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We implement standard chiral perturbation theory to O(p*) by adding vector mesons. We show
that it leads to a good agreement of the prediction for o(yy — m°7°) with experiments and the vec-
tor mesons unitarize the chiral amplitude in an effective way. We also consider K; — 7%y, includ-
ing the effect of vector mesons, and obtain a very distinct spectrum for two photons. Also, their
effectson yy —»7*7~ and K " — 77 yy are briefly discussed.

I. INTRODUCTION

The chiral Lagrangian was proposed a long time ago'
to reproduce the successful results of current algebra,’ us-
ing field-theoretic language and invoking the idea of
spontaneous breaking of chiral symmetry.> The chiral
Lagrangian describes strong (and electromagnetic) in-
teractions of the lowest-lying mesons, which are regarded
as Nambu-Goldstone bosons associated with the spon-
taneously broken chiral symmetry. It incorporates all the
symmetries that QCD has, if the QCD anomaly term is
suitably taken into account in the form of the Wess-
Zumino action, and it has been shown that the chiral La-
grangian of systems of infinitely many mesons is
equivalent to QCD in the limit of N.— oo, where N, is
the number of colors.*

The SU(2);, XSU(2)g chiral Lagrangian was fully in-
vestigated up to O(p*) and shown to describe well the
low-energy dynamics of pions.” The authors of Ref. 5 ex-
tended their derivative expansion of the chiral Lagrang-
ian to the SU(3), XSU(3); case,® and listed all the
relevant terms up to O(p*). This chiral Lagrangian is
good for small m,.

A difficult question to answer is the valid energy range
of the theory. Presumably, the lower the energy is, the
better predictions the theory gives. For example, the re-
action cross section for the yy — 7°7° process can be cal-
culated unambiguously within the framework of the loop
expansion based on the chiral Lagrangian mentioned in
the previous paragraph [we call this the standard chiral
perturbation theory (ChPT)].”® The theoretical predic-
tion is good at low energy, but the deviation of that pre-
diction from the experimental data’ starts to rapidly
grow above ~ 500 MeV, and it has been suggested to uni-
tarize the chiral amplitude to get better theoretical re-
sults. (See Sec. III for detailed discussions of this subject
and comments on other approaches.)

The weak and electromagnetic processes of the kaon
system have been studied making use of the standard
ChPT in elegant ways,'® and many interesting results
have been obtained. For example, the authors of Ref. 10
obtained the branching ratio for K¢—yy to be
2.0X 107, which agrees well with the recently measured
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value'! (2.441.2)X 1076, This approach was used to cal-
culate the branching ratio for K; —7%yy, which is in-
teresting not only by itself but also for its contribution to
the CP-conserving part of the K; —7% *e ™ decay. This
two-photon process is very small compared to the CP-
violating one-photon process, when the amplitudes are
obtained in ChPT up to O(p*). Ecker, Pich, and de Rafa-
el'® noted that the O(p®) calculation might lead to an
enhanced two-photon amplitude if the coefficient of the
dimension-6 operators were not ~1. The two-photon
process through intermediate vector mesons,'>!* howev-
er, has been shown to be dominant over the two-photon
process through chiral loops up to O(p*) (Ref. 10) and
possibly over the CP-violating one-photon-exchange pro-
cess in K; —7% e~ decay. This subject has been con-
troversial,’* and we had better reconsider the validity of
the standard ChPT in the presence of electromagnetic
couplings.

In this paper, we add an interaction Lagrangian
describing the vector-meson coupling to the pion octet
and a photon. We rederive the reaction cross section for
yy —n°7° and find that inclusion of the vector mesons
suppresses the high-energy behavior of the reaction cross
section, so that the theoretical prediction is in good
agreement with experiment up to m,, =950 MeV.

Motivated by this encouraging result, we reinvestigate
K, —7% vy, and find that the interference between chiral
bosons and vector mesons produces a very striking spec-
trum of two final photons, easily distinguishable from the
predictions of other approaches. The branching ratio is
enhanced by about a factor 2—4 compared to the predic-
tions of lowest-order ChPT (Ref. 10) and the pion-
rescattering model.!®

At the end of each section, we give short descriptions
of the effects of vector mesons on yy—7'm and
K* —mtyy for complete discussions. As easily expect-
ed, the effects are screened by direct couplings of a pho-
ton to a charged particle.

