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Scalar o meson effects in radiativep®-meson decays
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We study the radiative’— 7+ 7~y and p°— 7%y decays and we calculate their branching ratios using
a phenomenological approach by adding to the amplitude calculated within the framework of chiral perturba-
tion theory and vector meson dominance the amplituder-ofieson intermediate state. Our results for the
branching ratios are in good agreement with the experimental values.
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The radiative decays of neutral vector mesons into aater(poﬂw%oy)lelﬂ keV which is of the same order
single photon and a pair of neutral pseudoscalar mesons haég magnitude as the VMD contribution. The interference be-
been a subject of continuous interest. The studies of suciiveen the pion-loop contribution and the VMD amplitude
decays may serve as tests for the theoretical ideas about thgns out to be constructive leading to BR(
nature of the intermediate states and the interesting mecha- WOWOY)VMD+X=2-6>< 10-°. However, this value is still
nisms of these decays, and they may thus provide informasybstantially smaller than the latest experimental result
tion about the complicated dynamics of meson physics in thguoted above.
low energy region. Since the experimental result for the branching ratio

The very recent measurement of the branching ratio foBR(p°— 7°#°y) is almost nearly twice the theoretical value
the decayp®— m%7°y by the SND Collaboration obtained calculated using VMD and chiral-loop amplitudes, the
the value BRp?— 7°7%y) = (4.1°5:3+0.3)x 10 ° [1], thus  mechanism of the decgy?— #°7°y should reexamined and
improving their previous preliminary report of BR{  additional contributions should be investigated. One addi-
—7°70y)=(4.8"34+0.3)x107° [2]. On the other hand, tional contribution to the decay may be provided by the am-
the branching ratio for the decay— 7" 7~y was reported plitude involving scalar-isoscalar meson as an intermediate
earlier by the Novosibirsk group as BR{— "7 ) state. Although the existence of themeson has long been
=(9.9+1.6)x 10 3 [3,4], and it was observed that the pion controversial, an increasing number of theoretical and ex-
bremsstrahlung is the main mechanism for this decay wittperimental analyses find a-pole position near(500—
the structural radiation proceeding through the intermediaté250) MeV [8]. Furthermore, theD ™ — o w’— 37 decay
scalar resonance making less than one-order of magnitudghannel observed by the Fermildg791) Collaboration is
smaller contribution to the branching rafi8]. interpreted to provide direct experimental evidence fordhe

The theoretical studies of radiatiyemeson decays was meson where it is seen as a clear dominant peak With
initiated by Singef5] who calculated the amplitude for the =(478"23+17) MeV, and T',=(324"42+21) MeV [9].
decayp®— 7" 7~y by considering only the bremsstrahlung Since ther meson is assumed to couple strongly to low mass
mechanism, and he assumed that the defay 7°7°y pro-  pion pairs, thee®— 77y decays thus provide an opportunity
ceeds through and(m) intermediate state ap®—(w)7®  to investigate the theoretical ideas about the roledthme-
—(m°y)7°. The vector meson dominan¢¢MD) calcula-  son plays in the dynamics of low energy meson physics.
tion of Bramon etal. [6] with this intermediate state One way to include the effect of the meson in the decay
using standard Lagrangians obeying (SlUsymmetry gave mechanisms op®— 7" 7~y and p®— #%7°y decays is to
the value BRp®— 7°7%y)=1.1x10"5 for the branching consider its contribution as resulting frompapole interme-
ratio. However, they also noted that final state interactiongjiate state, that is to assume that the contributions ofe-
could lead to a larger value for the branching ratio BR( son to the decay mechanisms of these decays result from the
—a%7%y) through the mechanismp®— (7" 7 )y  corresponding amplitudes @P— (oy)— (7" 7 )y and p°
— (77 y. Bramonet al.[7] later considered the radiative — (gy)— (7%7°)y reactions. In a previous woilkL0], two
vector meson decays within the framework of chiral effectiveof the present authors calculated the branching ratiopg8R(
Lagrangians enlarged to include on-shell vector mesons us-, 7" 7~ ) in a phenomenological framework using the
ing chiral perturbation theory, and they calculated thepjon bremsstrahlung amplitude and theneson pole ampli-
branching ratios for various decays at the one-loop levelyyde. The experimental value of this branching ratio was then
including both7r7r and KK intermediate loops. In this ap- used to calculate the coupling constapt,, as a function of
proach, the decay’— w°7°y proceeds mainly through the o-meson parameteid , andl’,. These authors in a follow-
charged pion ¢ ) loops, contribution of kaon-loops be- ing work [11] calculated the branching ratio BB
ing three orders of magnitude smaller, resulting in the decay- 7°#°y) using the values of the coupling constayt,,

