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We study the role which scalar mesons play in the radiative decays of the 7 meson. A scalar-meson model
involving the 8(970) is proposed to describe the three radiative 7 decays: n—7yy, n—nrtr 7%, and
n—m+aw~yy. Using the experimental width for n—w%yy we determine the 8-y-y coupling and calculate the
decay rates for the four-body 7 decays. The results are compared with the experimental data.

I. INTRODUCTION

The vector-dominance model (VDM) has achieved
a number of important successes in the area of
pseudoscalar- and vector-meson decays. The
original simplified VDM scheme proposed by Gell-
Mann, Sharp, and Wagner' met with some qualita-
tive success but failed to make predictions in
agreement with the experimental data for such ra-
tios as TNw—=7y)/I'(w—=37) and I'(n—~mry)/T'(n
-y¥). An improved version of VDM was developed
later by Brown, Munczek, and Singer? (BMS). In
the BMS approach the effects of SU(3)-symmetry
breaking in the vertex involving two vector mesons
and one pseudoscalar meson were taken into ac-
count along with current mixing for the vector me-
sons. BMS found that the observed rates for the
radiative 1 decays required sizable symmetry-
breaking effects in their model.

Recently, there has been a renewed interest in
the radiative decays of mesons kindled by recent
measurements® of radiative decay widths. Motiva-
ted by these developments, Brown and Singer? re-
fined their earlier model to include the effects of
n-n’ mixing. This updated version of the BMS
model was successful in describing a large number
of strong and radiative meson decays.® Absent
from the work of Brown and Singer, however, was
the n-meson decay n—7%y. The failure of VDM to
explain the observed decay width for n—-7°yy was
first noted by Singer® and subsequently by Oppo and
Oneda.” The VDM calculation yielded a value for
the n—7°yy width which was about two orders of
magnitude below the experimental value.® In their
paper Oppo and Oneda suggested an alternative me-
chanism for this decay which involved the exchange
of a scalar-meson resonance which was coupled to
the nm system. Since such a scalar meson was, at
that time, only hypothetical, no definitive test
could be made of this model for describing 7
—- 7%y vy decay.

Recently, Gokhale, Patil, and Rindani® have
made a new estimate for the decay rate for n
-~ 7%yy. Assuming the two photons are in an s-

wave state, they relate the amplitude for this pro-
cess to that for yy=~K*K "™ in the I =1 state by
crossing and SU(3) symmetry, which is then evalu-
ated by saturating it with the 6 scalar meson. They
predict a width I'(n—~7°yy) =48 eV in comparison
with the experimental value® 26+9 eV. Thus,
whereas VDM predicts a decay rate for n—~m’yy
two orders of magnitude below the experimental
result, a model characterized by scalar-meson
dominance furnishes a prediction which is in rough
agreement with experiment.

The purpose of this paper is to further explore
the role which scalar mesons play in the radiative
decays of the n meson. We restrict our discussion
to contributions made by the 5(970) resonance, the
only well-established scalar meson, which pre-
sumably has the quantum numbers J ¥ =0*, and
which decays predominantly into nr.

In Sec. II we preface our studies with a discus-
sion of the BMS model and its incompatible predic-
tions for the three radiative decays n—yvy, n—=nmy,
and n—7yy. In Sec. III we introduce the scalar-
meson model and determine the decay rate for 7
—~7°yy in terms of the 8-y-y coupling. This cou-
pling is then evaluated using the experimental width
for this decay. In Secs. IV and V we extend the ap-
plication of the 8 model to two rare radiative decay
modes n—~mrry and N- 7ryy where scalar-meson-
contributions are important. In Sec. VI we sum-
marize our results and present our conclusions.