Before showing our results, we briefly review the stan-
dard ChPT with and without weak and electromagnetic
interactions, and then discuss the vector-meson coupling
to the pion octet and a photon. We follow the notation
and normalization conventions of Ref. 10.
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II. BASIC SETUP

We start with the lowest-order SU(3), XSU(3), chiral
Lagrangian
J

8
Ulx)=exp |—/— I Aidi(x) |,
L
. 7 /V24+0/V6 v
L > n4= _— — /2406
V2 < - =
K K°

and F_ is the pion decay constant and is 93.3 MeV in our
normalization. M is a quark mass matrix which explicit-
ly breaks chiral symmetry, and M =diag(m,,m,,m.). v
is a vacuum expectation value of gg representing spon-
taneous chiral-symmetry breaking. v relates the quark
masses with the meson masses in the following way:

v= Fimf# = Ff,m12<+ = Ff,mf(o (4)
2m,+my) 2m,+m;) 2my+m,)

The first term contains kinetic energy terms and the quar-
tic and higher-order couplings of the pion octet. The fact
that the SU(3) chiral symmetry is spontaneously broken
is embedded in the nonlinear realization of the chiral
symmetry.? Since SU(3); XSU(3)y is spontaneously bro-
ken into SU(3),, v develops a nonvanishing value, and
the field U(x ) transforms under SU(3); XSU(3)¢ as

U(x)—>LU(x)R™'. (5)

The Lagrangian of Eq. (1) gives a satisfactory explanation
of mm scattering, for example, and reproduces the Gell-
Mann-Okubo formula.

The above Lagrangian ., is not renormalizable and we
need to add counterterms when we perform the one-loop
corrections to the tree amplitudes obtained from .£,. The
one-loop counterterms give a new Lagrangian £, of
O(p*), obtained in Ref. 6. This Lagrangian L, contains
ten parameters which cannot be determined by chiral
symmetry alone, and should be determined by experi-
ments.

The electromagnetic interactions can be easily accom-
modated by gauging the U(1) symmetry of the .£,, or sim-
ply replacing the plain derivative 9, by a covariant
derivative D, which acts as on the U(x) as

D#U-——a#U—ieA”[Q,U] , (6)
where Q is the electric-charge operator,
0 0

-1 0 |. ()
O j—

[N}

[N -]

1
3

The weak interactions are introduced as a current-
current interaction. In the following discussions, we need
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F;
Ly=—"tr(38,U U +utr(MU+U'M) (1)

where U(x) is defined as

(2)
K+
K° (3)
—2n/V'6

only the AS=1 part of the weak interactions. So, we
concentrate only on the AS =1 part. The V— 4 Noether
current for £, is

_ t
L=IF2U3,UT. (8)

By including a term which transforms as 8; ® 1 under
chiral-SU(3) transformations (octet enhancement), we can
write the weak-interaction part as

Ly as=1=8s(L,L*);;+H.c.
+ higher-order terms . 9)

We determine |gg|~=5.1 from K — 7 decays.

Now, we list the terms of O(p*) in the total Lagrang-
ian describing strong, weak, and electromagnetic interac-
tions of pions and kaons which are relevant to our discus-
sions of yy —7°7° and K; —7yy. For yy -7’ we

need
L,=—ieLy[tr(F,,D*U D*U")+tr(F,,D*U'D V)]
+e2L otr(F, U F*U") . (10)

For K; —7°yy, we need

L3 = — 58 Ag—irL
4AS=1" F2F [wtr(QAg_ L, L)
+(J)2tf(QL‘u}\.6_,~7LV)]
e2F?
+——" gy FYF tr(Ag_ ;QUQU ) +H.c.

