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Instanton contribution to scalar charmonium and glueball decays
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We study instanton contributions to hadronic decays of the scalar glueball, the pseudoscalar charmonium
statehc , and the scalar charmonium statexc . Hadronic decays of thehc are of particular interest. The three

main decay channels areKK̄p, hpp andh8pp, each with an unusually large branching ratio;5%. On the

quark level, all three decays correspond to an instanton type vertex (c̄c)( s̄s)(d̄d)(ūu). We show that the total
decay rate into three pseudoscalar mesons can be reproduced using an instanton size distribution consistent
with phenomenology and lattice results. Instantons correctly reproduce the ratioB(pph)/B(pph8) but over-

predict the ratioB(KK̄p)/B@pph(h8)#. We consider the role of scalar resonances and suggest that the decay
mechanism can be studied by measuring the angular distribution of decay products.

DOI: 10.1103/PhysRevD.67.114003 PACS number~s!: 12.38.Aw, 12.39.Mk, 13.25.Gv
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I. INTRODUCTION

The charmonium system has played an important role
shaping our knowledge of perturbative and nonperturba
QCD. The discovery of theJ/c as a narrow resonance i
e1e2 annihilation confirmed the existence of a new quant
number, charm. The analysis of charmonium decays ine1e2

pairs, photons and hadrons established the hypothesis
the J/c andhc are, to a good approximation, nonrelativist
3S1 and 1S0 bound states of heavy charm and anticha
quarks. However, nonperturbative dynamics does play an
portant role in the charmonium system@1,2#. For example,
an analysis of thec spectrum led to the first determination
the gluon condensate.

The total width of charmonium is dominated by short d
tance physics and can be studied in perturbative QCD@3#.
The only nonperturbative input in these calculations is
wave function at the origin. A systematic framework f
these calculations is provided by the nonrelativistic QC
~NRQCD! factorization method@4#. NRQCD facilitates
higher order calculations and relates the decays of states
different quantum numbers. QCD factorization can also
applied to transitions of the typec8→c1X @5,6#.

The study of exclusive decays of charmonium into lig
hadrons is much more complicated and very little work
this direction has been done. Perturbative QCD implies so
helicity selection rules, for examplehc→” rr,pp̄ and J/c
→rp,ra1 @7,8#, but these rules are strongly violated@9#.
The J/c decays mostly into an odd number of Goldsto
bosons. The average multiplicity is;(527), which is con-
sistent with the average multiplicity ine1e2 annihilation
away from theJ/c peak. Many decay channels have be
observed, but none of them stand out. Consequently,
would expect thehc to decay mostly into an even number
pions with similar multiplicity. However, the measured dec
rates are not in accordance with this expectation. The th
main decay channels of thehc areKK̄p, hpp andh8pp,
0556-2821/2003/67~11!/114003~14!/$20.00 67 1140
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each with an unusually large branching ratio of;5%.
Bjorken observed that these three decays correspond
quark vertex of the form (c̄c)( s̄s)(d̄d)(ūu) and suggested
that hc decays are a ‘‘smoking gun’’ for instanton effects
heavy quark decays@10#.

In this paper we shall try to follow up on this idea b
performing a more quantitative estimate of the instanton c
tribution to hc and xc decays. The paper is organized
follows. In Sec. II we introduce the instanton induced effe
tive Lagrangian. In the following sections we apply the e
fective Lagrangian to the decays of the scalar glueball,
charm, and chi charm. We should note that this investiga
should be seen as part of a larger effort to identify ‘‘direc
instanton contributions in hadronic reactions, such as d
inelastic scattering, theDI 51/2 rule, orh production inpp
scattering@11–14#.