thus obtained in a phenomenological approach where the

contributions ofo-meson,w-meson intermediate states and
*Email address: agokalp@metu.edu.tr of the pion loops are considered. The branching ratio
"Email address: oyilmaz@metu.edu.tr BR(p°— 7%7%y) obtained this way foM ,=478 MeV and
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I',=324 MeV was more than an order of magnitude largeithrough the pion loop. In this work, we reconsider the ap-
than the experimental value. This unrealistic value was th@roach used in the Ref$10] and [11], and we study the
result of the constanp— oy amplitude used and conse- contribution of theo-meson intermediate state amplitude to
quently the large coupling constag},,, extracted from the p°— " y andp®— w7’y decays. We follow a phenom-
experimental value of the branching ratio of the  enological approach and assume thatdhmeson couples to
— ot 7~ y decay. Therefore, it may be concluded that it isthe p® meson through a pion loop; in other words, we assume
not realistic to include the meson in the mechanisms of the that the amplitudeo®— oy results from the sequential®
radiative p®-meson decays as an intermediate pole state. — (7" 7 )y— oy mechanism as suggested by the unita-
On the other handy®— #%7°y decay was also consid- fized chiral perturbation theory in which the meson is
ered by Marcoet al. [12] in the framework of unitarized generated dynamically by unitarizing the one-loop pion am-
chiral perturbation theory. They noted that the energies oplitudes. We use the coupling constants that are determined
two-pion system are quite large so that the decay cannot bgom the experimental values of the relevant quantities that
treated with standard chiral perturbation theory. They usedve calculate employing the effective Lagrangians of our ap-
the techniques of chiral unitary theory developed earlier; @roach. Although the decay’— w7~y is dominated by
review is given by Olletet al.[13], to include the final state the pion-bremsstrahlung amplitude, for the consistency of
interactions of two pions by summing the pion loops throughour formalism we study both op°—#* 7~y and p°
the Bethe-Salpeter equation. The branching ratio #8r — 7’7’y decays and calculate their branching ratios.
w070y they obtained was BRC— m07%y)=1.4x10° Our calculation is based on the Feynman diagrams shown
and they, furthermore, noted that this result could be interin Fig. 1 for p°—a* 7~y decay and in Fig. 2 forp®
preted as the result of the mechanisp’—(c)y —7 @ ydecay. The last diagrams in Figgall(b),(c) and in
—(7%7%) v since 7°#° interaction is dominated by the Figs. 4b), (c) are the direct terms required to establish the
pole in the relevant energy regime of this decay. gauge invariance. We describe the 7 vertex by the effec-
Thus, it seems that a natural way to include the effects ofive Lagrangian
the o meson in the mechanisms of radiatig® meson de-
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which also conventionally defines the coupling constant

Jwpr - Achasovet al. [14] assumed thab— 3 decay pro- M, =— >
ceeds with the intermediater state asw— (p)m— wm 2m M7
and using experimental value of the— 37 width they de- —(p-e)(k-u)] )
termined this coupling constant asg,,,=(14.3 '

+0.2) GeV 1. Thepw vertex is described by the effective \yhere a= Mi/Mi, b=(p—k)2/M?2, M (7t 7™ — 7070

Lagrangian = —(s—M2)/f2, s=M2, o, f,=92.4 MeV, p(u), and
Le” :gpﬂ_ﬂ_ﬁﬂ.(ﬁ#%x 7;) (2)

€077 M, ( at 7 —a%7%

I(a,b)[(p-k)(e-u)

k(e) being the momenturfpolarization vectorof the p me-
pmm son and photon, respectively. The amplitudes corresponding
0 + - + .- 0 + .- +,—
The experimental decay width of the deqay> mr [4] then 10 P _O’(Tr 7: )77_’77 77 g" OP _’(T m )7"7*.7’7‘7 5
yields the valueg, = (6.03=0.02) for the coupling con- and p"— (7" 7 )yo—ym m reactions can similarly be

stantg, . For theamm vertex we use the effective La- Written. The functioni (a,b) is given as
grangian
f ! f
b

1

a

2 1

a

I(a,b)= -
cef ‘%QWWMU%-%U. 3) 2(@a=b) (a-b)?