1y

The above Lagrangian is the base of the standard
ChPT up to O(p*). To this chiral Lagrangian, we add an
interaction Lagrangian describing the vector-meson cou-
pling to the pion octet and a photon assuming Zweig’s
rule and C and P conservation.!*!® The lowest-order
couplings are supposed to be given by

e

“LVﬂyz A

@€, pF " tr(m{Q,0°VP}) , (12)

T=

S|I"‘

8
2 )\'i¢l ’
i=1
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where @2=1.27 is fixed by the electromagnetic decays of
the vector mesons, with A=1 GeV, e.g., from o—1Y.
This term gives O(p®) contributions to the two-photon
|

Gy,

(1672F2 )2ezF”pF;tr(Q%—n{Lva} UQuhH+H.c. ,

Gng
(1672F2 )

Here, Gy =Grg;sinfc/V'2, and 0 is the Cabibbo angle.
The parameters (47)%w, and (47)*w, would be ~1 from
dimensional analysis. The point is that the contributions
of the vector mesons to two-photon processes, which are
O(p®), are comparable to that of the one-loop contribu-
tions from ChPT which is O(p*). The O(p®) terms in the
chiral Lagrangian shown in Egs. (14) and (15) can be safe-
ly neglected, as discussed in Ref. 10.

This sounds a bit disturbing, because the systematic
derivative expansions of the chiral Lagrangian seems to
work well in many examples. Our impression is that we
better be careful when we consider any processes of pions
and kaons involving electromagnetic interactions above
~400 MeV and that we may not be able to simply dis-
card the role of the vector mesons even in the energy
range of the kaon mass. This comes from our calcula-
tions of the reaction cross section for the yy — 7°7° pro-
cess. We are still lacking some systematic way to incorp-
orate the effect of the vector mesons into dynamics of the
lowest-lying pseudoscalar mesons.

We use the above Lagrangians to study the two pro-
cesses mentioned before. The reason we are looking at
those processes is that the leading-order contributions to
those processes in standard ChPT are O(p*), so that we
can see the effects of the vector mesons, which are O(p®).

J

Tpv(kl’kz’P)=A(P'kl’P'k?.)(kZpklv—kl'ngyv)

P'kIP'kz

P PP

+B(P-k,,P-k,) A

g‘u‘V v

+C(P-ky,P-ky)e

1pg, 20
yvpok Pk ’

where A(P-k,,P-k,), B(P-k,,P-k,),and C(P-k,,P-k,)
are symmetric functions with respect to their two argu-
ments. We note that the form factors 4, B, and C de-
scribe two-photon states in total angular momentum
J =0, 2, and 1, respectively.

Note that only 4 and B amplitudes contribute to
Yy —mm because parity is conserved in the strong and
electromagnetic interactions. In the limit of exact CP
symmetry, only 4 and B are relevant to K; —7°yy. For
Kt—ntyy, all the three amplitudes, 4, B, and C
should be included.
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e FMF3tr(U QU 'As_ ;U 3, UNr(QUB,, U +H.c.
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process we are going to discuss below. So, it should be
considered with the O(p®) terms in the chiral Lagrang-
ian, in principle. The relevant O(p®) terms are

(14)

(15)

-

If we consider, for example, the yy Sty process, the
leading-order contribution comes from the O(p?) part of
the chiral Lagrangian because the charged pions can
directly couple to the photons without any loops. This
may be an obstacle for us to see clean effects of the vector
mesons, especially in experiments. For other process
such as K™ —7Tyy, the situation is worse than in
yy —m ™, because the O(p*) chiral amplitude contains
an arbitrary parameter which has not been fixed yet.'°
Therefore, we cannot clearly talk about the effect of the
vector mesons.

Before closing this section, we give a general form of
the amplitude for two-photon processes. The kinematical
variables are defined as follow: k, and k, are four-
momenta of the incoming or outgoing photons, P is the
four-momentum of one of the final pions in yy — 7, and
the four-momentum of the initial kaon in K —»myy, re-
spectively. In case all the particles are on the mass shell,
Bose symmetry and gauge invariance require the general
form for the two-photon process to be given by!°

Alyy >mm)=€,6,T*(k,,ky, P) (16)
and
AK —>myy)=et,e5, Tk, ky, P) a7
K p L p
kl.kZ Wiy k]'kz vou
(18)

L. yy »>n’n%ntn™

Two-photon production of pions, i.e., yy—7" 7~ and
vy —7°n°% has been measured up to m,, ~2 GeV at
ete ™ colliders.® For the yy —m°#° process, the experi-
mental data in the energy range between 500 MeV and 1
GeV are very different from the prediction of the stan-
dard ChPT up to O(p*) (Ref. 9). To cure this disaster,
the authors of Refs. 7 and 8 suggested unitarization of
the chiral amplitude by hand. This kind of unitarization,
however, was done a long time ago and has been revived
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to explain the experimental data.!” The latter approach
takes the rescattering of pions into account, and gives a
good account of the energy dependences of the reaction
cross sections for yy —7 7~ and yy —7°7° up to some
polynomial ambiguities in the amplitude, which can be
regarded as negligible without loss of consistency with
other experiments such as K¢—vy7y.