II. EFFECTIVE LAGRANGIANS

Instanton effects in hadronic physics have been stud
extensively@15,16#. Instantons play an important role in un
derstanding theU(1)A anomaly and the mass of theh8. In
addition to that, there is also evidence that instantons prov
the mechanism for chiral symmetry breaking and play
important role in determining the structure of light hadron
All of these phenomena are intimately related to the prese
of chiral zero modes in the spectrum of the Dirac operato
the background field of an instanton. The situation in hea
quark systems is quite different. Fermionic zero modes
not important and the instanton contribution to the hea
quark potential is small@17#.

This does not imply that instanton effects are not releva
The nonperturbative gluon condensate plays an impor
role in the charmonium system@1,2#, and instantons contrib
ute to the gluon condensate. In general, the charmonium
tem provides a laboratory for studying nonperturbative g
in QCD. The decay of a charmonium state below theDD̄
©2003 The American Physical Society03-1
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threshold involves an intermediate gluonic state. Since
charmonium system is small,r cc̄;(vmc)

21,LQCD
21 , the

gluonic system is also expected to be small. For this rea
charmonium decays have long been used for glue
searches.

Since charmonium decays produce a small gluonic sys
we expect that thecc̄ system mainly couples to instantons
sizer;r cc̄;(vmc)

21. In this limit the instanton effects ca
be summarized in terms of an effective Lagrangian@18–21#:

LI5E )
q

Fmqr22p2r3q̄RS U12U†1
i

2
taRaa8h̄mn

a8 smnDqLG
3expS 2

2p2

g
r2h̄gd

b8 Rb8bGb,gdDdz
d0~r!

r5
dr dU, ~1!

where ta5 1
2 la with tr@lalb#52dab are SU(3) generators,

125diag(1,1,0),hmn
a is the ’t Hooft symbol andsmn

5 1
2 @gm ,gn#. The instanton is characterized by 4Nc collec-

tive coordinates, the instanton positionz, the instanton size
r, and the color orientationUPSU(Nc). We also define the
rotation matrix Rab by Raa8la85UlaU†. For an anti-
instanton we have to replaceL↔R and h̄↔h. The semi-
classical instanton densityd(r) is given by

d~r!5
d0~r!

r5
5

0.466exp~21.679Nc!1.34Nf

~Nc21!! ~Nc22!! S 8p2

g2 D 2Nc

3r25expF2
8p2

g~r!2G , ~2!

whereg(r) is the running coupling constant. For smallr we
haved(r);rb25 whereb5(11Nc)/32(2Nf)/3 is the first
coefficient of the beta function.

Expanding the effective Lagrangian in powers of the e
ternal gluon field gives the leading instanton contribution
different physical matrix elements. If the instanton si
is very small, r!mc

21 , we can treat the charm quar
mass as light and there is an effective vertex of the fo
(ūu)(dd̄)( s̄s)( c̄c) which contributes to charmonium decay
Since the density of instantons grows as a large power or
the contribution from this regime is very small. In the rea
istic caser;(vmc)

21 we treat the charm quark as hea
and the charm contribution to the fermion determinant
absorbed in the instanton densityd(r). The dominant con-
tribution to charmonium decays then arises from expand
the gluonic part of the effective Lagrangian to second or
in the field strength tensor. This provides effective vertices
the form (GG̃)(ūg5u)(d̄g5d)( s̄g5s), (G2)(ūg5u)(d̄g5d)
3( s̄s), etc.

We observe that theNf53 fermionic Lagrangian com
bined with the gluonic term expanded to second order in
field strength involves an integral over the color orientat
of the instanton which is of the form*dU(Ui j Ukl

† )5. This
integral gives(5!)2 terms. A more manageable result is o
tained by using the vacuum dominance approximation.
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assume that the coupling of the initial charmonium or glu
ball state to the instanton proceeds via a matrix elemen
the form ^011uG2u0& or ^021uGG̃u0&. In this case we can
use

^011uGmn
a Gab

b u0&5
1

12~Nc
221!

dab~dmadnb2dmbdna!

