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Chiral anomaly and h-h8 mixing

E. P. Venugopal and Barry R. Holstein
Department of Physics and Astronomy, University of Massachusetts, Amherst, Massachusetts 01003

~Received 29 October 1997; published 19 February 1998!

We determine theh-h8 mixing angle via a procedure relatively independent of theoretical assumptions by
simultaneously fittingh,h8 reactions involving the anomalyh,h8→gg, p1p2g. We extract reasonably
precise renormalized values of the octet and singlet pseudoscalar decay constantsF8 , F0 , as well as the
mixing angleu. @S0556-2821~98!02707-6#

PACS number~s!: 14.40.Aq, 11.30.Rd, 13.40.Hq
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I. INTRODUCTION

From a strictly theoretical perspective, there exists a s
nificant difference between the octet pseudoscalar me
p,K,h8 and their singlet counterparth0 @1#. The former are
legitimate pseudo-Goldstone bosons whose masses van
the chiral limit while the latter is not due to the anomalo
breaking of axial U~3! symmetry down to SU~3!. However,
in the real world, this does not seem to make much diff
ence. Indeed, the physical eigenstatesh,h8 are mixtures of
octet and singlet components,

h5h8 cosu2h0 sin u

h85h8 sin u1h0 cosu ~1!

and the mixing angleu is an important quantity in confront
ing theoretical calculations with experimental results in th
systems@2#.

The mixing angle can be evaluated in various ways bu
standard procedure involves the diagonalization of theh,h8
mass matrix, which at lowest order yields a mixing ang
u'210°. This can easily be seen by writing the mass m
trix as

m25S m8
2 m08

2

m08
2 m0

2 D . ~2!

Employing the Gell-Mann–Okubo~GMO! relation to fixm8
2

as @3#

m8
25

1

3
~4mK

2 2mp
2 ! ~3!

and diagonalizing, one can determinem08
2 , m0

2 and u, in
terms ofmh ,mh8 , yielding

u529.4°, m08
2 520.44mK

2 , mh0
50.95 GeV. ~4!

However, the GMO relation, Eq.~3!, is valid only at low-
est order,O(p2), in chiral perturbation theory. The inclusio
of O(p4) corrections to the relation results in significa
changes. Characterizing these via

m8
25

1

3
~4mK

2 2mp
2 !~11d! ~5!
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a leading logarithm estimate@4#

d'

22
mK

4

~4pFp!2 ln
mK

2

~4pFp!2

4mK
2 2mp

2 ~6!

yields d'0.16, which yields

u>220°, m08
2 520.81mK

2 , m050.90 GeV ~7!

suggesting a doubling of the mixing angle. A full one-loo
chiral perturbation theory calculation confirms this findin
@5#. It is also interesting that this solution is consistent w
the assumptions of simple U~3! symmetry whereinh8 ,h0
have the same wave function, leading to

m08
2 >

2&

3 S m̂2ms

m̂1ms
D .20.9mK

2 . ~8!

Note that this result is strongly dependent upon chiral sy
metry breaking effects on the GMO prediction.

An alternative and independent approach to the prob
involves the use of the chiral anomaly, which is responsi
for the well-knownp,h,h8→gg decays@6#. In the case of
p0→gg, at lowest order,O(p4), the anomalous~Wess-
Zumino-Witten! chiral Lagrangian predicts@7#

Ap0→gg5
aNc

3pF̄
emnabe1me2nk1ak2b ~9!

where e i ,ki are the polarization, momenta of the outgoin
photons, andF̄ is the pion decay constant in the chiral limi
A leading log calculation of the chiral corrections revea
that the dominant effect is simply to replaceF̄ by its physical
valueFp592.4 MeV@8#. The resulting amplitude is guaran
teed by general theorems to remain unchanged in higher
ral orders@9#. One then finds that the predicted amplitude

Fpgg~0!5
aNc

3pFp
50.025 GeV21 ~10!

is in excellent agreement with the corresponding experim
tal value@10#

Fpgg~0!5~0.02460.001! GeV21 ~11!
4397 © 1998 The American Physical Society
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thus providing the confidence that one may be able to a
lyze theh,h8 decays with a similar precision.