Here, we suggest another explanation for the smooth
behavior of the reaction cross section for yy— 77"
above ~400 MeV. We include the vector-meson contri-
butions to this process as well as the lowest-order contri-
butions from ChPT. The reason that we consider
yy —m°n°® was discussed in the previous section. The in-
teraction Lagrangian for the vector-meson coupling to
the pion octet and a photon and the general structure of
the invariant matrix element for a two-photon process
were discussed in Sec. II.

The chiral Lagrangian, Eq. (1) with 9, replaced by D,
gives four different Feynman diagrams [see Figs.
1(a)-1(d).] They produce two photons in a J=0 final
state, so Eq. (1) contributes only to the A4 part in the in-
variant amplitude in Eq. (18), and the amplitude 4, de-
pends only on s=m2w. (k’s are the four-momenta of
photons, and p’s are those of pions.) Since we are work-
ing above the pion threshold, 4, can be written as

Ag=47+4%, (19)
2 4As—m?,)
Aln=—F T F| -1, (20)
 16mF2 s m2,
2
A(K):_e— s , (21)
ch 1672 F2 m12<+
where
4 2
1—; arcsin | —— (z=4),
(z)= : VvV 2 (22)
1+— |In __:/z —im (z=4) .
z 1—V'1—4/z

For simplicity, we will consider the energy range below
the kaon pair threshold, i.e., V's ~900 MeV.

The vector mesons give another set of diagrams shown
in Fig. 1(e). Here, the internal vector meson is either p°
or w. These diagrams produce two photons in both J=0
and 2 amplitudes, i.e., both 4, and B are nonvanishing.
Therefore, angular dependence in the differential cross
section occurs. The invariant amplitude arising from
vector-meson exchange can be expressed as

GV mi++t mfr++u
A, =— el —+ —1, @
v, 2 | tTmy u—mj
B,=— G, |1 —+ 1 ~ 1, (24)
Vel 2 (t—my u—my

Ao—1,2 A 2 - —4
where GPO—I;gmoy, G,=g° o ,and gmoy-—7.7OXlO

wmy
MeV ™!, which is fixed from the radiative decay of the »

Y m
V= wo‘ Po
Y me

(e)

FIG. . Feynman diagrams relevant for yy —7°7°.

12—14,16

meson, o—1y. (gmoy=2eﬁ /A.) In this case,

C., =Cp=0. Here, we note that there is no sign ambi-
guity in Eqgs. (23) and (24).

Here s, t, and u are the Mandelstam variables. In our
case,

s=(k, —i—k2)2=2k1-k2 ,
t=(k;—p;P=ml, =2k p,, (25)
u=(k;—p,*=m2, —2k;-p, .
To obtain the total cross section, we add all the ampli-
tudes obtained above, take the absolute square of the sum
of the amplitudes, average over the polarizations of the

initial photons, and integrate over phase space. The final
form is

1/2 4
(s)= dt||As—m?,B|?
7 1287s? f'o | 4s Mt |
2
+@(m4+—tu)2, (26)
s T
to=—1{(s—2m2 ) F[s(s—4m2.)]1'?} . (@27

The result is shown in Fig. 2(a) where it is compared
with the predictions based on ChPT and the vector-
meson-dominance model. It is compared in Fig. 2(b) with
the experimental data. We can see that inclusion of the
vector mesons modifies the ChPT prediction in a
significant way above V's ~400 MeV, and makes it uni-
tary in a simple way. The theoretical prediction agrees
with the data up to V's ~900 MeV except near threshold.
This seems to be reasonable, since we included the parti-
cles with masses around the energy range we are interest-
ed in. It should improve the unitarity of ChPT.

