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Abstract

The rate and invariant two-photon mass spectrum axe calculated for the decay TJ —*
7r°77. Contributions from internal vector mesons and kaon loop are considered, with the
latter having a small but noticeable effect. We find F(TJ —v 7r°77) W 0.3 — 0.4 eV,
significantly lower than the latest experimental result.
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INTRODUCTION

Rare meson decays have received serious attention over the last several years. The
interest has been generated by the development of substantially better experiments and
by the possible availability of high-density kaon and eta beams, as well as effective use of
chiral perturbation theory in a description of the underlying mechanism.

A decay which has been particularly singled out is Ki —> n°e+e~. Here the one-
photon iiicermediate state (A'/, —> X0J —• 7r°e+e~) cannot exist without CP violation.
With the possibility that the two-photon channel (Ki —> TT"JJ —> 7r°e+e~) is sup-
pressed, this decay is then potentially a testing ground for mechanisms of CP violation ; it
would be particularly interesting if the amplitude due to K\, A'2 mixing is relatively small,
thus allowing the rare possibility of studying direct CP violation.

With this scenario in mind, it becomes important to understand the decay Ki —•
7r°77. There are two basic mechanisms that contribute to this process : one which proceeds
through intermediate pion and kaon loops, and the other which is assumed to occur through
the weak transition Ki —• TT°, 77,77', followed by the decays n°,r),rj' —• 7r°77 mediated
by intermediate vector mesons. This latter mechanism is referred to as vector-meson-
dominance (VMD). Both the loop and the VMD mechanisms have been subjected to a
phenomenological analysis [1], as well as to self-consistent chiral theory approaches [2,3].
Conclusions have varied from the possibility that the two-photon contribution is substantial
[1], to a possibility that the two- photon process will be suppressed and the decay Ki —>
7r°e+e~ will proceed mainly through the indirect CP-violating one- photon process [3].
The present experimental situation [4] is not totally clear and hasn't resolved this issue.

In the midst of this controversy lies our reliance on an understanding of the electro-
magnetic decays of the scalar mesons in the VMD model. The Ki decay amplitudes can
be put in terms of the amplitude for 77 —* ir°-yy, which occurs predominantly through
intermediate vector mesons. Thus, input into the Ki amplitude can be in the form of our
empirical knowledge of 77 —* "'077, or through specific vector-mediated PV7 couplings,
or some universal input into the chiral theory from other empirical sources. With the last
two options we need to insure that we can actually duplicate the experimental 77 —> 7r°77
rate.

In this paper we present a calculation of the rate and spectrum of 77 —• ^"77, with
the hope of shedding some light on the questions discussed above and of generating interest
in future experimental efforts. We first present a phenomenological analysis of the VMD
mechanism, where the PV7 couplings are put in by hand. We then look at how this
mechanism can be incorporated in the theoretical framework of chiral perturbation theory.
This will allow us to look also at possible contributions coming from intermediate meson
loops. The pion loop (as well as the leading decay 77 —• 37r°) is suppressed by isospin, so
its contribution is proportional to the small quark mass difference Am = mj — mu. As a
result, the VMD contribution to 77 —• 7ro77, which is not similarly constrained, generates
a relatively large branching ratio. The kaon loop is also not suppressed in the same way.
Even though it cannot generate an absorptive part due to the 77 mass being below the two-
kaon threshold, its amplitude may interfere with the VMD amplitude to make a noticeable
change.



VECTOR MESON DOMINANCE
We start by writing down the general form [1,2,5,6] for the amplitude for r/ —> ir°-yy :

M = A(s, t, u)(e • e'k -k'-k-e'k'-e) + B(s, t, u)P ' k * '*'£ ' £' (1)

( p ) ( ) ,
t = (P - k ? = M2 - 2P • k , (2)
u = (P- k'f = M2 - 2P • k' ,

P,p, k, k' are the momenta of the eta, pion, and two photons, respectively, e,e' the photon
polarizations, and M the eta mass. To obtain the decay rate we take the absolute square
of the sum of the amplitudes, sum over the photon polarizations, divide by 2 to take into
account the final photons, and integrate over phase space. The outcome in terms of the
invariant amplitudes is

h -
where m is the pion mass, and phase space is bounded by

0 < s < (M - mf

h,2 = I [(M2 + m2 - s) ± yJ(M2 + m2-s)2 -4m2M2I .

In the VMD model the amplitude is generated by the diagrams shown in Figure Ia,
where the internal vector mesons are the u> and the p. Both A and B contribute and
photons are produced with J = O and 2. The corresponding amplitudes are

U — 771,

(5)
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or, in terms of the invariants,
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There are various ways of relating the constants Gv to empirical PV7 couplings. We
follow an approach [7] whereby all couplings are assumed to proceed through a strong VVP



interaction, followed by a conversion of a virtual intermediate meson into a real photon.
Thus, the input consists of decay widths from V —y e+e~, ideal u,tj> mixing, 77,77' as
suggested by the quadratic mass formula, and a universal VVP strong coupling obtained
by matching the w —• Tr7 rate. This approach yields reasonable results for radiative
decays of vector and pseudoscalar mesons.