In case of theh,h8→gg decays, one must include bot
mixing and renormalization of the octet, singlet coupling
yielding the predicted amplitudes1

Fhgg~0!5
aNc

3)pFp
S Fp

F8
cosu22&

Fp

F0
sin u D

Fh8gg~0!5
aNc

3)pFp
S Fp

F8
sin u12&

Fp

F0
cosu D .

~12!

From the Particle Data Group~PDG! one extracts experi
mental values@10#

Fhgg~0!50.024960.0010 GeV21

Fh8gg~0!50.032860.0024 GeV21. ~13!

In order to solve the system, however, we require an
ditional assumption since there are three unknownsF8 ,F0 ,u
and only two pieces of data. The usual approach in this c
is to use the leading log prediction of one-loop chiral pert
bation theory to predict@5#

F8

Fp
5F12

mK
2

~4pFp!2 ln
mK

2

~4pFp!2 1
mp

2

~4pFp!2G'1.30

~14!

and then solve forF0 ,u, yielding

F0

Fp
51.04, u5220°. ~15!

It is interesting to note that these results are quite consis
with those obtained from the one-loop analysis of the m
matrix—i.e.u'220° andF0 /Fp consistent with the value
of unity which one would have if the singlet state and t
pion were to have the same wave function.

While this agreement is satisfying, the extraction of the
mixing parameters requires certain theoretical inputs, ei
Eq. ~14! or Eq. ~6!, and it is interesting to inquire whethe
one can predict the mixing angle purely phenomenologica
As we shall show, the answer is yes, provided one utili
the additional information available from the anomalous
caysh,h8→p1p2g @11#.

In the next section then we show how the decaysh,h8
→p1p2g can be analyzed in order to isolate the chi
anomaly. This involves a careful study of final state inter
tions and unitarity constraints in order to realistically e
trapolate to zero four-momenta, as required by the anom

1Note that we implicitly assume here, as do other workers, tha
O(mh

2 ,mh8
2 /Lx

2) effects, whereLx;4pFp is the chiral scale, are
included in the renormalization of the pseudoscalar couplingsF8 ,
F0 and in the mixing angleu. This does not have to be the case, b
appears to be borne out by the consistency of the results obta
from treatments of differing manifestations of the anomaly, as
show below and as others have found.
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In the concluding section, we apply these results to evalu
u,F8 ,F0 in an essentially model independent fashion.

II. ANALYSIS OF h,h8˜p1p2g DECAYS

Our goal is to use the experimental data onh,h8
→p1p2g in order to isolate the value of the anomaly
these decays. The resulting numbers can then be fit to
appropriate theoretical expressions, thus allowing extrac
of the renormalized mixing angle and coupling constants.
this end, we define

Ah,h8→ppg5Bh,h8~s,spp!emnabemknp1ap2b ~16!

wherep6 , k are the outgoing 4-momenta,em is the photon
polarization vector,s5mh,h8

2 and spp5(p11p2)2. The
chiral anomaly@cf. Fig. 1~a!# requires

Bh~0,0!5
eNc

12)p2Fp
3 S Fp

F8
cosu2&

Fp

F0
sin u D

Bh8~0,0!5
eNc

12)p2Fp
3 S Fp

F8
sin u1&

Fp

F0
cosu D .

~17!

