian. (Q here is the vector four-
potential, p is the scalar potential. )

From this uniquely determined D one can, by using
a special representation, also show:

DB„D=O; D'8„+B„D'=8„; D'=D (9e).
It will now be observed that rules (9a—e) are pre-

cisely of the form of the commutation rule (1); i.e.,
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that (1) is still valid if we consider D=Br,. Thus we

may regard Eqs. (4) and (5) as a five-dimensional

analog of the usual four-dimensional vector meson
theory. The fifteen component wave function may be
interpreted as a hve-vector with associated ten anti-
symmetric tensor. Such a five-dimensional vector wouM

have four possible orientations of spin —the three
vector states and the one scalar state. It should be
noted that in Eq. (4) the constant gh appears in a way
exactly analogous to another momentum component,
i.e., gh= ih—(B/BX,) T.his symmetry often leads to
simplifications in the carrying out of computations.

C. Development of Canonical Formalism

Ke are now in a position to set up the energy-
momentum tensor, Hamiltonian, etc. For this purpose
v e use the usual four-dimensional representation.

From Eqs. (4) and (5) we see that the current may be
defined as:

S„=e(/+8„$), since (BS„/BX„)=0 .(10)

This means that charge density is proportional to
/+84/, and that in a, way exactly analogous to that
used in the Dirac theory we may define the expectation

value of an operator ar by ~= J'P+co84$dr Here the.

double bar represents some type of appropriate sym-
metrization. Remembering that the momentum p„ is
given by (h/i)(B/BX„) we are led to assume for the
energy-momentum tensor:

T„„=(hc/i) &+8„(B&/BX„),

satisfying the requirement (BT„,/BX, )= 0.
This, however, is not a symmetric form of the

energy-momentum tensor, so we now apply the
standard symmetrization procedure' and obtain after
some work:

B„„=i/+(8„8„+B„B„b„„)Mc'P.— (11)

From the energy-momentum tensor we can write
(lown the spin matrix (from the angular momentum):

;i,nd the Hamiltonian:

IX= 844
—— if+.V 4Mc 'P =—Q*Mc'-

D. Supplementary Condition and Second
Quantization

Our next step should be to quantize the field. XVe

must, however, be careful only to quantize those com-
ponents which represent independent states of the
system. For while we have a fifteen component wave
function it is clear that there are only eight independent
states of the system —four positive ones (three vector
and one scalar), and four negative ones. Since the charge
density is given by eP+84$ and we wish to quantize

the theory in terms of charged particles, it is con-
venient to eliminate the seven components corre-
sponding to a zero eigenvalue of 84', and quantize
84'P directly. We see, in fact, that the seven com-
ponents corresponding to a zero eigenvalue of 84'-' may
be expressed in terms of the eight components cor-
responding to eigenvalue 1. First, ave multiply the
wave Eq. (4) from the left by 1—8&-'.

(1 84')—[B,BpP+ (K+ igD) P]= 0

Here we have written B„=B/BX„. But

B4 BIs+BpB4 —Bfs+B46+4.
Therefore

{Bg8184'+ (1 842)K—+igDBF {/= 0,

k to be summed from 1—3, and

/=K '(K BI„Bk—igD)B—pp
Similarly,

p+= /+842(K+ BIBi igD)— (14)

AVe now quantize the field in the usual way and set

BPP= I/h& Q {ag(p)84'Ug+) exp( —iEi( p)t /h)
4

le=I

+b~*(p)84'Ui (p) exp(iE. (p)«h) }

Xexp(ip r/h)dp,
(15)

4*8,'= I/h& ~ g {ag*(p)Ug+(p)*84' exp(iEi(p)t/h)

+b (P)U (P)*84'«p( —i«i(p)tlh) l

Xexp( —ip r/h)dp.

Here «(y) and «*(y) are annihilation and creation
operators for positive mesons of momentum p and
polarization h and bi(p) and b~*(p) are the corresponding
quantities for negative mesons of momentum —p and
polarization k. They satisfy the usual commutation
rules, e.g. ,

[&~(p)«*(P')—«*(P')&~(p)3 = bibb, .

The Ui(p)'s are particular 15 component c-number
solutions of the wave Eq. (4), corresponding to
momentum p and polarization k.