II. THE BMS VECTOR-DOMINANCE MODEL
AND RADIATIVE n DECAYS

We begin by discussing the vector-meson-domi-
nance model proposed by Brown, Munczek, and
Singer? (BMS) that includes the effects of SU(3)-
symmetry breaking in the PVV vertex (two vector
mesons and one pseudoscalar meson) as well as
current mixing for the vector mesons.% !°

In the BMS model the effective Lagrangian re-
sponsible for the PVV interactions which emerge
in the vector-meson-dominance picture is given by
the general octet-broken form?
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where
Ve, =9,Ve-8,Ve-g, fPVEVE, (2.2)
Dabc=dabc+ﬁildabdddsc
V3 acd 7dsb | jbed jdsay , €3 sabscs
+T€2d d +d’%d )+—\/__—é_6 o N
(2.3)
D% =05%4V3 €,do. (2.4)

P (a=1,...,8) represent the fields for the octet of
pseudoscalar mesons. V3, V9 represent the nine
vector fields described by a Yang-Mills—type La-
grangian which, when diagonalized in terms of the
physical particles, gives the relationships of the
V¢ to the physical fields

1

1,2,3 1,23
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VK,
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Kizm (Z=pyK*)w9¢),
k (2.6)
m =847 MeV, 6=30°.

(2.5)

b,

by,

We have neglected the effects of n-n’ mixing in this
model although they can be easily incorporated.

The BMS model is completed by the introduction
of the effective electromagnetic interaction®

_em®/ 1 . sinf ® cosé o)A
em 2, <\/—ITppu +(3Kw)”2 u“(3K;)1/2 u "

2.7

where the quantity g, is related to the p7m form
factor g,,,(p?% by

gn=gnu(0)Kpl/2’ (2-8)

and is taken to have the value g,?/4n=3.40, corre-
sponding to a p-meson width of 146 MeV when the
momentum dependence of the form factor is ne-
glected.

Using Lagrangians (2.1) and (2.7), BMS calcula-
ted the decay widths for the six decay processes w
-3, =31, w—=7°y, ¢ =7, 1°~yy, and p
- "y, all of which depend only upon the known cou-
pling constant g, and the factors z(1+¢,) and A(1
+€,). Using the experimental widths for w— 37 and
¢ — 3w as input, they obtained excellent agreement
with experiment for the values
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m'2h2
4

(1+€,)?=0.108, (2.9)
1

2y2
my=X

47

(1+€,)?=0.328, (2.10)
except for the troublesome case'? of p"—=77y.

To determine the possible values of the symme-
try-breaking parameters €, and €’ =€, + €, one must
consider the decays n—yvy and n—=7m*r"y. A com-
parison of these decay widths predicted by the mod-
el with the experimental widths gives the relations

(1-€,+2€")?=2.2(1+€¢,))? (2.11)
and

(1-€,+€")2=0.53(1+€))?, (2.12)
which yields the following solutions:

€,=104, €'=1.53, (2.13a)

€,=0.96, €'=-1.47, (2.13b)

€,=-2.03, €'=-228, (2.13¢)

€,=-049, e€=-1.12. (2.134d)

Elimination of some of these solutions, as well as
a determination of the parameter €,, can be
achieved by examining the decays ¢ -7y and w
-ny. The experimental width for ¢ = ny and the
corresponding experimental upper limit for w—=ny
yield the equations

T'(¢ - ny)=(98.0 keV)
X<1—€1—€' V3 Asind (1—&,))

1+€, ~ 2hcosf (1+¢)
=82.0 keV (2.14)
and
_ l-¢ -¢
T'(w-=nvy)=(58.0 keV) <_0'214T€1—

0.7903F (1= e‘,))2
T 2hcots (1+€))

(2.15)

Upon examining the solutions in Egs. (2.13) one
finds that solutions (2.13c) and (2.13d) are incom-
patible with Egs. (2.14) and (2.15). For solution
(2.13a), Eqs. (2.14) and (2.15) yield two possible
values for €, (depending on the undetermined sign
of n/)\):

€,=1.04, €=153, €=150 (h/x<0),

<50.0 keV.

