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 SUMMARY. The disintegration rate of the 7% meson decay into two  photons s
caleylated in a model in which the dec,_ay' takes place vie virtusl baryon anti-
baryon pair, including the effect of the anomalous magnetic moments of these

| baryons. The 1ife time is found to depend appreciably én nucleons and <&
hyperons virtual pairs contributions while less sc on that of £ if the mirror
theorem for the magnetic moments of Z  ig assumed. The branching ratio

7 ° v->-e++ e + '}'/n'@ w—s >+ is not appreciably affected.

*' .
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1. INTRODUCTION.

The O=instability of 7° meson in the usual meson theory
was first predicted by Sakita and Tanikawalg Since its existence

2 its mass3 and lifetime4 have been neas-

was definitely established
ured with increasing precision. The decay has been investigated
theoretically by many authors in the lowest order  perturbation
theorys and recently, using dispersion theory6. Kinoshita7suggestai
the possible influence of intermediate hyperon pairs in lowering the
theoretical decay rate obtalned by using only the nucleon-antinucleon
pair and thus bringing it close to the experimental value. A calcu-
lation taking into account all known baryons was made by Tiomnosa
A1l these calculations, however, have ignored the effect of anoma-
lous magnetic moments which are, at least for nucleons, known to be
of the order cf the intrinsic magnetic moment of a charged .Dirac
particle. This effect was first considered by Zimermango In the
next section we will re-calculate™ the decay rate including the ef-
fect of anomalous magnetic moments for hyperons which  are being
measured currently. The decay is appreciably influenced by  them
although unambiguous quantitative conclusions are hard to draw

because of the appearence of logarithmic divergence.

sk
In reference 9 there is a migtake in the relative signs of the electric charge
interaction terms which gives a result in disagreement with the present calcu~-
lations.
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2. DISINTEGRATION RATE.

The strong interaction of the isovector #° with the third

component of the isovector current due to baryons can be written

as'®

H,,-o"‘ [G (pif)' p- 111:!.‘,»5 n) +G (z° i‘rs wE%i?
e + = - TO o 20 Q
* 610,57 - 21%27) + 6 QAT+ A® 9 5%)
+ 6'CT10, 57+ T 19,57 - %0, 5%~ A% 10 A°)] 7°
5 5 5 8
where V=1 0% or 1 for the same or opposite prities of ° and A°

respectively. The usual charge independent interaction 1s obtained
by putting G = 0,

The electromagnetic field interacts both with the
isoscalar and isovector baryon currents. The interaction with the

electric charge 1s

= . T +F +,,,-- -_,':““'
Hop 1e(p'o;1p+z+f}),z 2:9;‘2: z )_,._.)A

while that with the anomalous magnetic moment is

e 1 ' e i _
() Bt At s finde s
Y- #1 %o 1 B (M *M ) 2 2 Sim W

+ h‘co

where M, is the mass of the particle (neutral or charged), A, the
anomalous magnetic moment in units of (e/ZM 1, © (1/2i)[ 'y 71
Fup = (a A, =0, Aﬁ) and ¥, 1is the field representing the baryon

i. The last term is the I° A° anomalous magnetic interaction
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responsible for the fast radiative decay of 2011. It may  Dbe

re-

marked that the contribution to the anomalous magnetic moment  due

to the isoscalar baryon current is in general much smaller as com-

pared to the isovector current contribution.

The invariant matrix element for the decay of 7%  into
two photons with four momenta k; and k, and polarizations e; and e,

respectively via baryon-antibaryon pair of mass M is given by*
" E 4 -1 -1
M= (+ 1e“G)-|da”p Sp {’)‘51-_1(15+K1)+H] (ré1+.mélkl)[iz$+ﬂ]
=1 . -1
(rb,+ aézléa)[i(zs —K2)+H] + '}5[1(15+k2) +M] (v, + g 5 ¥5)
=1 _ =1
[1p +¥M] (rhy+ b ¥;) ,[i—(é -%y) + M) }

where a= A/2M1 and r = += or 0 according as the corresponding
photon is emitted by & positively charged, negatively charge or
neutral baryon. The two terms give equal contributions és can  be

eagily verified. The numerator of the first term can be reduced

(using e+*k = 0) to
M[r® - 2iMar - (p%+M°) oF| Sp-(9 By ¥; €, K,)
+ 1ra(p® + M) [Sp(, 4 6, K, B) + Sp(, £1 £, ¥y B))