Substituting (14) and (15) in our fundamental Eq.
(4), and remembering that 84(p B)84——0:

[ EI,(p)84+Me'+(p—8+ghD)M '
X(p 8+ghD)j84'Ui+(y)=0,

[E&(p)84+Me'+(y 8+ghD)M '
X (p 8+ghD))84'Ui . (p) =0.

It should be noted that Ei(p) is different for vector
and scalar states, as will be shown later. %e now choose
the UI, 's to be orthogonal and normalize in such a way

' F. Booth and A. H. Wilson, Proc. Roy. Soc. London 1?5, 490
(1940}.Much of the subsequent calculation parallels this paper.
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that the Hamiltonian (13) represents the energy of the
system.

U *Mc'U =E b ) U *——8 '.(Mc'+(p 8+ghD)M '

X(p 8+ghD))84'U(. (17a)

Multiplying (16) from the left by U&*BP and using

(17a) we find:
~ i'&4UE = pE;E.

Ke have used the fact that 84'=84. Here

pE, E

——bI, E for 0=1 4,
= —6E, ) for 4=5 -8

(17b)

where 4=1 4 applies to positive, 4=5 8 to nega-
tive states. %e now consider the eight linearly inde-

pendent vectors BJU& as forming an eight by eight
non-singular matrix BQU. We note from (17b) that
the inverse matrix for 8,'U is given by p(U*84')84
The equation (84'U)(84'U) '84=84 then gives the
inverse orthogonality relation:

84'U~pw UI.*84'=84. (18)
1:, E=1 ~ -8

E. Introduction of the Electromagnetic Field and

writing Down of the Hamiltonian

The next step is to introduce the electromagnetic
field which we do in the usual gauge-invariant way,
replacing 8$/BXI, with (BP/c7Xq) (ie/hc—)A~/ and
BP+/BXq with (8f+/BXq)+(ie/Ac) AI,Q+ where Aq is
the 4-vector potential of the electromagnetic field:

1= 1/hip (27rk' c/k) le-a~[qq~exp(ik r/0) +qq, &,
*

k, X

exp( ik—r/fi) ] (19).
Here q and q* are the photon annihilation and creation
operators.

Substituting (19), (15), and (14) into the Hamil-
tonian (13), integrating over the volume, and expanding
in powers of the electric charge e, we obtain:

Ho —— t Hodr=c' Q I { a)*(p) U(+(p)*
A, l =1 4

+b~(p) U~ (p)*]842LM—(i/c)p 8—(igh/c)D]

x %4M '$M (i/c)p 8—(igh/—c)D]84'

X [a (p) U +(p)+b *(p)U (p)]dp. (20a)

1 e 10 = , ,
—2

~
L«*(y')U~'(y')*

2~(~c)'(ly' —yl)'~ t=~ '"
X=1, 2

+b~(y') U~ (p')*]84'

X {q ',x[(e . „8)M—'(p 8+gAD)

+(p 8+gkD)M (e'p p g 8)]
+q*p —y', ) L(ey p, g 8)M i(p 8+gAD)

+(p '8+gkD)M (ep p g 8)]I

X8 { 4(pa) lU~+(p)+ ba~(y) U~ (p)]dpdy'. (20b)

1 8
'

„~ i~ ~'{:a*(p')U'(p')*
4m' Ac E, m=1. 4

X,X' = 1,2

+bi(y')U~ (p')*]84'LM '(8 «, ~)(8 e~, &)]

xLq~, ~qj«, t, &(p-p'+k+k')

+y, gq*s, g b(p —p'+k —k')

+q j, &q& ~ b(p —p —k+k )+q s, xq &, x

x&(p —p' —k —k')]XB.'{a (p) U„+(p)

+b *(p)U., (p)]dkdk'dpdp'. (20c)

In addition if there is an external potential p we have
a term:

f
H t u. = l ~dr=e Q [a)*(p')U,+(p')*

I, E=1" 4~ J

+b~(y') U~ (y')*]84'844 (p' —p)84'

X Lax(p) U~+(p)+4*(p) U~ (p)]dp'dp; (20d)

where

P(p' —p) =
~

exp( i(p' p). r)p(r)dr

F. Calculational Techniques

With the Hamiltonian (20) we may select matrix
elements for any desired process and carry out the
calculations in a manner entirely analogous to that
used in the usual Dirac electron theory. As in the Dirac
theory one eventually reduces the calculation to a
summation of the matrix element of some operator
over all eight states corresponding to a given momen-
tum, and then uses the rule derived from (19):

UI *84'F84'U~ pl a
E=1 8

= Spur(U*BP) 0(84'U) p = Spur840.