3^011uGrs
a8 Grs

a8 u0& ~3!

in order to simplify the color average. Equation~3! implies
that the color average of the fermionic and gluonic parts
the interaction can be performed independently. The vacu
dominance approximation can be justified in the largeNc
limit @22#. It is known, however, that in the scalar and pse
doscalar channel, corrections to the largeNc approximation
are potentially large. In Sec. IV we will provide a perturb
tive estimate of thehc coupling to the instanton that does n
rely on the largeNc approximation.

In the limit of massless quarks the instanton (I ) and anti-
instanton (A) Lagrangian responsible for the decay of sca
and pseudoscalar charmonium decays is given by

LI 1A5E dz
d0~r!

r5
dr

p3r4

~Nc
221!as

3$~G22GG̃!3L f ,I1~G21GG̃!3L f ,A%. ~4!

Here,Lf ,IA is the color averagedNf53 fermionic effective
Lagrangian@15,16,21#.

III. SCALAR GLUEBALL DECAYS

Since the coupling of the charmonium state to the inst
ton proceeds via an intermediate gluonic system with
quantum numbers of scalar and pseudoscalar glueballs
natural to first consider direct instanton contributions to glu
ball decays. This problem is of course important in its ow
right. Experimental glueball searches have to rely on ide
fying glueballs from their decay products. The success
identification of a glueball requires theoretical calculations
glueball mixing and decay properties.

We compute scalar glueball decays using the strategy
lined in the previous section. This implies, in particular, th
we assume that the scalar glueball is small, and that insta
effects can be described in terms of a local effective L
grangian. There is some evidence that this is indeed the c
A lattice calculation of the scalar glueball Bethe-Salpe
amplitude gave a size of 0.2 fm@23#, and similar values have
been obtained in the instanton model@24#. On the other
hand, studies of finite size effects on the lattice are comp
ible with the assumption that scalar and tensor glueballs h
sizes on the order of 0.5 fm@25,26#.

In the following we compute the direct instanton cont
bution to the decay of the scalar 011 glueball state into
pp, KK̄, hh andhh8. Since the initial state is parity eve
only theG2 term in Eq.~4! contributes. The relevant effec
tive interaction is given by
3-2
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LI 1A5E dzE d0~r!
dr

r5

1

Nc
221

S p3r4

as
DG2S 2

1

4D S 4

3
p2r3D 3H @~ ūu!~ d̄d!~ s̄s!1~ ūg5u!~ d̄g5d!~ s̄s!1~ ūg5u!~ d̄d!~ s̄g5s!

1~ ūu!~ d̄g5d!~ s̄g5s!#1
3

8 F ~ ūtau!~ d̄tad!~ s̄s!1~ ūtag5u!~ d̄tag5d!~ s̄s!1~ ūtag5u!~ d̄tad!~ s̄g5s!1~ ūtau!~ d̄tag5d!

3~ s̄g5s!2
3

4
@~ ūtasmnu!~ d̄tasmnd!~ s̄s!1~ ūtasmng5u!~ d̄tasmng5d!~ s̄s!1~ ūtasmng5u!~ d̄tasmnd!~ s̄g5s!

1~ ūtasmnu!~ d̄tasmng5d!~ s̄g5s!#2
9

20
dabc@~ ūtasmnu!~ d̄tbsmnd!~ s̄tcs!1~ ūtasmng5u!~ d̄tbsmng5d!~ s̄tcs!

1~ ūtasmng5u!~ d̄tbsmnd!~ s̄tcg5s!1~ ūtasmnu!~ d̄tbsmng5d!~ s̄tcg5s!#1~2 cyclic permutations u↔d↔s!G
2

9

40
dabc@~ ūtau!~ d̄tbd!~ s̄tcs!1~ ūtag5u!~ d̄tbg5d!~ s̄tcs!1~ ūtag5u!~ d̄tbd!~ s̄g5tcs!1~ ūtau!~ d̄tbg5d!~ s̄tcg5s!#

2
9

32
i f abc@~ ūtasmnu!~ d̄tbsngd!~ s̄tcsgms!1~ ūtasmng5u!~ d̄tbsngg5d!~ s̄tcsgms!1~ ūtasmng5u!~ d̄tbsngd!