Note, however, that the chiral anomaly, strictly speakin
only constrains the form factorsBh,h8(s,spp) at zero four-
momentum,Bh,h8(0,0), while the experimental input occur
at s5mh,h8

2 , spp>4mp
2 . One indication of this fact is that

using the simple energy-independent form given in Eq.~17!
to calculate the decay rate, one obtains for theh-channel the
value Gh2ppg535.7 eV compared to the experimental ra
of Gh2ppg

expt 56466 eV. For theh8 channel things are eve
worse, Gh82ppg56165 keV, while the theoretical value
arising from use of the simple anomaly amplitude is, am
ingly, a factor of 20 less. We conclude that in order to extr
values for the anomaly in these transitions, it is absolut

ll

t
ed
e

FIG. 1. Shown are contact~a! and vector meson dominanc
~VMD ! ~b!, ~c! contributions toh,h8→p1p2g decay.
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essential to correctly model the energy dependence of
amplitude in the physical region.

This problem is not unique, of course, to theh,h8
→ppg system and has been addressed previously in
extraction of the anomaly ing→3p from the Primakoff-
effect data of Antipovet al. @12#. In this case, one also has
clear prediction of the chiral anomaly@13#. Writing

Ag→3p5F3p~s,t,u!emnabemp1np2ap0b ~18!

where s5(p11p2)2, t5(p11p0)2, u5(p21p0)2,
the chiral stricture demands

F3p~0,0,0!5
eNc

12pFp
3 59.7 GeV23. ~19!

The effects of p-wave pi-pi interactions at low and moder
energies are known to be reasonably described by ve
io
he

a

d
f

on
he

e

e
tor

dominance@14#. In particular, the models described in Re
@15#, which incorporate vector dominance and chiral symm
try, when applied to theg→3p reaction, provide a form

F3p~s,t,u!52
1

2
F3p~0,0,0!F12

mr
2

mr
22s

2
mr

2

mr
22t

2
mr

2

mr
22uG

~20!

which matches the anomaly at zero four-momentum but a
offers a plausible extension into the physical region. T
form must be modified, of course, in order to confront re
data since unitarity demands the presence of branch cuts
consequent imaginary components in the form factor. Thi
clear from a one-loop chiral perturbation theory calculatio
which yields@16#
F3p~s,t,u!5F3p~0,0,0!F11
3mp

2

2mr
2 1

mp
2

24p2Fp
2 S 3

4
ln

mr
2

mp
2 1F~s!1F~ t !1F~u! D G ~21!

where

F~s!55 S 12
s

4mp
2 DAs24mp

2

s
ln

11As24mp
2

s

211As24mp
2

s

22, s.4mp
2 ,

2S 12
s

4mp
2 DA4mp

2 2s

s
tan21A s

4mp
2 2s

22, s<4mp
2

. ~22!
r
is

me
we

ue
ay

tion
y
is

rm
Here we note that the imaginary component of the funct
F(s) is given in terms of the energy-dependent width of t
rho meson via

mp
2

24p2Fp
2 Im F~s!5

1

mr
Gr~s! ~23!

where

Gr~s!5
grpp

2 s

48pmr
S 12

4mp
2

s D 3/2

. ~24!

This one-loop form is no doubt appropriate in the ne
threshold region. However, oncespp>10mp

2 or so, one does
not anticipate that a simple one-loop description will be a
equate. In order to address these difficulties, the use o
N/D form has been suggested@17#. In this approach, one
utilizes the Omnes function, which encodes information c
cerning the pi-pi interaction@18#

D1~s!5expS 2
s

p E
4mp

2

` ds8d1~s8!

s8~s82s2 i e! D ~25!
n

r

-
an

-

whered1(s) is the (l 51) p-wave pi-pi phase shift at cente
of mass energyAs. There are two ways to proceed at th
point.