Different approaches show different threshold behavior
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for pion production. Ref. 17 gives (3+72/4)% Ref. 8
gives (—1+%/4)% and ours gives (—1+7%/4+0.028
+0.095)2, with a common factor

172

(s—m2. ). (28)

aZ

256msF4

2
4m -t

(—1+7?%/4) comes from the pion loop, 0.028 from the
kaon loop, and 0.095 from the vector mesons in our case.
Note that even at the threshold for two-pion production,
the vector mesons give a larger enhancement than the
kaon does. Actually, the ® meson gives a more dominant
contribution to the electromagnetic processes of the
chiral mesons than the p meson.

It would be interesting to apply our method to the pho-
toproduction of charged pions, i.e., yy —7"7~. In this

50 T l T ' T l
o (Yy—m°m°) (nb) (a)
401 .
//
//
301 /’//,’1
Ve
20 7 -
7z, .~
r ////
e '
10
0] sepent l - L |
0.2 04 0.6 08
M,y (GeV)
25 T r T l T T
o (yy—=m°nr°) (nb) (b)
20k ]

FIG. 2. The reaction cross section for yy —u°n° (a) the

comparison of various predictions: ChPT with the pion loop
only (dashed), ChPT with both pion and kaon loops (dash-
dotted), vector meson only (dotted), both the chiral loops and
the vector mesons (solid); (b) comparison of the data
|cosB, m.| <0.8 with our predictions: full solid angle (dashed)
and |cosé. ,, | 0.8 (solid).

case, direct couplings of the charged pions to the photons
give the leading contributions, and the chiral loop and
the vector meson give the next-order contributions. Bor-
rowing the chiral amplitude for yy —7 7~ from Ref. 7
and adding the vector-meson contribution, we get

_ 11,2
Am:M , (29)
s
1 1
B, =4e? + R (30)
ch mfr+-—t mi, —u y
G mfr+ +t m127_+ +u
Ay=——" —+ | 31)
t—m, u—mg
~ S 1 1
BV=—GP— >+ 3 ] , (32)
2 t—m, u—m,
where
—-— 2s r r
a—H—F(Lg-%-LlO)
s s 1 s
- +—F , (33)
327°F2 mfr+ 2 m§+ l
Ly+L,=1.4X1073 (34)

from m—evy (Refs. 7 and 10). Note that only p™ con-
tributes to this process. The reaction cross section is
given by Egs. (26) and (27) again, and the resulting reac-
tion cross section for yy —m* 7~ is shown in Fig. 3.

As we can expect, the role of the vector meson is negli-
gible because of the direct coupling of the charged pions
to the photons. Our result is consistent with the predic-
tions based on standard ChPT (Ref. 7) and the pion-
rescattering model.!’

Another interesting thing to look at is the process
K¢—yy. The ChPT (Ref. 10) and the pion-rescattering
model'” tell us that its branching ratio is 2.0X 107¢, and

600 T 1 T l T l

o(yy—r*r) (nb)

500}

400

300

T

200

100+ =

0 1 4 ]
0.2 0.4 0.6 0.8

My, (GeV)

FIG. 3. The reaction cross section for yy -7 7 :
tion by ChPT up to O(p*) (dashed) and our result (solid).

predic-
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it agrees very well with the measured value,!!
(2.4+1.2)X 107°. Indeed, the charged-meson loop gives
the leading contribution and our investigation of
vy —mt7~ suggests that the role of the vector mesons
should be negligible in this case, too. In fact, the term B,
cannot come in because of angular momentum conserva-
tion. Note that By is a J=2 amplitude, and that K is
spinless. Also, we have to include other possible inter-
mediate states such as Kg—7"7~ or K"K ™, in which
charged mesons exchange p or K* with subsequent emis-
sion of two photons. We expect that such contributions
will not be large due to cancellation between various in-
termediate states, but we need more work to get a definite
conclusion.

IV. K, >7°yy ANDK S>gtyy

Recently, the K; —7’ e~ decay mode has drawn
much attention from both theoreticians and experimen-
talists.!® The reason is that it may be a place where we
can observe direct CP violation. That process can arise
only through two-photon exchange [O(Gra?)] in the
limit of exact CP symmetry. In the real world, CP sym-
metry is slightly violated, and a one-photon intermediate
state can contribute to the K; -7’ te ™ decay mode.
This one-photon-exchange process [O(eGpa)] is CP
violating. Because the CP-violating parameter € is
~1073, it is not certain which of the one- and two-
photon-exchange diagrams is more important in the actu-
al decay process. If the CP-violating part is appreciably
larger than the other, then we can observe direct CP
violation, which is quite different from indirect CP viola-
tion in the K; —2m decay, which occurs through the
mixing of K; and K.