+ (1r o~ 2a” M[KS sp(o, 8y £, ¥, 8) + k5 Sp(% £, £, ¥%8)

*
d-ap")’)"
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whlle its denominators combined in the form
1 1

1 J j 1
- = 2xdx dy
[Hey)® + ] [(pk)? + 0] [52 4 262) 0 o [p-02+a%]3

where f{= x[-kly,d- k,(1-y)] and a® = [M°- m.n.z x= y(l-y) + kl x(1l-x)y

| + kg x(1-x)(1=y)]
Making use of |

J 2y - J s D St YR
J [(p-0)%+a%)3 (p2+ a2)3 12

1 [ Buda +0,8,,%0,8,,) .
(96}14-!26 +! )".-_ a*p +
| 4 (p "‘&2)_3

: 111'2 p
YA - » A
242 )‘ 24 4 [(p-l)2+ a®]>

1 at p iml ire
4 (p2+82)2 2 -

and neglecting the (_%ll-ﬂ,/lfi)2 in relation to unity we obtain finally

g2
GS(‘)’ééKK)—-.A
P 172" Sy

:i.(-z2

where



330

| 2 | 1 @E+xd) ¢, 5
A= D(Ma)(i-lr + rz-ér - ' — Ar + — A%
| 2 2 2 15 48

Here D(MZ) stands for the logarithmic divergent integral

1 ad
p(ME) = ZJ >

im (p2 + MZ)Z
AZ
which can be evaluated, using a Feynman cut-off -
AZ + pZ

D(MZ) = fn <A2+M2>- ( o5 ) .
M2 M + A2

The matrix element satisfies gauge condition with res(;:ect
to the two photons independent of whether they are real or virtual
as long as we assume el-kl =0, ea-lﬁc2 = 0. Also the two photons can
not be emitted with their four polarization vectors parallel to each
other. It is alsc clear that when at least one oi‘r the photons is
real the square of the four momentum of the other lies between % ma,n_
whence we conclude that the branching ratiol2 To—se” + e*+9'/7r°—-¥f}'+9'

is not affected appreciably due to the inclusion of the anomalous

magnetic moment effects.

For the real photons the matrix element in the rest frame

of the pion is given by

2

imr
- . 2 ——— . . i —-i-.—b-

M= (8 1e°G) " A-w (elxezkz)

where w is the energy of the photon. The two photons are thus



531

emitted in the rest frame with their polarizations _pei'pendicu'lar to
gach other. Summing the matrix element over the various Intermediate
baryon~antibaryon pairs and summing the square of the total matrix
element over the polarization states of the two photons we obtaln for

the disintegration rate for two photons* (h=e¢=1):

Fall > |LI2
'*T_M'rr)z

where I = X (GA/M), the summation extending over various baryons.

The anomalous magnetic moment for isoscalar /\° and zo--
the third component of isovector (63 = Q) -~ is expected to be small
" as memtioned before**. Assuming the usual charge independent  pion

interat:'_tion we obtain for L

: ' 2 .z
Sy [/ ap L /%P

T — -— D(MN) [ — - A
My 2 /- 2 P

11 1 A As >
FOhud = |- I?'—-'._ + D(MZ,) proatloay
_ ‘ M -
MZ"' M}:"‘ & st b3 ZM
12 }\Z..
+ D(MZ-) (- -
zM M
3= A

* See Appendices I.and: II.
ok o | o

In case A {or &) does have appreciable anomalous magnetic moment L will
contain an extra term corresponding to the case in which 7° creates a L9 A°
pair and one of the photons is emitted by the anomalous magnetic moment term
(see ref. 11).
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If in addition we neglect the mass difference within a charge multi-

':'
=

plet and use the "mirror theorem“lB_for magnetic moments viz.