As in the Dirac theory it is necessary to introduce
annihilation operators so that a summation over a
small number of states may be replaced by a summation
over all eight states.

In our case it is necessary to introduce two types of
annihilation operators, one to separate vector and
scalar states, the other to distinguish between positive
and negative mesons. %e first discuss the annihilation
operator for distinguishing between spin states.

Consider a solution Ul, of the wave Eq. (4). If we
can find a transformation matrix S such that SU~ has
only 1 10 components if k is a vector state, and
11. 15 components if k is a scalar state, then:

84'& 'ZSUI, =84'UI, if k is a vector state,
=0 if k is a scalar state,
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where Z is the matrix

0

0

(22)

Ke shall show that

( ( KvKs
5=exp} igK '}-}D }

&g yK„K, & ) (23)

WVe now prove that the term containing D is separately
equal to zero. From the last equation we have:

K,K, y
& 1

SU„+= —
} }

—M —'} Eg84+icy—BI
t g'+K„K,) c'

E,K,
1+kg} } K 'D SUi+.

L.g'+ K„K,)

( E~B4+icp B)DSU—i+=0, since B„DB„=O.

So we finally obtain

t g2+K,K, q
'-

E,84+icy B+M—"}—
} SU.+=0. (24)

K„K,

If we now consider the special representation (3) we
see that in Eq. (24) the ten-component wave function
and the five-component wave function have been un-
coupled so that the wave Eq. (24) for SU& is simply the
sum of the vector and scalar wave equations. If SUI,
is to represent a vector state it must satisfy the vector
wave equation, hence have only 1 .10 components.
Thus we have proven that (23) is the desired trans-
formation matrix.

is such a matrix. The wave Eq. (4) tells us ths, t for a
plane wave solution U~ we have

[ Ei Bi+—icp B+Mc'+igkcD]Ui+=0

(We have assumed that U& is a positive state. This in
no way affects the argument below. ) Then

[5( Ei84+i—cy B+Mc'+igkcD)5 ']SUi+=0

Using (23) for 5 and the commutation rules (1), (7),
and (9), we arrive after some algebra at the equation:

(g'+K„K,q
'

Ei,84+i—cp B+M,'}
K'„K, )

K„K,
+ig} } K '( Ei84+ic—p B)D SUi+=0

Eg'+E„E,)

S~BP =8;
5,8;iB,'= 4(i~ j);

S„BP8$8$=2(i' W k);
S„BpB)'8&'Bp=1(iAj/k/1) I

S~BPBP 8&'8PB„'=0(i/j 8k/l/m).

(2&)

Also the spur of any matrix containing an odd power
of one of the 8's must vanish.

G. Physical Interpretation of Ho

%e now apply these techniques to the evaulation of
the Hamiltonian Ho (20a) and find after some cal-
culation:

I'
Ho —— P E,(p) [a~*a,+ b,*b,+ 1]dp, (20e)

A. =i ~ ~ ~ ~

where

Ei(p) = (M.'c4+g 9Pc"(M„/M,')+-p' c')'--
if k is a vector state;

Ei(p) = (M,.'ic'+ g'k'c'(M, /M, )+p'c') '
if k is a scalar state.

Thus we see that the coupling has given a "meso-
matic" mass to the states. The mass as defined by (28)
[(i.e., from E = (ii'c'+p' )']cis clearly to be considered
as the physical mass, with M merely being an auxiliary
constant without obvious physical significance.

It should be noted that we have efI'ectively uncoupled
the vector and scalar states by writing the Hamiltonian
in the form (20e). That is, we would have obtained the
identical Hamiltonian if we had assumed uncoupled
vector and scalar states of the appropriate masses. The

Using (23) and remembering that ZD+DZ= D while
Z commutes with all other matrices we find after
algebra:

84iS 'ZS Uk = Bii[Z+ (2Z —1)
X (g/g'+K„K, )D(p B/h.)]B 'U,

=84'UI„. if k is a vector state,
=0 if k is a scalar state.