The standard chiral perturbation theory predicts that
the CP-conserving amplitude is much smaller than the
CP-violating amplitude up to O(p*) (Ref. 10). But some
other groups have claimed that the vector mesons gave a
large contribution to the two-photon process.'>!3 To set-
tle this issue, it will be helpful to study the K; —7yy
decay mode. The branching ratio of this decay mode has
been calculated by Ecker, Pich, and de Rafael'” using
ChPT up to O(p*) without any ambiguities. It has been
also calculated using the pion-rescattering model,!® and
the result is rather consistent with the prediction based
on ChPT. The two approaches predict that
B(K; —>7’yy)=6.3 and 7.5X 1077, respectively. This is
smaller than the prediction based on the vector-meson-
dominance model, which is about 1076 (Refs. 12 and 13).

The experiment to measure K L—+7-r°-yy decay is very
difficult because of the huge background from K; —37
followed by the successive decays of 7° into photons, and
we have only an upper limit of the branching ratio. Re-
cently, the sensitivity of searches for K; —7’yy has been
improved, and we can have a better upper limit on the
branching ratio.!” The measurement of the branching ra-
tio and the spectrum of two photons will be important to
see how large the vector-meson contributions are.

In this section, we investigate the spectrum of two final
photons and the branching ratio of the decay mode
K; —>7%y, including both chiral loops and vector

PYUNGWON KO 41

mesons. The chiral bosons give the following amplitude
corresponding to the Feynman diagrams shown in Figs.
4(a)—4(d):

2
Gga m’
Ch: 8 1— T F S ]
o m’ 4
m12(+ m.+ s
- |1— — F|—; , (35)
S mK+
where |G8|am,2(L /m=0.524%X10"8 and
s=(PK_p7r0)2:(kl+k2)2=2k1'k2 )
t=(Py—k,2=m2,—2Pk, , (36)

u=(PK—k2)2=m12<0_2P'k2 .

Here, the function F(z) is the same as Eq. (22) which ap-
peared in the discussion of the yy —7°7° process.

The vector meson p° or w generate another set of dia-
grams shown in Fig. 4(e), and the corresponding ampli-
tudes are

A _ 2 G P'(P_kz) P'(P_kl)
Y v=p’o "l (P—ky)P=mi  (P—k)P=m} |’
(37)
ky-k, ki-k,
B,=— G )
SRR S Py Sy
(38)

or, in terms of the Mandelstam variables,

.",O
K E?
Y
Y

(a)

° T°
réw:’, K—éx:jj
(c) (d)

.”o
.
M
(b)

"O
vV Y
KL 1r°,.,"17/ ’
(V=w®p°)

(e)

FIG. 4. Feynman diagrams relevant for K, —7%y.



41 VECTOR-MESON CONTRIBUTIONS TO THE PROCESSES . . . 1537

2 2 G
me+mV By=— 3 Yy 1 1
- L7 v s + (40)
Ay= _20 Gy 5 20w 2 t—mip  u—m}
V=p",0
X t_l ||, 69
my uTmy The coupling constants, G} ’s, are of the form
J
G mK =g o (7°|H,|K,) 1_1 5 +§(\/§cos9p—\/3sin9p) —1~:cos6 +—i:sin6
L Zemy 91— V3 7 v Pli—=rl
1 1
%(\/3 sinf, +\/60056 ) —\/—3COSOP_T/_€S"16 l—rf,' } , (41)
—= ~ . 1 1
G,mi =g* o (#°|H,IK,) -+ 5(V3cos6, —V6sinb,) | —=cosb, +—sm9
K =800y 200 ? 7v3 ve P 1-r]
+1(V3sinh. +V6cosh. ) 1 cos@ —isme 1 , (42)
o P PT1Vv3 P Ve 1—r2
[
where ri=mj/mg , and we used” Ho=%{(mg +m—s)
_ V6 2 2 o2 2 .2 11,2
<7TOIHw|K2>=‘/3(7’8|Hw!K2>=_—‘1-6_<7’0|HWIK2> i[(mKL+m”0 s) 4m”°mKL] b @)