a 1
5—9

Using the experimental values foi, andI', [9] as M, > (7)
—(483+31) MeV andl’,= (338+48) MeV, where statisti- (a=b)

cal and systematic errors are added in quadrdti/sg we
obtain the strong coupling constagt. ., as g,.,=(5.34
+0.55). We note that our effective Lagrangiaf§'’_ and (
£e!' are the ones that result from an extension of the -
model to include the isovectgr through a Yang-Mills local  (x)=
gauge theory based on isospin with the vector meson mass 1
generated through the Higgs mechan[d@]. The w7y ver- 4
tex is described by the effective Lagrangian

g

where

.

ff va, 1
Lo = Gumye P00 AgT. @ (4x—1>1’2arcsir{—) . X2y

2\x
We then obtain the coupling constagy,, from the experi-  9(X)= 1 W 1
mental partial width4] of the radiative decay— 7%y as —(1—4x)1’z[ln(ﬁ) —iw}, X<=,
Guny=(0.706+0.021) GeV .. [ 2 U 4

Meson-meson interactions were studied by Oller and Oset
[17] using the standard chiral Lagrangian in the lowest order :i[1+(1—4x)1’2]
of chiral perturbation theory that contains the most general * = 2x"~ '
low energy interactions of the pseudoscalar meson octet in ) ) )
this order. We use their results for the four pseudoscalar ami/e then calculate the invariant amplitude (E, ,E;) from
plitudesm” 7~ — 7°7% andw* 7w~ — =" 7~ that we need in the corresponding Feynman diagrams shown in Figs. 1 and 2
the loop diagrams in Fig.(b) and in Fig. Zb). We note that  for the decayp®— "7~y and p°— 7#°7%y, respectively.
as shown by Ollef18] due to gauge invariance the off-shell The differential decay probability for an unpolarizei me-
parts of the amplitudes, which should be kept inside the loogon at rest is then given as
integration, do not contribute, and as a result the amplitudes
M, (7" 7w — 7070 andM, (7" 7~ —a" 7" factorize in ar 1 1
the expressions fo'r the loop dlagrams. ' . dE,dE; (27)38M
In our calculation of the invariant amplitude, in the
o-meson propagator we make the replacemgfit M?  whereE, andE; are the photon and pion energies, respec-
—0?~M?+iMT and we use the energy-dependent widthtively. We perform an average over the spin states ofpthe
for the o-meson which is given as meson and a sum over the polarization states of the photon.
The decay width is then obtained by integration

1 ny,maxdE jEl,maxdE dF 10
2] Je v 1dE,dE,’ 10
For the loop integrals appearing in Figs. 1 and 2 we use

y,min E1,min
the results of Lucio and Pestid@9] who evaluated similar Where the factor {) is included for the calculation of the
integrals using dimensional regularization. In our case thelecay rate fop®— 77%y because of ther®#C in the final
contribution of the pion-loop amplitude corresponding to thestate. The minimum photon energy i, ,i,=0 and the
pP— (7t 7)) y— 7%7%y reaction can be written as maximum photon energy is given a€, na=(M>

®

|M[?, 9)
P

2 qz_ 2
L (D) =T,—\/ ———=6(q>—4M?2). 5
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FIG. 3. The photon spectra for the branching ratio FIG. 4. The photon spectra for the branching ratio

— a7~y decay. The contributions of different terms are indi- — w°#%y decay. The contributions of different terms are indicated.
cated. The experimental data taken from R&f.are normalized to
our results. to the branching ratio, we obtain BR{— 7' m~ Yy
=(1.14-0.01)x 10 2 from the bremsstrahlung amplitude,
—4M?%)/2M =338 MeV. The maximum and minimum val- BR(p°—m" 7~ y),=(0.45:0.08)x10"°> from the pion-
ues for pion energy; are given by loop amplitude, and BRC— 7" 7 y),=(0.83+0.16)
X 10~ 4 from the o-meson intermediate state. If we consider
also the interference between theloop ando-meson am-
plitudes, we then obtain the contribution coming from the