(2.16a)
€,=1.04, €=1.53, ¢,=0.67 (h/A>0).
Likewise for solution (2.13b) one obtains
€,=0.96, €'=-147, €=066 (h/2<0), o, 0,

€,=0.96, € =-1.47, €,=1.50 (R/x>0).
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We now wish to apply the BMS model to the n decay

n(p)=7°(g) +y(R) +y(R') . (2.17)
The gauge- and Lorentz-invariant amplitude for this process can be written as
M=FER){(p>-p-R)[(k-€)k' €)= (k-k)Ne-€)+(p-k)p-R)e-€)+(p-€)p-€) (k)
—(pR)p-€)k-€)=(p-R)E -)(p-e+(k—=F"). (2.18)
Calculating F (k) using the BMS model gives
P:=Z<Q—Z)D« (i=p,w,9), (2.19)
i m,
where
D;=[(p-R)?-m?]", (2.20)
and
4m,2h282 ,
fp=—TK;E_:'2——(1+El)(1—€1+€), (221)
e’m ? .
E——t [2hsinf(1+€,) = V3 A(1+€,) cosf] [k sing(1+cos?0)(1 - €, ~€)+cos’0VIA(1-€,)], (2.22)
3V3 g,K,
e*m,? . .
fo=——ts—[2hcosf(1+€) +V3 A(1+€,)sind] [ cosh(l +sin’0)(1 - €, - €’) - sin’f Vaal-e)]. (2.23)
3V3 g, K,

Squaring Eq. (2.18), summing over photon polari-
zations, and integrating over final momenta, give
for the decay rate

F(n*ﬂ°77)=%<%> G, (2.24)
where
G=2fifily G,i=p,0,9), (2.25)

1,7

1,=1.83%x10%, I, =I,,=1.67x107,
I,o=I,,=0.871x 107, (2.26)

Tyo=14,=0.7193x 1072,

I,,=1.52x107%,
I,5=0.414% 1073,

Using the values (2.8), (2.9), (2.10), and the so-
lutions (2.16a) and (2.16b) for the symmetry-break-
ing parameters gives for the n—7°yy decay width

I'(n—-n°yy)=0.063 ev, 0.033 eV, (2.27)

where the first value corresponds to 2/x<0 and the
second value corresponds to 2/x>0. The predic-
tion in Eq. (2.27) is to be compared with the ex-
perimental value® of 26 +9 eV. Thus the prediction
for the decay width of n—~7°yy based on the BMS
model is more than two orders of magnitude below
the experimental value.

The present calculation using the BMS model de-
monstrates that including SU(3)-breaking effects at
the strong vertices does not alter the fact that vec-
tor-meson-dominance cannot adequately describe
n-~n’yy decay. Although the effects of -1’ mixing

T

have not been included, it is not expected that this
mixing will change the order of magnitude of the
results in (2.27). We thus conclude that, although
the BMS vector-meson-dominance model can easily
accommodate the n decay modes n— 71"y and 7
~v7v, the observed decay width for n~7°yy is
clearly out of reach in any generalized vector-
dominance scheme.

III. THE §-MESON CONTRIBUTION TO 1 > n%yy

The results of the previous section indicate that
there must be contributions to the decay n—~myy
other than those of vector mesons. Motivated by
the work of Gokhale, Patil, and Rindani,® we ex-
amine the 6-meson contribution using a Feynman-
diagram approach. The advantage of our calcula-
tion over that done in Ref. 8 is that it exhibits di-
rectly the 0 couplings to n7 and yy. Once these
couplings are evaluated from the experimental da-
ta, it is then possible for us to give a prediction
for the decay rate for 6 -y y and to calculate the
four-body decays of the n meson in Secs. IV and V.

As indicated in Ref. 8, the scalar-meson con-
tribution to the decay n—°yy is large compared to
the vector-dominance contribution because the con-
siderable angular momentum barrier due to the 1°
intermediate states is no longer present. Further-
more, the 6 meson does not contribute to the de-
cays n—vy and n—m'r"y and therefore does not
disturb the fits made to these decays along with the
other radiative decays of pseudoscalar and vector
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7°(q)

v (kq)

Y (k2)

FIG. 1. Diagram for the decay n— myy with the 6-
meson intermediate state.

mesons using vector dominance.