(43)

Some uncertainty comes in through the matrix ele-
ment, {7°|H,_|K,). There are discrepancies in its value
in the literature. In this paper, we use two values for it:
—4.03X107%> MeV? and —2.88X107% MeV> The
former was obtained through PCAC (partial conservation
of axial-vector current) and the soft-pion reduction, while
the latter was obtained by properly implementing unitari-

y.*! The mixing angle 6, is taken to be —20°. Then, the
couplmgs Gy ’s are fixed to be G mK =(—0.63,—0.45)

X107% and G,mg =(—2.92, . 09)Xx107%,  for
(7°|H |K,)=(—4.03, —2 88) X 1072 MeV?, respective-
ly.

Also, note that the sign of the Gy is not fixed from the
measurement of the K —27. Therefore, we have two
possibilities for choice of the sign of Gg, even in the limit
of exact CP symmetry. Since Gg is determined from
K — 27, it has a small imaginary part in it which corre-
sponds to CP violation in the kaon system, if Gg is as-
sumed to be almost real. Here, we assume exact CP sym-
metry, so that Gy is purely real.

The decay rate I'(K; — 7y is obtained by integrat-
ing the following expression over s:

ar _ 172 g — 2 B2
ds  256mi f'o dt || ds mK’-Bl
L

2
IBz' (m Om}( —tu)? | ,(44)
s

where the limits of the integration are

to<t=t;, 0Ss=(mg —m ), (45)

Here, A=A, + Ay and B=B,,.

the spectrum of two photons.
After numerical integration with the above parameters
chosen, we find the spectra shown in Fig. 5, which shows
predictions of both the ChPT (dashed) and the vector-
meson-dominance model (dotted) to be compared with
our results (solid). (The spectra shown in Fig. 5 are for
the second choice of the parameters. For the first choice,
the shapes remain almost the same with a slightly
different scale.) (See Table I.) First of all, note that three
predictions give very different spectra. In particular, vec-
tor mesons give rise mainly to two photons with low
miy On the contrary, the chiral mesons produce two
photons with relatively higher mw The latter corre-
sponds to soft-pion production. From Fig. 5(a) and 5(b),
it should be clear that the measurement of the two-
photon spectrum at low mf,}, can settle the issue of
whether or not the vector mesons are important in
K; >’y and K; —7% te ™. However, note that the
two-photon spectrum for low m? vy 1s rather insensitive to
the sign of Gg;. The branching ratio for this decay pro-
cess is (3.6,2.3)X107° for positive Gz, and
(1.9,1.1)X10™% for negative Gg, for (7°|H,|K,)
The ChPT and the

Note that dT" /ds gives

=(—4.03,—2.88)X 1072 MeV>.
pion-rescattering model predict the branching ratio to be
6.3 and 7.5X 1077, so that the vector mesons give a con-
siderably enhanced branching ratio. If the branching ra-
tio and the spectrum of two final photons are measured
more accurately, we can tell how important a role the
vector mesons play in K; —7%y. The present upper
limit to the branching ratio is 2.7X 10~ ° assuming the
spectrum follows the ChPT prediction, and 4.4 X 10~ °
suming the spectrum follows phase space.'’

We conclude that the measurement of the spectrum of
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FIG. 5. The spectrum of two photons emerging from

K; —7%y: (a) positive G, (b) negative G, with the predic-
tions by ChPT (dashed) and VDM (dotted).

two photons from K; —7°yy is important to know the
importance of the vector mesons in that decay and
K; —m%%e”. Even though we have indirect evidence
for their important role from yy—7°7° we have to
await more refined measurements of the spectrum of two
photons and the branching ratio for more direct and
definite conclusions.

TABLE 1. Comparison of three predictions for
10°B(K; —m%yy) for two different values of {7°|H,|K,): (a)
—4.03X 1072 MeV?, (b) —2.88X 10”2 MeV>. (See also Fig. 5.)

Finally, we consider Kt —xtyy. This process was
fully discussed in Ref. 10 in the framework of the stan-
dard ChPT. The chiral amplitude for this process con-
tains a constant which has not been fixed yet by any ex-
periment, so that the prediction of the branching ratio is
not definite. Here, we content ourselves with observing
the change of the spectrum of two final photons by add-
ing the vector-meson contribution to the chiral ampli-
tude.