[ ]

K°

tl

AAO’AG %G\ +A )3 (A +A ), (A +A3°), (AK_,_"" A L) get vanish=-

ing contribution from the iso-boson (A, &, 7) currents and a small
contribution from the isofermion and anti-isofermion (Ky Ny 2) cur=-
rents only we find that £ almost do not contribute to the decay
as compared to the N, and = contributions. The decay does not
D_thus provide a sensitive test to determine the relative sign of 2
and A-w coupling constants in relation to that of nucleoﬁs cou=-
Pling constant in a scheme in which all the coupling constants are

equal in magnitudes. The contribution to the decay thus arises mainly'

from the intermediate nucleons and cascade hyperon terms.

In the following table we give the values of the decay
rates for various values of the eut~off momentum A and the ratio

6/Gy for A, =-A = 1.8, Ao = =A. = (mym)) A,=1.3 and G/ am=
= 15,

?ABLE: Decay Rates of ﬂe-——e~(9~+90. (X 1016 numbers per second).

CUTT-OFF | G /Gy
(Nucleon
: - L - -

Mb 0.13 0.40  0.01 0,20 0,08 1.35  0.19
2M, 396 3,09 4.94  3.66 4.28 1.67 7.24
3M§ 12.64 7.28 19.48 10.69 14.76 0.96 37.57

perimen 20583 T ETmEmeT
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3, DISCUSSION.

As in the case when only interactions with the elec¢trie

charge 1is considered8

we find that in the usuwal charge independent
theory the decay of neutral pion into two photons is essentially due
to the contribﬁtions from nucleons and cascade hyperons if the mirror
theorem for the magnetic moments of sigma hyperons 1is assumed and the
mass difference within a charge multiplet neglected even when the
magnetic moment interactions are included. The anomalous megnetic
moment terms, however, change appreciably the life time of 7°. The
.dependencé on the cut-off is strong for the cut-off in the neighbopr
hood of the mass of the intermediate particles as is evident fromSthe
expression of-D(Ma) which does not allow us to draw  unambiguous
guantitative conclusions. Cgmparison with the experimental value
of the lifetime* ¥= 1.9 % 0.5 x 10720 s(or ~ 0.526 x 10¥®  disinte-
graﬁions per second) shows that the same sign for <}E and GH is
favoured in general. For a cut-cff‘at one nucleon mass GE/GN = +1
gives the result closest to the experimental one while for higher cut
~-off values (}:S/Gmf23 is the favoured case. The lifetime decreases
with the increase in the value of the cut-off. - If the anomalous
magnetic moment of cascade particles is ignored the decay rate is
1.99 X 1016 or 0.47 x 1G16 per sec. according as GE/GN =1 or =1 for

8

A~ M . Neglecting the anomalous magnetic moment effects conpletely

P
-the decay rate is 0.18 x 1016 or 6.32 % 1016 per sec. according as
GT/GN is 1 or =1. If the cascade particles have no interactions with
the pi-mesons and the anomalous magnetic moment interaction of nucleons

is included agreement with the experimental result is found for a cut
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""Off /\“_," 1‘06 Mpn

The branching ratio 77— e + e’ + ‘}/n’o + Y+ <) is not

affect appreciably.
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APPENDIX I
The third order S-matrix in the configuration space is
given by (h=¢ = 1)
(1) 4 4 4 % % 4
85 = o d® Xy 4% X5 4% X5 Ty (X)) ¥ (X)) %y (X))

where the interaction Hamiltonian density fEI(x) is written for sime-
plicity in illustration as

Hpx) =16:F 0, p () e - 16:F% Y A
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where : : represents the "normal product" of operators. - Suppreséing

the irrelevant indices and c-numbers the "time=-ordered product" (1)
relevant to our problem can be simplified using Wick's theoremM‘ as
follows: |

T CGFY PR T YA FY AK): )

+ GTY A DGTIAR)DGTY AK):)

+ (T YA OGT P AR, BP0 )] = By Dy R, (K, B0 ()
+ Bk WO 08, 3800, 0 )] (4,0 a0 g) 9 xy)

+ A(')(Xl) A(“)(X3) ?‘*’(XZ) + A(“)(xl) A(”)(XZ),¢(+)(X3) )+ oos

.~ where A'B =<0|T(AB)|0> is the "contraction" of operators A and B.