3~ s̄tcsgmg5s!1~ ūtasmnu!~ d̄tbsngg5d!~ s̄tcsgmg5s!#J . ~5!
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Let us start with the process 011→pp. In practice we have
Fierz rearranged Eq.~5! into structures that involve the
strange quark condensates̄s as well as operators with th
quantum numbers of two pions. In order to compute the c
pling of these operators to the pions in the final state we h
used PCAC relations

^0ud̄g5uup1&5
iA2mp

2 f p

mu1md
[Kp , ~6!

^0us̄g5uuK1&5
iA2mK

2 f K

mu1ms
[KK . ~7!

The values of the decay constants aref p593 MeV, f K

5113 MeV @27#. We also useQu[^ūu&52(248 MeV)3

and Qd5Qu as well asQs50.66Qu @28#. The coupling of
the h8 meson is not governed by chiral symmetry. A rece
analysis ofh2h8 mixing and the chiral anomaly gives@29#

^0uūg5uuh&5^0ud̄g5duh&52 i ~358 MeV!2[Kh
q , ~8!

^0uūg5uuh8&5^0ud̄g5duh8&52 i ~320 MeV!2[Kh8
q ,

^0us̄g5suh&5 i ~435 MeV!2[Kh
s ,

^0us̄g5suh8&52 i ~481 MeV!2[Kh8
s .

Finally, we need the coupling of the glueball state to t
gluonic current. This quantity has been estimated on the
tice @23#, using QCD spectral sum rules@30–32# and in the
11400
-
e

t

e
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instanton model@24#. These estimates range from 7.8 GeV3

@23# to 28 GeV3 @32#. We will use the result of the instanto
calculation@24#

^011ug2G2u0&[l0515 GeV3. ~9!

We emphasize that our results for the ratio of decay rates
not affected by uncertainty inl0. We can now compute the
matrix element for 011→p1p2. The interaction vertex is

LI 1A
p1p2

5E dzE dr

r5
d0~r!

1

Nc
221

S p3r4

as
2 D S 4

3
p2r3D 3

3
1

4
~asG

2!~ s̄s!~ ūg5d!~ d̄g5u!. ~10!

The integral over the position of the instanton leads to
momentum conserving delta function, while the vacuu
dominance approximation allows us to write the amplitude
terms of the coupling constants introduced above. We fin

^011~q!up1~p1!p2~p2!&5~2p!4d4~q2p1

2p2!
A

16p
l0QsKp

2 ,

~11!

where

A5E dr

r5
d0~r!

1

Nc
221

S p3r4

as
2 D S 4

3
p2r3D 3

. ~12!
3-3
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FIG. 1. Scalar glueball decay rates plotted
function of the mass of the scalar glueball. Th
rates shown in this figure were computed fro
the instanton vertex in the chiral limit. The ave

age instanton size was taken to ber̄50.29 fm.
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The instanton densityd0(r) is known accurately only in the
limit of small r. For larger higher loop corrections and
nonperturbative effects are important. The only source of
formation in this regime is lattice QCD@33–36#. A very
rough caricature of the lattice results is provided by the
rametrization

d0~r!

r5
5

1

2
n0d~r2rc!, ~13!

with n0.1 fm24 and rc.0.33 fm. This parametrization
gives A5(379 MeV)29. Another way to computeA is to
regularize the integral over the instanton size by replac
d(r) with d(r)exp(2ar2). The parametera can be adjusted
in order to reproduce the size distribution measured on
lattice. We notice, however, that whereas the instanton d
sity scales asrb25;r4, the decay amplitude scales a
rb18;r17. This implies that the results are very sensitive
the density of large instantons. We note that when we st
the decay of a small-size bound state the integral over
should be regularized by the overlap with the bound s
11400
-
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g

e
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y

te

wave function. We will come back to this problem in Sec.
below.