The 6 contribution to the decay n—n°yy is shown
in Fig. 1. The coupling at the 6-7n-7 vertex is given
by the constant G, and the 6-y-y vertex is

gk, k)~ (R, €,)(k,€))]. (3.1)
The polarization-averaged matrix element is then
given by
2g262

O @ m - m T

(R, Ry, (3.2)

and from this we obtain the following expression
for the n—=7°yy decay rate:

r(n—=myy)

@ ax (wz _ pz)llz(mnz + “2 - 2m,,w)2
@m,w+mg® —m? - p?)?

g 2G2
256m°m, Ju

dw,

(3.3)

where p is the pion mass, my=976 MeV, and

2 2
R T (3.4)
The integral in (3.3) has been evaluated numerical-
ly with the result being 0.0125 p2.
The value of G can be obtained by calculating the
decay rate I'(6~nm) and fitting it to the measured
value* ¥ 50+ 20 MeV. The calculated expression is

GZ
r(6—-nm) =T€7r7n—;§ (me* +m %+ pu?* = 2mg® m,

_ 2m52“2 _ 2m"2p.2)1/2 , (3.5)

and we find G=1.95+0.39 GeV.

The coupling g cannot be obtained in a similar
way since the decay 6 -y ¥ has not been observed
experimentally. In the calculation of Gokhale, Pa-
til, and Rindani,® this coupling appears intrinsical-
ly in their SU(3) plus crossing relations, but is not
given explicitly. Following their results, we as-
sume that the scalar intermediate states produce
a good fit for the n—7°yy decay and proceed to

calculate a value for g. This value is then used to
predict the 6~y vy decay rate.

Using our values for G and the integral expres-
sion, Eq. (3.3) becomes

I(n—=myy)=(1.98+0.79) X 107g % GeV, (3.6)

where the units of g are GeV™'. From the experi-
mental decay rate for n—=7n°yy of 269 eV, we find

£=0.36+0.14 GeV™'. (3.7
Using the vertex (3.1), the 6—~vyy decay rate is giv-

en by

gZ
r‘(5-77)=mmﬁ3, (3.8)

and with the value (3.7) we find
T'(6~yy)=610+460 keV . (3.9)

The branching ratio I'(6~vy)/I'(6~all) is approxi-
mately 1%, which compares well with the corre-
sponding branching ratio of 2% observed® in the de-
cay n’ —~vvy, the n’ having mass and decay modes
similar to those of the 6.

As indicated by Oppo and Oneda,’ the scalar in-
termediate state can be used as a model for the de-
cay n—3r. We review the model here in light of
present day data.

The diagrams for n— 37 with a 6 intermediate
state are shown in Fig. 2. The coupling &qr 18 the
strength of the n—r transition. The squared ma-

7 (a3)

7°(a4)

7 (a3)
FIG. 2. Diagrams for the decay 7n— 37 with the 6-
meson intermediate state.
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trix element is
Gg..’ [ 1 :|2
IM|%2= onr___
' | (mnz_ 12)z ((11+q2)2‘m52+(‘11+q3)2—maz ’
(3.10)

giving the following expression for the decay rate:

1 G4gn12

T'(n~3m)= 1673 m, (m,* - p*)?
xfwmu (wz_uz)llzdw
" @myw +mg® — m,? - p?)?*’
(3.11)
where
2 2
wmax:mnz;sz'

Numerically, the integral in Eq. (3.11) has the val-
ue 1.46 X 10™* p"2 and, using the value of G obtained
previously, we find