~i! One can use the experimental phase shifts, with so
assumptions made about their asyptotic form. In our case
took the values quoted by Froggatt and Peterson@19#, which
are given up toAs51 GeV, and assumed a constant val
after that. We label the Omnes function obtained in this w
asD1

expt(s).
~ii ! One can employ a simple analytic form@20#

D1~s!512
s

mr
2 2

s

96p2Fp
2 ln

mr
2

mp
2 2

mp
2

24p2Fp
2 F~s! ~26!

which has been shown to provide an approximate descrip
of the empiricalpp p-wave phase shifts in the low energ
region @21#. We label the Omnes function obtained via th
procedure asD1

anal(s).
Using either of these forms, and postulating an N/D fo

of the g→3p amplitude as
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F3p~s,t,u!52
1

2
A3p~0!F12S mr

2

mr
22s

1
mr

2

mr
22t

1
mr

2

mr
22uD G

3S 12
s

mr
2

D1~s!
D S 12

t

mr
2

D1~ t !
D S 12

u

mr
2

D1~u!
D ~27!

one can see that Eq.~27! matches the one-loop chiral resu
in the limit of low energiesand the vector dominance form
when unitarity inspired logarithms are dropped.

Whether such an N/D form accurately describes the d
for g→3p awaits the arrival of sufficiently precise informa
tion from CEBAF and CERN. However, it certainly appea
to satisfy the various criteria which nature demands, and s
gests the treatment of the relatedh,h8→p1p2g decay am-
plitudes in a parallel fashion.

In the case of theh,h8→p1p2g decays we can procee
similarly. In this case, the one-loop chiral perturbation the
calculation gives

Bh
1-loop~s,spp!5Bh~0,0!F11

1

32p2Fp
2 S S 24mp

2

1
1

3
sppD ln

mp
2

mr
2 1

4

3
F~spp!2

20

3
mp

2

1
3

2mr
2 sppD G , ~28!

while vector dominance@cf. Figs. 1~b,c!# yields

Bh,h8~s,spp!5Bh,h8~0,0!F11
3

2

spp

mr
22spp

G . ~29!

Certainly, in order to treat the decay of theh8, one must go
further and include unitarity effects via final state intera
tions. One very simple approach is to include the~energy-

dependent! width of the rho meson in the propagator via
ta

g-

y

-

spp

mr
22spp

→
spp

mr
22spp2 imrGr~spp!

. ~30!

This use of vector width-modified vector dominance alrea
makes an important difference from the simple anomaly
tree level—results~especially in the case of theh8!, chang-
ing the predicted decay widths from the values 35 eV an
keV quoted above to the much more realistic numbers

Gh→ppg562.3 eV, Gh8→ppg567.5 keV, ~31!

if the parameters

F8 /Fp51.3, F0 /Fp51.04, u5220° ~32!

are employed. However, this approach does not reprod
the one-loop chiral form in the low energy limit.

In order to determine a form for the final state interactio
which matches both the one-loop chiral correctionand the
vector dominance result in the appropriate limits, we pos
late an N/D structure, as in the relatedg→3p case:

Bh→ppg~s,spp!5Bh→ppg~0,0!F12c1c
11aspp

D1~spp! G
~33!

where for the Omnes function we use one of the two for
itemized above anda,c are free parameters to be determine
In order to reproduce the coefficient of theF(spp) function,
which contains the rho width, we requirec51. On the other
hand, matching the VMD result atO(p6) can be achieved by
the choicea51/2mr

2 . Thus in the case of theh the form is
completely determined. Since theh8 spectrum is closely re-
lated and is dominated by the presence of the rho we s
assume an identical form for theh8 case. Using these form
we can then calculate the decay widths assuming the th
retical values for the anomaly. Using the parameters give
Eq. ~32! one finds, for example,
~ i! D1
expt~s! Gh→ppg565.7 eV, Gh8→ppg566.2 keV

he
ate

shows
FIG. 2. Shown is the photon spectrum inh→p1p2g from Gormleyet al. @26# as well as various theoretical fits. In the first figure, t
dashed line represents the~width-modified! VMD model. The ~hardly visible! dotted line and the solid line represent the final st
interaction ansatz, Eq.~33!, with use of the analytic and experimental versions of the Omnes function, respectively. The second figure
the experimental Omnes function result~solid line! compared with the one-loop result~dot-dashed line!.
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~ ii ! D1
anal~s! Gh→ppg569.7 eV, Gh8→ppg577.8 keV.