Thus the quantity in square brackets in (25) is the
desired annihilation operator.

In order to separate positive and negative states we
use (16) which tells us:

(I/2Ei)84[Ei, 84+Me'+ (p B+gkD)M '

X(p B+gkD)]84'Ui
=84'UI, if UI, is a positive state,
= 0 if Ui is a negative state. (26)

Equipped thus with the commutation rules (1) and
(9), the inverse orthogonality relation (18), and the
annihilation operators (25) and (26) we are able to
reduce all calculations to taking the spur of a matrix.
This implies that we always sum or average over the
diA'erent vector polarizations. Using a special repre-
sentation like (3) it can be shown that if D=8&, then
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term H j, however, cannot be separated in this way, so
that we have not merely made a trivially different
formalism. The physical meaning of this is clear. There
can be no transition from a vector to a scalar meson
unless we introduce another particle so as to conserve
angular momentum. Such a particle is the photon, and
it is precisely this eGect of the excited state on electro-
magnetic interactions that we are seeking.

ID. ELECTROMAGNETIC INTERACTIONS

A. Lifetime of Excited State

l'rom the expression (20b) for the Hamiltonian Hi
we see that it is possible for a meson in an excited state
to decay with emission of a photon to the ground state.
If we assume, for example, that the scalar of mass p, ,
is the excited state, then a positive scalar meson at rest
can decay into a vector meson of mass p, and momentum

p, and a photon of momentum —p. Conservation of
energy tells us:

ii,,c'= (p,'c4+ p-'c ')~+ p'-c

The lifetime for such a transition is given hy:

with the matrix element:

1 e
H. ,= —— U„+(p)*8 '[(e B)M 'gfiD

2v (kc)& (p)&

+(p.B+gfiD)M '(e v, i B)7B4'U,+(0).

Using the spur techniques discussed previously we may
evaluate the lifetime and find:

1/r = ,'(e'/hc)—K'(p„c'/h) (p,/Ii„p„/p, )—', (29)

where we have written K'=(g'll'/M„M, c'), a dimen-
sionless constant which represents the strength of the
coupling between vector and scalar states. Ke see that
for any "strong-coupled" case, i.e., a case where
K2='I, the lifetime of the excited state will be very
short unless the energies are very close together. For
example, if p,,c'=200 Mev; p,c =400 Mev; E'-= 1, then
7=5&10 " sec. Hence the excited state is unoh-
servable directly.

The photons which have been observed at Berkeley
might possibly be such decay photons. Further experi-
mental evidence is needed to decide this point. The
coincidence measurements to determine whether the
photons are produced singly or in pairs are of crucial
importance in this connection.

B. Rutherford Scattering

An experiment by which the existence of such an
excited state might be detected is scattering by a
Coulomb field. Let us image a vector (ground state)
meson of mass p„, charge e, and momentum p impinging
on a 6xed scattering center of charge Ze, Then, using

the static Hamiltonian (20d), we find for the Born
approximation scattering cross section:

~(8, v)=~.(8, v)+~.,(8, ~),

~here a„(8, p) represents the cross section for the final
state being vector, o„(8, ic) for it being scalar. eu(8, p)
is the usual vector cross section:

( Ze"- q' ( v-') v' 1
o.„(8, pl= I I I

1——)+-' sin'8 — ——dt!,
( 2p„v'P ( c"-J c4 sin'(8/2)

while
(Ze' ) ' pp'[(c'/v') 17—

e, (8, p) =-',K'i
E p„,c') p'+ p"—2pp' cos8

pp" sin29
+ dQ.