The ChPT yields 4, and C,, amplitudes,'® while the
vector mesons generate A4, and B, amplitudes. The re-
sults are

Gea | |m2 mg .
Achz 8 T K —11|F N
27 s s m?,
2 2
m_ m
+ | ———1—-—|F|—— |+¢|, @D
s s m2.,
K
2 2
m-.+tm
I PR SUMRT . S , @8)
vV P 2 2 2
t—m) u—m;
G
By=——fs|——+—— |, (49)
t—m} u—m;
2m12(++m1270
.2 ST
Gia §s—moo me .
Con= T —m2+im T o —m? ’
N mﬂ_o lmﬂ_o 0 N n‘l,,7
(50)
where
1 1
2 .2 + +y 1
Gme+—gmoy(1r |H,|K )9 - (51)

Note that only p* contributes to this process. If we use
(r*|H, KT )=—(7°H,K,)=2.88X107%, we get
G,m:+=0.20X10"°.  For different choice of
(7°|H,|K,), the branching ratio varies within 5%, so
we restrict ourselves to the above choice of {7°|H,|K,).
Here, ¢ is a constant of ~ 1 arising from the O(p*) chiral
Lagrangian and has not been fixed yet by any experi-
ments. We take € equal to 0, 4, and —4, as chosen in Ref.
10.

The decay rate I'(K " — 7 *yy) is obtained by integrat-
ing the following expression over s:

TABLEIL 10'B(K*—7"yy). (See also Fig. 6.)
ChPT plus VDM

ChPT only Positive Gy Negative Gg
Positive Gy Negative Gy (dashed) (solid) (dotted)
(a) 3.6 1.9 =0 5.8 5.6 6.0
(b) 23 1.1 t=4 17.6 17.0 18.2
Ref. 22 3.9 1.8 t=—4 4.4 4.6 4.3
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FIG. 6. The spectrum of two photons emerging from
K* 7T yy. ChPT only (dashed), our approaches with positive
Gy (solid) and negative Gy (dotted). (a) =0, (b) ¢=4, and (c)
e=—4.
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Note that the C term does not interfere with 4 and B
terms because of the Bose symmetry of two photons. The
limits of the integration are

-m 4 )?, (53)

toSt=t, OSSS(mK+ -

+tmi.—s)P—am2.m2. 1" . (54)

The branching ratio is shown in Table II, and it is
around 0.4 to 1.8X107°% which is below the current
upper limit 8 X 10™® quoted in the Particle Data Group
Book. Because of uncertainties in ¢ and the relative
phase of G and G, it is very difficult to tell the effect of
the vector meson from that of the chiral mesons. The
low m,,, part of the two-photon spectrum shown in Fig.
6 can be used to do that. However, it is a challenging
task to the experimentalists, as in the case of K; —7yy.
This decay mode is being measured along with other
rare-kaon decays.

In conclusion, we find that vector mesons affect the
chiral meson dynamics in the presence of electromagnetic
coupling even at the energy range around my, and above
it. They control the bad high-energy behavior of the re-
action cross section for yy —7°7°, and give a good fit to
the data. Also, they give an interesting spectrum of two
photons, and an enhanced branching ratio for the
K; — 7%y decay process. They give a subleading contri-
butions to yy —»7 7~ and K T —7Tyy. It is still to be
understood how the vector mesons can be included in the
standard ChPT in a systematic way.

Note added. While I was completing this work, I re-
ceived a paper by Sehgal?? on the rate and the spectrum
of K; — 7%y, which was substantially overlapping with
the last section of my present work. His results, 17.9 and
39X 1077, should be compared to our results (1.9,1.1) and
(3.6,2.3)X 107°. (See Table 1.) The difference is due to
our inclusion of a kaon loop as well as a pion loop, and a
different choice of (7°|H,|K,) and G,. If we did not in-
clude the kaon loop in the chiral amplitude as in Ref. 22,
we would get (3.5,2.2) and (2.0,1.2)X107%. Note that
we still have a slight difference in the branching ratio due
to a different choice of (7°|H,|K,) and a different
choice of Ggz. We used the Gg which has been fixed'”
from K —2m, while the author of Ref. 22 fixed the Gy
from K — 3.
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