~34!

There is a tendency then for the numbers obtained via
analytic form of the Omnes function to be somewhat t
high.

We can also compare the predicted spectra with the
responding experimentally determined values. As shown
Fig. 2, we observe that the experimental spectra are we
in the h case in terms of both the N/D or the VMD form
but that the one-loop chiral expression does not provide
adequate representation of the data@22#. In the case of the
correspondingh8 decay the results are shown in Fig.
wherein we observe that either the unitarized VMD or t
use ofN/D1

expt provides a reasonable fit to the data~we get
x2/NDF532/17 and 20/17, respectively!, while the use of the
analytic form for the Omnes function yields a predicted sp
trum (x2/NDF5104/17) which is slightly too low on the high
energy end. However, for bothh and h8 we see that our
simple ansatz, Eq.~33!, provides a very satisfactory repre
sentation of the decay spectrum.

III. EVALUATION OF h-h8 MIXING PARAMETERS

Our conclusion in the last section was that if the mixi
angle and pseudoscalar coupling constants were given va
consistent with present theoretical and experimental le
ings, then the predicted widths and spectra of bothh,h
→p1p2g are basically consistent with experimental valu
Our goal in this section is to go the other way, however. T
is, using the assumed N/D forms for the decay amplitu
and treating the pseudoscalar decay constantsF8 ,F0 as well
as theh-h8 mixing angleu as free parameters, we wish
inquire as to how well they can be constrained purely fr
the experimental data onh,h8→gg and h,h8→p1p2g
decays, with reasonable assumptions made about the
state interaction effects in these two channels.

On theoretical grounds, one is somewhat more confid
about the extraction of the threshold amplitude in the cas

FIG. 3. Shown is the photon spectrum inh8→p1p2g from
Abeleet al. @24# as well as various theoretical fits. As in Fig. 2, th
dashed line represents the~width-modified! VMD model. The dot-
ted and solid lines represent the final state interaction ansatz
~33!, with use of the analytic and experimental versions of
Omnes function, respectively. Here the curves have been nor
ized to the same number of events.
e
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the lower energyh→p1p2g system. Indeed, in this cas
the physical region extends only slightly into the tail of th
rho unlike the relatedh8 decay wherein the spectrum ex
tends completely over the resonance so that there exists
siderable sensitivity to details of the shape. Thus a first
proach might be to utilize only the two-photon deca
together with theh→p1p2g width in order to determine
the three desired parameters. In this fashion one finds
results shown in Table I. We observe that the results ar
agreement, both with each other and with the chiral symm
try expectations,F8 /Fp;1.3, F0 /Fp;1, and u;220°.
However, the uncertainties obtained in this way are unco
fortably high.

In order to ameliorate this problem, we have also don
maximum likelihood fit including theh8→ppg decay rate,
yielding the results shown in Table II. We observe that t
central values stay fixed but that the error bars are somew
reduced. The conclusions are the same, howeve
substantial renormalization forF8;1.3Fp , almost none for
F0;Fp , and a mixing angleu;220°. These numbers ap
pear nearly invariant, regardless of the approach.

IV. CONCLUSION

Before summarizing the results of our above analysis
should certainly be emphasized that we are not the firs
undertake the program of isolating the anomaly from
h,h8→ppg data. Indeed, there has been considerable w
in this regard, both on the theoretical side@11,23# as well as
experimentally, including the most recently publishedh8
→p1p2g data@24#. The recent analysis of Ref.@23# leads
to results quite different from ours in both the mixing ang
as well as the renormalization of the pseudoscalar couplin
On the other hand, Ref.@24# ~at least for the model labele
M1! finds a somewhat smaller mixing angle (u;216°) and
pseudoscalar renormalization (F8 /F0;1.1).