For our case, we obtain the values Gp = G11, = 1.3 x 10~7 MeV"2 . We ignore the mass
difference between w and p, and the rate is obtained from a numerical evaluation of (3).
The result is 0.38 eV, to be compared with the latest experimental value [8] 0.85 ± 0.28
eV. The spectrum is shown in figure 2.

CHIRAL MODEL
There have been several calculations of KL —• ^"77 and similar decays in the frame-

work of chiral theories [2,3,9]. The chiral approach affords us the opportunity to com-
bine VMD mechanisms with meson-loop contributions in a systematic, self-consistent way.
However, a point has not yet been reached where all calculations yield compatible results.
For example, a recent work [3] which considered the role of vector mesons in the chiral
lagrangian predicts very different branching ratios from those of other recent chiral models
[2]-

What is common to all calculations is that the process Ki —> 77 —• 7r°77 is an
important contributor to the rate. Moreover, 77 —> TT°77 is a relatively simple process
which we should be able to treat with these models in an unambiguous way. In principle,
there is no reason why the correct rate should not be easily predicted.

The amplitude for the VMD mechanism can be obtained from the Wess Zumino
anomaly [10] in the presence of vector mesons. Here we employ the result of one such
calculation [3], and apply it to 77 —• ^"77. We obtain an amplitude given by (5), with

U = GP = -9^f- (-±= cose - y | sin*) (7)

where we have used

3

and the usual prescription

\r) ) =cos0|778)-sin0|7}°)
(8)

\r]') = s i | 8 )

with 8 = -20°. The constant guny is given by
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In this model, this choice of g^**-, predicts reasonable rates for ui decays. Using this
expression we obtain a rate T(T] —> 7r°y7) = 0.45 eV, which is not very different from
that obtained in the previous section.

The first factor in (9) relates to the VVn vertex, the second to V7. Thus, if we wish
to include different values for Fg and F0 we replace the last factor in (8) by

Fvcos0

with [11] F8/Fn = 1.23 and F0/Fn = 1.04. In that case we obtain

r(i/ —» 7T°77) = 0.34 eV. (11)

Considering that the coupling strength is put into the chiral Lagrangian by hand, it is
not surprising that the result should closely match that obtained in the previous section.
The advantage of using the chiral approach is that it affords us a self-consistent way of
including other processes. Normally there would be a large contribution by the internal
pion loop, but here it is suppressed by isospin. On the other hand, the 77 —* Sir decay is
similarly suppressed, leading to a relatively large BR{r) —> 7T°77) coming primarily form
VMD. The kaon loop does not generate absorptive parts and contributes little, but without
isospin suppression it may in fact have a noticeable effect on the rate. To calculate its
contribution we shall simply borrow the chiral theory result for the kaon loop contribution
to 77 —y TT0IT0 [12], and adapt it to our process 77 —• ^"77. The graphs are shown in
figure Ib. They produce two photons in a J = 0 state, and so only contribute to the
amplitude A of (1) :

F —=- = 1 -

Adding this contribution to the amplitude which led to (1) and redoing the calculation
in (13) we obtain the rate T(r] —> ^"77) = 0.36 eV. The amplitude for the kaon loop alone
would lead to a totally negligible result. However, its interference with the VMD amplitude
induces a small but noticeable change, less than 10 % . The effect on the two- photon
spectrum is similar, i.e. an increase which is never greater than 10 % .



CONCLUSION

The rate for r\ —> K°-yy can be calculated in a straightforward fashion with a VMD
model. This mechanism can be put in the basic framework of chiral theory, where it is
possible to calculate also the small contribution from the internal kaon loop. The result that
is obtained is significantly smaller than the existing experimental data. It is important
to establish whether this discrepancy reflects a lack of understanding of the underlying
mechanism, or rather indicates a need for additional experimental work.

The latest data come from a 1984 experiment at IHEP (Serpukhov) [8] where several
77 decays were analysed. The rate that was obtained was about 25 % lower that the group's
previous measurement [13], and substantially lower than earlier results, r) —> 7r°77 is the
least studied of the neutral decay channels. A substantial increase in statistics would be
required for a knowledge of its decay spectrum and in order to be confident that a reliable
experimental rate has been established. Considering the importance of this decay in our
understanding of low-energy QCD, both in itself and as a component of other processes,
it is clear that additional experimental efforts would be extremely useful.
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FIGURE CAPTIONS

Figure 1 - Graphs for r\ —> n'-yy for (a) the VMD mechanism, and (b) internal kaon loop.

Figure 2 - Normalized spectrum for r\ —y 7r°77 in the VMD model (solid line), compared
to phase space (dashed line).
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