T'(n~3r)=(5.3+4.2) X 107g, > GeV, (3.12)

where g,, is in units of GeV2. The large uncertain-
ty in (3.12) is due to the fact that G, obtained from
the total width of the 6 which has an uncertainty of
40%, appears twice in the amplitude for n- 3.
Various methods have been used for evaluating
the coupling g,,. Okubo and Sakita'* consider the
electromagnetic mass differences of the K and 7
mesons and obtain g,,=0.0029 GeV®. Equation
(3.12) then gives I'(n— 37) =45+ 36 eV compared
with the experimental value® of 201+5 eV. Another
value of g, has been obtained by Riazuddin and
Fayyazuddin,' who consider the difference between
the coupling constants for charged and neutral pi-
ons coupled to nucleons. They obtain a value of g,
=0.0072 GeV? which gives I'(n— 37) =280+220 eV,
in better agreement with the experimental value.
In spite of the large uncertainties, these predicted
widths indicate that the 8 model gives a reasonable
description of the 37 decay of the n meson.

IV. THE §-MESON CONTRIBUTION TO n = n*nn%y

The contribution of the 6§ meson to the decay 7
—7*1"7°y is shown in Fig. 3. The & coupling to the
nmy is assumed to occur via vector mesons. The
w-y and ¢-y couplings are given by e?*m /2y, and
e*m,?/2y,, respectively, and we use the experi-
mental values

2
Yo _938. (4.1)

2
Yo _4.6, =

4

The p-m-m vertex is g,., [, (¢,-¢,)] and from the
experimental p— 77 decay width®

Eorv- _
Serr - 2.86. (4.2)

y (k)

FIG. 3. The 6-meson contributions to n— m* 7m0y,

The 0-p-w vertex is given by

Zowsl(e, e ) (D, D)= (e, p,)e, D), (4.3)

where ¢ and p are the polarizations and momenta
of the vector mesons. The coupling g,,s is ob-
tained by assuming that the decay &~y ¥, discussed
in the previous section, is mediated by vector me-
sons. The 6-y-y coupling is then given by

_g .—),i)-l/z .},wz -1/2 Zp_zi-llz
g'zgm<4n ) *P 41r> ;49

where B=g,45/8,,5 and experimentally

Yo’

_‘_’_z

yp 0.62. (4.5)
If the & meson is part of an SU(3) octet then, on the

basis of SU(3) symmetry, we expect the ratio 8 to
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be equal to the same ratio of vector-meson cou-
plings to the pion. In vector-meson-dominance

T(p=7y) =<___gw, 2<Y_o>2<1"_o>3<_5'"02 - u >3 (4.6)
I‘(¢-1ry) Soor Yo m, mﬁz—u' ’ ’
and using the recent experimental data on these de-

9
T(n—=3mry)=-

128(27)8 m,, ¥? w, w, w, £k

% [k - (q, +q2)]2(42 - q1)2 +[k : (qz - ql)]z(ql+q2)2 54

ngpwbzganzez : d:qu d3q2 daqs dak

cays,® g,u./8psr=0.095~8. Using this value of 8
and Eq. (4.5) in Eq. (4.4) we obtain
&rus~150£60 GeV™!. (4.7

The decay rate obtained from the diagrams of
Fig. 3 is

[(p-4q)2 - mTP[(q, +9,)2 - m,2 )2 (P-a,-a,-a,-k), (4.8)
where we have defined
%=Y—1+Y£. (4.9)
w ®

The integrations over the pion momenta are carried out in the center-of-mass system of the three pions
using standard techniques.'® The remaining integral has the form

Ez2-2WE,+ p?