We begin by studying ratios of decay rates. These ra
are not sensitive to the instanton size distribution. The de
rate 011→p1p2 is given by

G011→p1p25
1

16p

Am011
2

24mp
2

m011
2 F A

16p
l0QsKp

2 G2

.

~14!

The decay amplitude for the process 011→p0p0 is equal to
the 011→p1p2 amplitude as required by isospin symm
try. Taking into account the indistinguishability of the tw
p0 we get the totalpp width

G011→pp5
3

32p

Am011
2

24mp
2

m011
2 F A

16p
l0QsKp

2 G2

. ~15!

In a similar fashion we get the decay widths for th
KK̄, hh, hh8 andh8h8 channels
G011→KK̄52
1

16p

Am011
2

24mK
2

m011
2 F A

16p
l0QuKK

2 G2

, ~16!

G011→hh5
1

32p

Am011
2

24mh
2

m011
2 F A

16p
l0Kh

q2@QsKh
q1~Qu1Qd!Kh

s #G2

, ~17!

G011→hh85
1

16p

A@m011
2

2~mh1mh8!
2#@m011

2
2~mh2mh8!

2#

m011
3

3F A

16p
l0@2QsKh

qKh8
q

1~Qu1Qd!~Kh
qKh8

s
1Kh

s Kh8
q

!#G2

, ~18!
3-4
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G011→h8h85
1

32p

Am011
2

24mh8
2

m011
2 F A

16p
l0Kh8

q 2@QsKh8
q

1~Qu1Qd!Kh8
s

#G2

. ~19!
e
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Here, K̄K refers to the sum of theK1K2 and K̄0K0 final
states. We note that in the chiral limit the instanton vertic
responsible forpp andK̄K decays are identical up to quar
interchange. As a consequence, the ratio of the decay
G011→pp /G011→KK̄ is given by the phase space factor mu
tiplied by the ratio of the coupling constants

G011→pp

G011→KK̄

5
3

4
3

Qs
2Kp

4

Qu
2KK

4
3Am011

2
24mp

2

m011
2

24mK
2

5~0.19360.115!Am011
2

24mp
2

m011
2

24mK
2
. ~20!

The main uncertainty in this estimate comes from the va
of ms , which is not very accurately known. We have us
ms5(140620) MeV. The ratio ofpp to hh decay rates is
not affected by this uncertainty,

G011→pp

G011→hh

50.69Am011
2

24mp
2

m011
2

24mh
2
. ~21!

In Fig. 1 we show the decay rates as functions of the glue
mass. We have usedLQCD5300 MeV and adjusted the pa
rametera to give the average instanton sizer̄50.29 fm. We
11400
s

tes

e

ll

observe that for glueball massesm011.1 GeV the KK̄
phase space suppression quickly disappears and the tota
cay rate is dominated by theKK̄ final state. We also note tha
for m011.1.5 GeV thehh rate dominates over thepp rate.

In deriving the effective instanton vertex Eq.~10! we have
taken all quarks to be massless. While this is a good appr
mation for the up and down quarks, this it is not necessa
the case for the strange quark. ThemsÞ0 contribution to the
effective interaction for 011 decay is given by

Lms
5E dr

r5
d0~r!

1

Nc
221

p3r4

as
2 S 4

3
p2r3D 2

msr~asG
2!

3
1

2 H ~ ūu!~ d̄d!1~ ūg5u!~ d̄g5d!1
3

8 F ~ ūtau!~ d̄tad!

1~ ūg5tau!~ d̄g5tad!2
3

4
~ ūsmntau!~ d̄smntad!

2
3

4
~ ūsmng5tau!~ d̄smng5tad!G J . ~22!