However, there is an important difference between th
analyses and our own. In Refs.@23# and @24#, the decay
amplitude is written in terms of a piece due to the anom
~parametrized byEX , X5h,h8! and a component due to th

q.

al-

TABLE I. Values of the renormalized pseudoscalar coupli
constants and theh-h8 mixing angle using theh,h8→gg and h
→ppg amplitudes in a three parameter fit.

F8 /Fp F0 /Fp u

VMD 1.2860.24 1.0760.48 220.3°69.0°
N/D1

anal 1.4960.29 1.0260.42 222.6°69.6°
N/D1

expt 1.3760.26 1.0260.45 221.2°69.3°

TABLE II. Values of the renormalized pseudoscalar coupli
constants and of theh-h8 mixing angle obtained from a maximum
likelihood analysis using theh,h8→gg and h,h8→ppg ampli-
tudes.

F8 /Fp F0 /Fp u

VMD 1.2860.20 1.0760.04 220.8°63.2°
N/D1

anal 1.4860.24 1.0960.03 224.0°63.0°
N/D1

expt 1.3860.22 1.0660.03 222.0°63.3°
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rho pole~parametrized byFX , X5h,h8!. The ratioEX /FX
is then fitted, through a minimization procedure, to produ
the experimental spectrum and partial widths. In our ana
sis, the parameters of the two pieces are fixeda priori to
reproduce the results of one-loop chiral perturbation the
@16# ~by fixing c51! and VMD @15# ~by fixing a51/2mr

2!.
~Indeed a recent analysis of otherI 51 p1p2 processes
found that only within a model such as Ref.@15#, which links
chiral symmetry and VMD, could the data be fit consisten
@25#.! However, following the picture of Ref.@15#, we do not
include a non-resonant coupling ingp1p2 ~as considered in
modelsM1 and M3 of @23#!. Our successful fits of the ex
perimental data speak for themselves.

In previous treatments of theh,h8 system via the
anomaly, which have omittedh,h8→ppg constraints, the
mixing angleu has generally been determined only at t
cost of theoretical assumptions about the renormalizatio
the octet pseudoscalar coupling constantF8 with respect to
Fp . We have in this paper asked whether it is possible
obtain the mixing angle in a fashion relatively independ
of such theoretical assumptions by simultaneously fitt
h,h8→gg as well ash,h8→p1p2g decays. As shown
above, the answer is affirmative. However, one must inc
poratesomesort of model for the final state interactions
the pi-pi system in order to extrapolate down to zero fo
momentum where the anomaly obtains. We have argued
the N/D1

expt form given in Eq.~33! is reasonable both on
theoretical grounds—matching both the requirements
VMD and of low energy chiral symmetry—and via succes
ich
,

.

v

e
-

y

of

o
t
g

r-

-
at

f
-

ful fitting of the experimental spectra. Using this form an
the PDG values forh,h8→gg andh,h8→ppg amplitudes
we have obtained values

F8 /Fp51.3860.22, F0 /Fp51.0660.03,

u5222.0°63.3° ~35!

which are quite consistent with those obtained in previo
analyses which required assumptions about chiral symm
breaking. One can then assess these results in two diffe
ways. Although it is our contention that the assumptio
made above concerning pion-pion interactions are relativ
model-independent and that the numbers given thereb
Eq. ~35! are quite solid, one could also take a contrary vie
that the forms utilized for final state interactionsdo require
critical dynamical assumptions. In this case, however,
would argue that via three quite different routes,~i! mass
matrix analysis including GMO breaking,~ii ! h,h8→gg
analysis with assumptions made aboutF8 /Fp , and ~iii ! si-
multaneous analysis ofh,h8→gg andh,h8→p1p2g with
~minimal! assumptions concerning final state pi-pi intera
tions, one finds virtually the same value of the mixing ang
u.220°, and for pseudoscalar couplings,F8 /Fp;1.3,
F0 /Fp;1.0. In any case, we would assert that these val
are now strongly~and independently! confirmed from within
the chiral anomaly sector.