_302gow62gp"2fkmu “max
T'(n 3ﬂ7)-—~—————64(2w)4m"2y2 i dkf“ dw ¢

where
T, =4qkm,, (4.11)
T,=2k*E, - q-w)®mA,, (4.12)
T,=-2k*E,+q — w)’>m,?A_, (4.13)

T,==Ey(m,? + p® — mg® — 2km, - 20E,) In(4,/A)) ,

(4.14)
A, =[(m,?+ p® = mg®)E, - 2m, (wm, - kw tkq)]™*,
(4.15)
E,=[m,(m,-2R)]"?, gq=(w?-p?"2, (4.16)
_Ez2_3° m,2_9p?
Dmax =" pE kmu—““L"‘—zm" - (4.17)

The remaining integrals are carried out numeri-
cally with the result

I'(n—~3my)=0.056 +0.045 eV, (4.18)

which is an order of magnitude smaller than the
experimental upper limit® of 0.5 eV. The large un-
certainty in (4.18) is due to the uncertainties in G
and g,,s, both of which are caused by the 40% ex-
perimental uncertainty in the & width.

By taking the branching ratio I'(n—37y)/T'(n
~7yy) in the 6§ model, we eliminate the §-y-y cou-
pling and the 6-n-m coupling. Using the experimen-
tal value® for I'(n—=wyvy) of 26+9 eV, (4.18) yields

T(n—=3ny)

=0.0022 + 0.0008 . 4.19
T(n=myy) (4.19)

E2-2wE,+ pu?-m,?)?

<E,,2 - 2WE, - 3°

3/2
E7-30E, 1 17 ) (T, +T,+T;+T,),

(4.10)

—

Previous calculations of this ratio using current
algebra!™!® are in agreement with this result. Also
in agreement is a vector-dominance calculation of
this ratio by Chatterjee.'® From our discussion in
Sec. II, the vector-dominance model is known to
give a prediction for I'(n—7y ) that is too small
by at least two orders of magnitude, and therefore
the vector-dominance contribution to n— 37y is at
least two orders of magnitude smaller than the 6-
meson contribution obtained above. If the 0 inter-
mediate state is the major contributor to the n

- 3nvy decay, we predict that the actual decay rate
will be an order of magnitude smaller than the
present experimental upper limit.

V. THE 5-MESON CONTRIBUTION TO n— 7" nyy

There are two types of diagrams which contribute
to the decay n—=7m*7"y ¥ in the 6 model and these
are shown in Figs. 4(a) and 4(b). In order to sim-
plify the calculation, we approximate the 6 propa-
gator by a constant. Due to the large mass of the
0, this approximation is valid, particularly when
we consider the large uncertainties in our results.
We have tested this approximation by repeating the
calculation of the previous section with a constant
6 propagator and find that the results agree to
within 5%.

In the n rest frame, the denominator of the &
propagator has the form

D=(p-q) —ms’=m,’+ p* - 2w0m, —mg®, (5.1)
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Y

(b)

FIG. 4. The 6-meson contributions to n— n* 7 yy.

where w is the pion energy. In this frame, the
minimum and maximum pion energy are p and m,/
2, respectively, and we approximate w as the mean
of these two values, 207 MeV. The value of D is
then —-0.90m,® and we therefore replace the square
of the & propagator by 1.2 m;™*.

J

4 2 k m R, m
T, (= mryy) =2 —G@——fl udklf ’ udkz[
0 0

m,? 16(2m)° m,

The matrix element for the contribution in Fig.
4(a) has the form

In 1.1 Gagnwz

——_— 2 (T W §
= [(k1+k2)2-mﬂ2]€“"’“’k‘€1k €, (5.2)

272
and for the contribution of Fig. 4(b)

_ 1.1 Gg,8ous®

mg? 2y

1
’ [@,+F-)*=m,?]

VA
X Euu)w q;‘kl €1

x[kl€, (g, +k) - €k, (g, +k)].  (5.3)
In (5.2), the n-y-y vertex is given by
gn‘rr Euulok‘:{;k;eg' (54)

The n—~yy decay rate is

2
F(n-w)=—"’—’%4; m,*, (5.5)

and from the data® one obtains g,,,=0.020 GeV™'.
Similarly, the p-m-y vertex in (5.3) can be written
as

goniuw\aqukve;€oy (56)
and therefore

Eory’ (M,% = m,?)?
967 m,? : (5.7

L(p—=my)=

Using the recent value® I'(p—~my) =35 keV, gives
Zory=0.16 GeV™".