There is nomsÞ0 contribution to theKK̄ channel. Thems
Þ0 correction to the other decay channels is
G011→pp5
3

32p

Am011
2

24mp
2

m011
2 F 1

16p
l0Kp

2 ~AQs22Bms!G2

, ~23!

G011→hh5
1

32p

Am011
2

24mh
2

m011
2 F 1

16p
l02@~AQs22Bms!~Kh

q !21A~Qu1Qd!Kh
s Kh

q #G2

,

G011→hh85
1

16p

A@m011
2

2~mh1mh8!
2#@m011

2
2~mh2mh8!

2#

m011
3

3F 1

16p
l0@2 ~AQs22Bms!Kh

qKh8
q

1A~Qu1Qd!~Kh
qKh8

s
1Kh8

q Kh
s !#G2

,

G011→h8h85
1

32p

Am011
2

24mh8
2

m011
2 F 1

16p
l02@~AQs22Bms!~Kh8

q
!21A~Qu1Qd!Kh8

s Kh8
q

#G2

,

where

B5E dr

r5
d0~r!

1

Nc
221

S p3r4

as
2 D S 4

3
p2r3D 2

r. ~24!
3-5
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FIG. 2. Same as Fig. 1 but withmsÞ0 cor-
rections in the instanton vertex taken into a
count. The results shown in this figure correspo
to ms5140 MeV.
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The decay rates with themsÞ0 correction to the instanton
vertex taken into account are plotted in Fig. 2. We obse
that effects due to the finite strange quark are not negligi
We find that thepp, hh8, andh8h8 channels are enhance
whereas thehh channel is reduced. For a typical glueba
massm0115(1.521.7) GeV the ratior 5B(pp)/B(KK̄)
changes fromr .0.25 in the casems50 to r .0.55 for ms
Þ0. In Fig. 3 we show the dependence of the decay rate
the average instanton sizer̄. We observe that using the phe
nomenological valuer̄50.3 fm gives a total widthG011

.100 MeV. We note, however, that the decay rates are v
sensitive to the value ofr̄. As a consequence, we cann
reliably predict the total decay rate. On the other hand,
ratio of the decay widths for different final states does
depend onr̄ and provides a sensitive test for the importan
of direct instanton effects.

In Table I we show the masses and decay widths of sca
11400
e
e.

on

ry

e
t

e

r-

isoscalar mesons in the~1–2! GeV mass range. These stat
are presumably mixtures of mesons and glueballs. T
means that our results cannot be directly compared to exp
ment without taking into account mixing effects. It will b
interesting to study this problem in the context of the insta
ton model, but such a study is beyond the scope of this pa
It is nevertheless intriguing that thef 0(1710) decays mostly
into KK̄. Indeed, a number of authors have suggested
the f 0(1710) has a large glueball admixture@37–40#.

IV. ETA CHARM DECAYS

The hc is a pseudoscalarJPC5021 charmonium bound
state with a massmhc

5(297961.8) MeV. The total decay

width of thehc is Ghc
5(1663) MeV. In perturbation theory

the total width is given by
es
wn

ex
rk
FIG. 3. Dependence of glueball decay rat
on the average instanton size. The results sho
in this figure correspond to the instanton vert
with msÞ0 terms included. The strange qua
mass was taken to bems5140 MeV.
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G~h→2g!5
8pas

2uc~0!u2

3mc
2 S 114.4

as

p D . ~25!