This research was supported in part by the National S
ence Foundation.
fit
to,

,

@1# See, e.g., J. F. Donoghue, B. R. Holstein and E. Golow
Dynamics of the Standard Model~Cambridge University Press
New York, 1992!.

@2# See, for example, F. J. Gilman and R. Kauffman, Phys. Rev
36, 2761~1987!; P. Ball et al., Phys. Lett. B365, 367 ~1996!;
A. Bramonet al., ibid. 403, 339 ~1997!.

@3# S. Okubo, Prog. Theor. Phys.27, 949 ~1962!; M. Gell-Mann,
R. J. Oakes and B. Renner, Phys. Rev.175, 2195~1968!.

@4# J. F. Donoghue, B. R. Holstein and Y.-C. R. Lin, Phys. Re
Lett. 55, 2766~1985!.

@5# J. Gasser and H. Leutwyler, Ann. Phys.~N.Y.! 158, 142
~1984!; Nucl. Phys.B250, 465 ~1985!.

@6# S. L. Adler, Phys. Rev.177, 2426 ~1969!; S. L. Glashow, R.
Jackiw and S. S. Shei,ibid. 187, 1916~1969!; J. S. Bell and R.
Jackiw, Nuovo Cimento60, 147 ~1969!.

@7# J. Wess and B. Zumino, Phys. Lett.37B, 95 ~1971!; E. Witten,
Nucl. Phys.B223, 422 ~1983!.

@8# B. R. Holstein, Phys. Lett. B244, 83 ~1990!.
@9# S. Adler and W. A. Bardeen, Phys. Rev.182, 1517~1969!.

@10# Particle Data Group, R. M. Barnettet al., Phys. Rev. D54, 1
~1996!.

@11# M. Chanowitz, Phys. Rev. Lett.35, 977~1975!; 44, 59 ~1980!.
@12# Yu. M. Antipov et al., Z. Phys. C27, 21 ~1985!; Phys. Rev. D

36, 21 ~1987!.
@13# S. L. Adleret al., Phys. Rev. D4, 3497~1971!; R. Aviv and A.
,

D

.

Zee, ibid. 5, 2372 ~1972!; M. V. Terent’ev, Phys. Lett.38B,
419 ~1972!.

@14# S. Rudaz, Phys. Lett.145B, 281 ~1984!; T. D. Cohen, Phys.
Lett. B 233, 467 ~1989!.

@15# M. Bandoet al., Phys. Rev. Lett.54, 1215~1985!; T. Fujiwara
et al., Prog. Theor. Phys.73, 926 ~1985!.

@16# J. Bijnenset al., Phys. Lett. B237, 488 ~1990!.
@17# B. R. Holstein, Phys. Rev. D53, 4099~1996!.
@18# R. Omnes, Nuovo Cimento8, 316 ~1958!.
@19# C. D. Froggatt and J. L. Peterson, Nucl. Phys.B129, 89

~1977!.
@20# L. Brown and R. Goble, Phys. Rev. Lett.20, 346 ~1968!; M.

A. B. Beg and A. Zepeda, Phys. Rev. D6, 2912~1972!.
@21# S. D. Protopescuet al., Phys. Rev. D7, 1279 ~1973!; P. Es-

tabrooks and A. D. Martin, Nucl. Phys.B79, 301 ~1974!.
@22# The feature that a vector dominance form provides a good

to the h→ppg data has already been noted by C. Picciot
Phys. Rev. D45, 1569~1992!.

@23# M. Benayounet al., Z. Phys. C58, 31 ~1993!; 65, 399~1995!.
@24# A. Abele et al., Phys. Lett. B402, 195 ~1997!; S. I. Bityukov

et al., Z. Phys. C50, 451 ~1991!.
@25# M. Benayounet al., Adelaide Report No. ADP-97-14/T251

hep-ph/9707509.
@26# M. Gormley et al., Phys. Rev. D2, 501 ~1970!; J. G. Layter

et al., ibid. 7, 2565~1973!.