The matrix elements of the form (5.2) give the
following contribution to the decay rate:

E,(E,-2k,) - 4u2]"2

<

where
Ek = [mn(nzﬂ - 2k1)]1/2 ’
m,%—4p° Ek2-4p.2.

2mn ’ ka max 2Ek

By max=
The integrations are performed numerically with
the result

T, (n=mmyy)=(5.8+4.6) X 10" eV . (5.9)

The integrals obtained for the contributions from
matrix elements of the form (5.3) and the cross
terms between (5.2) and (5.3) are much more com-
plicated and are given in the Appendix. The results
are

E(E, - 2k,)
4k, k,(m, E, - 2, k,) < 4k, k, >]
(71, By~ 45, ) +m,E, In 1—mnEk , (5.8)

r

T,(n=aryy)=(2.2+1.8) X107 eV,
(5.10)
T,,(n—-71yy)=(4.7+3.8)x 10 eV,

where T, is calculated from (5.3) and T, is calcu-
lated from the cross terms. Thus, the total con-
tribution to this decay in the 6 model is
I'(n-mnvy)=(1.3+1.0)x10™ eV, (5.11)

which is four orders of magnitude smaller than the
present experimental upper limit® of 1.7 eV.

A previous calculation of this decay rate using
current algebra has been made by Dreitlein and
Mahanthappa.?' They quote their result as



C(n=m'1"vyv)

which is equal to the present experimental upper
limit of this ratio. The accuracy of this result is
doubtful, however, since the authors used a con-
stant matrix element and ignored the dynamics of
the pions.

For the sake of comparison, we also estimate the
contribution from the vector-dominance model to
n—m'r"yy by assuming that for charged pions the
dominant process is n—p*p”, with each p then de-
caying to my. We eliminate the n-p-p coupling by
comparing the rate for this decay to the rate for 7
—7*n"y in vector dominance, where the main con-
tribution comes from n— pp with one p decaying to
m*7” and the other p converting to a photon. For the
purposes of this estimate, we ignore the details of
the interaction and consider only four- and three-
body phase space which have values 4.6 X 1077 pu3
and 8.5 X107 u, respectively. We therefore esti-
mate the ratio of rates in vector dominance to be

_ Zory
Gorr (@/4)(4T/7,7)

T~ yv) .
T T YY) L 5.4%x1073
Tn—~n*"y)

~1.2%107%, (5.12)

The decay rate for n—7*1"y is compatible with
VDM and we therefore use the experimental value®
of 42 eV in (5.12). The resulting vector-dominance
estimate is I'(n—~7*1"yy)~5Xx 1077 eV, which is
more than two orders of magnitude smaller than
the 6-model results in (5.11).
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VI. SUMMARY AND CONCLUSIONS

We have shown that a generalized vector-meson-
dominance scheme, which includes the effects of
SU(3)-symmetry breaking, cannot explain the ob-
served decay rate for n—=7°yy. Confronted by this
failure, we have studied the role which scalar me-
sons play in the radiative decays of the n meson.
In particular, we have focused our attention on the
three decay modes n—~7°yy, n—u*r"7°y, and n
—~m'1"yy and on the contributions to these decays
from the 6 meson.

Using the experimental width for n~7°yy and as-
suming 6-meson dominance for this decay, we first
determined the 6-y-y coupling which is essential in
applying the 6-meson model to other radiative de-
cay modes. We then proceeded to calculate the de-
cay widths for n—=7*7"1°y and n—~7*7" vy based on
the 6-meson model. We found that in both cases
the predicted rates are at least two orders of mag-
nitude greater than the rates calculated in the vec-
tor-meson-dominance model. In addition, the &5-
model prediction for the width of n—7*r"7°y is one
order of magnitude below the current experimental
upper limit, whereas in the case of n—=7*1"y vy the
same model predicts a width which is about four
orders of magnitude below the experimental upper
limit.