Here, c(0) is the 1S0 ground state wave function at th
origin. Using mc51.25 GeV andas(mc)50.25 we get
uc(0)u.0.19 GeV3/2, which is consistent with the expecta
tion from phenomenological potential models. Exclusive d
cays cannot be reliably computed in perturbative QCD.
discussed in the Introduction, Bjorken pointed out thathc
decays into three pseudoscalar Goldstone bosons sugges
instanton effects are important@10#. The relevant decay
channels and branching ratios areB(KK̄p)5(5.5
61.7)%, B(hpp)5(4.961.8)% and B(h8pp)5(4.1
61.7%). These three branching ratios are anomalously la
ie
-
r-

p
-

11400
-
s

that

ge

for a single exclusive channel, especially given the sm
multiplicity. The total decay rate into these three channel
(14.565.2)% which is still a small fraction of the tota
width. This implies that the assumption that the thre
Goldstone bosons channels are instanton dominated is
sistent with our expectation that the total width is given
perturbation theory. For comparison, the next most import
decay channels areB@2(p1p2)#5(1.260.4)% andB(rr)
5(2.660.9)%. These channels do not receive direct inst
ton contributions.

The calculation proceeds along the same lines as the g
ball decay calculation. Since thehc is a pseudoscalar only

the GG̃ term in Eq.~4! contributes. The relevant interactio
is
LI 1A5E dzE d0~r!
dr

r5

1

Nc
221

S p3r4

aS
DGG̃S 1

4D S 4

3
p2r3D 3H @~ ūg5u!~ d̄d!~ s̄s!1~ ūu!~ d̄g5d!~ s̄s!1~ ūu!~ d̄d!~ s̄g5s!

1~ ūg5u!~ d̄g5d!~ s̄g5s!#1
3

8 F ~ ūtag5u!~ d̄tad!~ s̄s!1~ ūtau!~ d̄tag5d!~ s̄s!1~ ūtau!~ d̄tad!~ s̄g5s!1~ ūtag5u!

3~ d̄tag5d!~ s̄g5s!2
3

4
@~ ūtasmng5u!~ d̄tasmnd!~ s̄s!1~ ūtasmnu!~ d̄tasmng5d!~ s̄s!1~ ūtasmnu!~ d̄tasmnd!~ s̄g5s!

1~ ūtasmng5u!~ d̄tasmng5d!~ s̄g5s!#2
9

20
dabc@~ ūtasmng5u!~ d̄tbsmnd!~ s̄tcs!1~ ūtasmnu!~ d̄tbsmng5d!~ s̄tcs!

1~ ūtasmnu!~ d̄tbsmnd!~ s̄tcg5s!1~ ūtasmng5u!~ d̄tbsmng5d!~ s̄tcg5s!#1~2 cyclic permutations u↔d↔s!G
2

9

40
dabc@~ ūtag5u!~ d̄tbd!~ s̄tcs!1~ ūtau!~ d̄tbg5d!~ s̄tcs!1~ ūtau!~ d̄tbd!~ s̄g5tcs!1~ ūtag5u!~ d̄tbg5d!~ s̄tcg5s!#

2
9

32
i f abc@~ ūtasmng5u!~ d̄tbsngd!~ s̄tcsgms!1~ ūtasmnu!~ d̄tbsngg5d!~ s̄tcsgms!1~ ūtasmnu!~ d̄tbsngd!

3~ s̄tcsgmg5s!1~ ūtasmng5u!~ d̄tbsngg5d!~ s̄tcsgmg5s!#J . ~26!
he
do-
les,

ts

alar
The strategy is the same as in the glueball case. We F
rearrange the Lagrangian~26! and apply the vacuum domi
nance and PCAC~partial conservation of axial vector cu
rent! approximations. The coupling of thehc bound state to
the instanton involves the matrix element

lhc
5^hcug2GG̃u0&. ~27!

We can get an estimate of this matrix element using a sim
two-state mixing scheme for thehc and pseudoscalar glue
ball. We write

uhc&5cos~u!uc̄c&1sin~u!ugg&, ~28!
rz-

le

u021&52sin~u!uc̄c&1cos~u!ugg&. ~29!