Introducing the Fourier transforms (in interaction represen

tation): ' X .d3
‘ k

(217-)3/2 ‘VZko

3, 3 :
(=Yyy = T Jd k [ +(A)  _(A). | _~ik-x
AV (X)) = ax) u(k) | ©
F (2#)3/2 ks Lazo (x P
()T () = -Bly) X)) = - - (x-y)
. s (7 sy ¢ > wﬁx y

H

=i 4 eip-(x-y)
TP (ip + M)
4
(ar) * op
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the S-matrix in the momentum space reads after integration over X;.S:

2

3 a3 K103

i1e™G d- kd- k'd .

8y = = {” - 2 (2 6%qtkk") ak) allk") ela).
[(2n?/2]3 JJ) Vg gy 2q,

a%p -1 ~1 -1
(-l)J Sp | 75 Q}J : -7, ]
(2m)* Cog-n0 M (g ) (18+ 1K)+ M

whence the required matrix element is

(ky e(P)(kl); k, e(“)(k2)|33|p> = <0|a(9)(k1) a(;\)(kz) Sz ¢T(P)|o)>

O

1 1 4 4' ,
= " _ — (2r)* & (P-kl-kz)' M
[(a'rr_)3 ]3 /21;10- 2, 2 P

4 .
, d P -1 -1 _1
= ““J SP[% £ 4L
(2r)* 1=, + M 20 (spemy 1L+ M

-1 ~1 -1
(£) (2) 2
+ 9, ¢ +(=1e“ G).
5 16 Hp +u D (g e ) 1(15+K2)+MJ °

Here we have used the fact that
<0|a(P)(kl) a(;\)(kz) a;(k) aI(k') c(q) eT(p)|o)
= 8(F-D[B(E- Ea®r- B e{M(k,) o iky)

+SE-F)) 8 - Ty o{P) ofVrey)]
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since [a(P)(k), a;;(kr)] - e}ﬁP’(k) 5(E-71)

The decay rate is calculated in usual way; however, care should be
taken that a (statistical) factor of (1/2) must be Introduced to take
into account of the fact that when integrating over allthe directions

of one of the photons we obtaln each final state exactly twice.

APPENDIX II

Sum over the polarization states of two photons:

The dependence of the matrix element |M on the polarizations

of the photons is contained in the factor

(1) (2) - »ap (1) (2)
Sp(’)’sé £ Kl 1&2) = g€l PeF e, kl;\ kZP

In the squared matrix element the polarization  dependent

factor is
pyap VAP (1) (1) (2) _(2), .
16 € £ e e’ e, ey kl;\ kl;\' k?_p kap-
The sum over the polarizations is convenlently done by summing co=-

variantly over all four polarization vectors e}(.q)(k), (=0, 1, 2, 3).

The Lorentz condition will always assure that the timelike vector and
the space-like vector in the pfOpagation direction cancel exactly, so

that effectively this covariant summation is equivaiént._ to a summation

over the two transverse polarizstions of the free 'photonl5. Using

then 3 (@) ()
azZ.—.o e’l (k) e, (k)=6’“,
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the squared matrix element summed over the polarizations of the two

photons is

16 ¢ R¥AP E,HM'P'kl k

k, k

Noting that

RVAP o VXD -
€ '3 zian, 8pp aap. 39«'9)

it reduces to

2.2 2] _ 2
32[}:1-1:2 - (kl-ka) ]— - 32(}:1-}{2)

which in the centre of mass frame of the two photons reduces to

5o

- 27n54

o
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