We thus conclude that the 6 scalar meson plays a
major role in the dynamics of the radiative decays
n=1°yy, n=n*r"m’y, and n—~7*71"yy, whereas the
generalized vector-dominance scheme cannot ade-
quately describe these processes.

APPENDIX

We give the integrals associated with calculating the decay rate for n—n*r"yy from (5.3) and the cross

terms between (5.2) and (5.3).
The decay rate from (5.3) is given by

1.2 G%g,.,62ony’ €2 k| max R max 2
- =" pwbd Spry ¥ 1) .
Tyn=myy) =0 Jogest g | kldklfo kzdszo F(3,ky,k)dy (A1)
with
m 2_4“2 E 2_4“2
= =k ~ 7
E, =[m,(m, - Zkl)]llz ’ (A3)
F(y,kukz):iCiIi’ (A4)
=1
where
mgzk12k22 6 P 2 2 2L 2. B 2R 2, 4,2 8utm. k. +8ut)y?
C,= E,; [E —=2E,(E Rk, +2p2)y + EX(4m, 2k >+ k,°E 2 + 42k, E,+ 8 myk,+8p%)y
—amnklszk(mr.k1+ “2)y3+4mn2k12k22y4] s (A5)
2m k R2 3 2 2,2 27, 2 3 6
C,=—L3—2[E’~E>(k,E,+2p%)y +4m, k E(m k + p?) y* - 4m k% k,y%], (A6)

E}



784 GARY K. GREENHUT AND GERALD W. INTEMANN 16

2 2 2
c, =ﬂ'fEfz+k%[Ek3 —2E,(k, E,+ n2)y +k,(k, E, +2u2) y?], (AT
c4=%—(E,, +4m,2k ?y?), (A8)
C.=" Rl (B2 ok B,y k), (A9)
am, k,k,
Co=—F —*[EBs" = (ke By + 193], (A10)
C,=2k,E,, (A11)
2m, k
8=~’£E'L_1(Ek_k2y)y (Alz)
k
C,=1, (A13)
and
2b
I, T (A14)
If%(B—Zab), (A15)
1
A
[.=-237 (A16)
3 Al 2
2
Ii=5 (@A, -aB +a®b), (A17)
1
b 3A,7- APA2\I
IS=A:§(A12A22—A32)‘/’+< 2 A141 2>—é‘" (A18)
A,
IG= A 214’ (Alg)
I.,="%Ts(3aB—4Al<p-2a2b), (A20)
1A 14,2
I= —;[((pzA 2_3a%) B +6apA ]+ EA—[(Qa - @®A ®)B - l14a¢pA | - 4a°b], (A21)

(A A7~ 3A2)[50%A,2b(da? - 9?A 2) + 4a’pA, - 2a°B],  (A22)

2
19=;L13(A12A22— A (@A, —aB +a®h) -

1

and
a=u2_m,2+m,,k1_m"—k’}ﬂ, (A23)
Ek
A=k, - TaFikaY (A24)
k
A,=k,E,, (A25)
Ay=—myk b E(1-y)-mk kY, (A26)
E,,(E,,-Zkz)—4u2:|‘/2
= A217
¢ [ E,(E,-2Fk,) ’ (A27)
. [a+ A
B-ln(a—Alqa>’ (A28)
?4, (A29)

_a2_¢2A12'
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The integrals are performed numerically with the result given as T, in (5.10).

The contribution from (5.2) and (5.3) cross terms is

1.2

Tn— W”YY)” 3 %(2;527:’8'7/ (J,+J5), (A30)
n
where
ki max ky max ., M m, [ 2 ( 4k1k2>J
Jl_j; dkl'/(; 24E Bk k +4Ekm k k +Ek m, 21n l—m y (A31)
kl max k2 max 2 k12k22y2 <a+<pA1
= B R e — . 32
J, fo kldklj; bt | by A 1 a_¢Al> (A32)

The results of these integrals are given as T, in (5.10).
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