2 2 3
2(2E.M _MZ)[—ZEYMP+3E7MP—MP structural radiation as BRe— 7’7 y)=(0.83+0.14)
v e X 10~ % which is in reasonable agreement with the experi-
+E'y\/(_2E'yMp+ MZ)(—ZEYMP+M2—4M2)] mental limit BRp®°— 7+ 7~ y)<5x 10 2 deduced by Do-
- p P w/ 1

linsky et al. [3] for the structural radiation. Dolinskgt al.
[3] also extracted the experimental limit B — e(700)y
The photon spectra for the branching ratio of the decay— =" 7~ y]<4x10 % where the transition proceeds

p’— vy are plotted in Fig. 3 as a function of photon through the intermediate scalar resonance which is consider-
energyE, . The contributions of bremsstrahlung and struc-ably lower. Our result for the contribution of the-meson
tural radiation amplitudes calculated with the pion loop andintermediate  state ~ BR¢— 7" 7~ y),=(0.830.16)
with the o-meson intermediate state as well as the contribux 10 * is also in good agreement with this experimental
tion of the interference term are shown as a function of thdimit. For the total contribution, we obtain the branching ra-
photon energy, where the minimum photon energy is taketio of the decayp’— 7" 7~y as BRp®— 7" 7~ y)=(1.22
as E, min=50 MeV since the experimental value of the +0.02)x 10 2 for E,>50 MeV. Our result is in reasonably
branching ratio is determined for this range of photon energood agreement with the experimental number BR(
gies[3]. In the same figure we also show the experimental— 7 7~ y)=(0.99+0.16)x 102 [3].
data points taken from Reff3] which are normalized to our The photon spectra resulting from our calculation for the
results. As it can be seen in Fig. 3, the shape of the photobranching ratio of the®— 7°#°y decay is shown in Fig. 4.
energy distribution is reproduced well. As expected, the maimhe contributions of the VMD amplitude, the pion-loop am-
contribution to the branching ratio comes from the pion-plitude, and thes-meson intermediate state amplitude as
bremsstrahlung amplitude, the contributions of pion-loop andvell as the total interference term are indicated. The contri-
o-meson intermediate states becoming noticeable only in thbutions of the VMD amplitude, pion-loop amplitude and
region of high photon energies. On the other hand, if as-meson intermediate state amplitude to the branching ratio
a-meson pole model or equivalently a constapt oy am-  of the decay are BRC— m°7%y)yyp=(1.03+0.02)
plitude is used as in Ref10] the contribution of ther term  x10°°,  BR(p°— 7°7%y),=(1.07£0.02)x10° %, and
becomes increasingly important in the region of high photorBR(p°— 7%7%y) ,=(4.96+0.18)x 10" °, respectively. We
energies dominating the contribution of the bremsstrahlungee that ther-meson intermediate state makes an important
amplitude, and although its contribution is somewhat recontribution to the branching ratio comparable to the contri-
duced by the interference term the-meson amplitude butions of VMD and pion-loop amplitudes. The values we
makes the main contribution to the branching ratio in theobtain for BR@°— 7°7°y)ymp and for BR%— 7°7%y) .,
region of high photon energies conflicting with the experi-are in agreement with previous calculatiofs7]. For the
mental spectrum. For the contribution of different amplitudestotal branching ratio, including interference terms, we obtain
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the result BRp— m%7%y) =(4.95+0.82)x 10 ° which is o meson should be considered to couple to plemeson
in a better agreement with the experimental result B#R( through a pion loop.

—7%7%y) = (4.1 39+ 0.3)x 1075 [1] than the theoretical In a recent paper, Palomat al. [20] also eva_luateéll %he
value obtained by using only VMD and chiral pion-loop am- branching ratios of the radiative’ and decays intor®7®
plitudes[7]. and7°7. They used the sequential vector decay mechanisms

) . . . . O
In our work, we follow a phenomenological approach and'" a(c)id(l)tlon to chiral loops ang-w mixing. For thep
in a model for the decay mechanism g-meson radiative 7 7 v decayp-o mixing was negligible, but the branch-
decays, including the contribution coming from themeson ing ratio obtained with the sum of the sequential and loop

intermediate state as well as VMD and chiral pion-loop conMmechanisms was about three times larger than with either

tributions, we calculate the branching ratios for tpé mechanism alone, leading to a result BREmm’y)

h . =4.2x10° i i
oty and p°— 7070y decays. In our calculations of 4.2X10 > comparable with the present experimental

. . ; .value.
the branching ratios, the coupling constants that we use in

our model are determined from the relevant experimental Therefore, in order to understand the mechanism of the
quantities. Our results for the branching ratios are in goo°— #°7°y decay and to obtain insight into the nature and
agreement with the experimental values, and we believe thahe properties of ther meson, and the role it plays in the
our study demonstrates that the contribution coming from thelynamics of low energy meson physics, further experimental
o-meson intermediate state amplitude should be included itests such as the measurements of invariant mass distribu-
the analysis of radiative®-meson decays and, moreover, thetions will be very valuable.
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