(p'+ p'-" —2pp' cos8)'

Here p' is the momentum of the outgoing scalar meson
as given by the conservation of energy:

P(2 P2+ P„2C2 ~ 2C2.

e, (8, y) is of course zero for p'+ p„2c' —y,,'c'(0.
This cross section for production of excited-state

mesons is proportional to E2, hence will be appreciable
only for a "strong-coupled" theory. As we have already
seen, in such a theory the excited state decays almost
instantaneously if the mass difrerence is at all appre-
ciable. Hence the total cross section cr, represents the
cross section for production of decay photons. %e find
for this cross section:

v. ,= )I o.(8, p)dQ= (rr/3)K'(Ze'/y„c')'

X I [2(c'/v') —l.+ (p"/p') 7

&&»(p+ p'/p p') 2(p'/p) I
(3o)— —

In the case where the scalar is the ground state, we have
exactly the same matrix element for the transition, and
we find for the cross section for excited-state production;

~,, „=vK'(Ze'/li, ,c')' I 2[(c'/v'-) —17 ln (p+ p'/p —p')
+ ( ./u. )'[(1+(p"/p')) l n(p+ p'/p p') 2(p'/p)1 I— —

.'is in the previous case, p' refers to the momentum of.

the excited state meson.
In the non-relativistic region this is appreciable, and

is considerably larger than the bremsstrahlung cross
section, so that the existence of a low lying strongly
coupled excited state would manifest itself by the
production of many photons on passage of a meson
beam through a heavy target.

In the relativistic limit the ratio of the cross section
(30) to the bremsstrahlung cross section for a vector
meson is a factor of the order of magnitude

K(hc e/')(.ti'eE/). Thus for E=137p„thee upper limit
of reliability of the theory, a strongly coupled scalar
excited state would lead by Rutherford scattering alone
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to burst production too great to be compatible with the
experimental evidence on p-mesons. This would not be
true, however, if the mass di6'erence of the states either
were great enough so that the excited state could not
be produced, or small enough so that the decay photons
had very low energy.

For the degenerate case where p„=p, , we obtain for
the Rutherford cross section:

&r.. .= (Zc'/2 pv')'L(1 —v'/c')+ -,'K'(e'/c') (1—cos8)
+si.(1+K') (i4/c') sin'8](1/sin48/2)d Q. (31)

For this case both initial and Anal states may be either
vector or scalar, with the average over the initial state
taken such that the vector is given weight three, the
scalar weight one.

C. High Energy Cornpton Effect

As is well known, the total Compton effect cross
section for vector mesons behaves like E' at high
energies in the barycentric system. ' It has been shown

by %ilson' that this result is not cut down by radiation
damping until E)(137)&pc2, so that the Christy and
Kusaka argument against the p,-meson having spin 1

is still valid.
%e will inquire whether the assumption of a scalar

excited state allows for destructive interference and
cancellation of the E' terms as discussed in the Intro-
duction. The calculation is very tedious and has only
been carried out for the case EO&p,c'& p„c'.

The scattering may occur directly through the two-

' K. Pauli, Rev. Mod. Phys. 13, 230 {1941).
' A. H. VA'lson, Proc. Camb. Phil. Soc. 3?, 311 (1941).

o = ', ,0. (t1+2-K'+K4). (33)

The results of this special case thus tend to indicate
that the high-energy divergences of the electromag-
netic cross sections of higher spin particles are made
worse rather than alleviated by the assumption of
excited states.

I would like to thank Professor E. Teller who sug-
gested this problem and Professor G. Wentzel, Dr. G. F.
Chew, and Dr. C. N. Yang for many stimulating dis-
cussions.

quantum Hamiltonian H2, or via any of four possible
intermediate states, through H~. These are:

(1} Absorption of the incident photon by the meson, followed

by emission of the scattered photon;
(2) Emission of the scattered photon followed by absorption

of the incident photon;
(3) Absorption of the incident photon, accompanied by creation

of a meson pair, followed by annihilation of one member of the

pair with the original meson, accompanied by emission of the
scattered photon;

(4) Emission of the scattered photon accompanied by creation
of a meson pair, followed by annihilation of one member of the
pair with the original meson and absorption of the incident
photon.

Initially the meson is assumed to be in the ground

(vector) state, while the intermediate and final states
may be either vector or scalar.

After a very long calculation we 6nd for the total
cross section in the case E&&p,,c'& p,,c'.

a = (5ir/9)(e'/p c')'(E/p c')'(1+-'K'+-'K')
= (1+23K'+-',K')O,.t.„(32)

where 0. „~,is the ordinary vector meson cross section.
For the degenerate case p, =p„