The matrix elementf hc
5^0u2mcc̄g5cuhc&.2.8 GeV3 is re-

lated to the charmonium wave function at the origin. T
coupling of the topological charge density to the pseu
scalar glueball was estimated using QCD spectral sum ru

l0215^0ug2GG̃u021&.22.5 GeV3 @31#. Using the two-
state mixing scheme the two ‘‘off-diagonal’’ matrix elemen

f 0215^0u2mcc̄g5cu021& andlhc
5^0ug2GG̃uhc& are given

in terms of one mixing angleu. We can estimate this mixing
angle by computing the charm content of the pseudosc
glueball using the heavy quark expansion. Using@41#
3-7
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c̄g5c5
i

8pmc
asGG̃1OS 1

mc
3D , ~30!

we get f 021.0.14 GeV3 and a mixing angleu.3°. This
mixing angle corresponds to

lhc
.1.12 GeV3. ~31!

The uncertainty in this estimate is hard to assess. Below
will discuss a perturbative estimate of the instanton coup
to hc . In order to check the phenomenological consisten
of the estimate Eq.~31! we have computed thehc contribu-
tion to the ^g2GG̃(0)g2GG̃(x)& correlation function. The
results are shown in Fig. 4. The contribution of the pseu
scalar glueball is determined by the coupling constantl021

introduced above. The couplings of theh, h8 andh(1440)
resonances can be extracted from the decaysJ/c→gh @42#.
We observe that thehc contribution is strongly suppresse
as one would expect. We also show thehc and 021 glueball
contributions to thê c̄g5c(0)c̄g5c(x)& correlation function.
We observe that even with the small mixing matrix eleme
obtained from Eqs.~28!–~30! the glueball contribution start
to dominate thehc correlator forx.1 fm.

We now proceed to the calculation of the exclusive de
rates. There are four final states that contribute to theKK̄p

channel,hc→K1K2p0, K0K̄0p0, K1K̄0p2 andK2K0p1.
Using isospin symmetry it is sufficient to calculate only o
of the amplitudes. Fierz rearranging Eq.~26! we get the in-
teraction responsible for thehc→K1K2p0

LI 1A
K1K2p0

5E dzE dr

r5
d0~r!

1

Nc
221

S p3r4

as
2 D S 4

3
p2r3D 3

3
1

4
~asGG̃!~ s̄g5u!~ ūg5s!~ d̄g5d!. ~32!
The decay rate is given by

11400
e
g
y

-

s

y

GK1K2p05E ~phase space!3uM u2

5F 1

16pA2
Alhc

KpKK
2 G 2

3~0.111 MeV!,

~33!

with A given in Eq.~12!. Isospin symmetry implies that th
otherKK̄p decay rates are given by

GK1K2p05GK0K̄0p05S 1

A2
D 2

GK0K2p1

5S 1

A2
D 2

GK1K̄0p2. ~34!

The totalKK̄p decay rate is

GKK̄p563F 1

16pA2
Alhc

KpKK
2 G 2

3~0.111 MeV!.

~35!

In a similar fashion we obtain

Ghpp5
3

2
3F 1

16p
Alhc

Kh
s Kp

2 G2

3~0.135 MeV!, ~36!

Gh8pp5
3

2
3F 1

16p
Alhc

Kh8
s Kp

2 G2

3~0.0893 MeV!,

~37!

GKK̄h523F 1

16p
Alhc

Kh
qKK

2 G2

3~0.0788 MeV!,
~38!

the (1
TABLE I. Masses, decay widths, and decay channels for scalar-isoscalar mesons with masses in
22) GeV range. The data were taken from@27#.

resonance full widthG(MeV) Mass~MeV! decay channels

f 0(1370) 200–500 1200–1500 rr dominant

pp,KK̄,hh seen

f 0(1500) 10967 150765

GKK̄

Gpp
50.1960.07

Ghh8
Gpp

50.09560.026

Ghh

Gpp
50.1860.03

f 0(1710) 125610 171366

Gpp

GKK̄

50.3960.14

Ghh

GKK̄

50.4860.15
3-8
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GKK̄h8523F 1

16p
Alhc

Kh8
q KK

2 G2

3~0.0423 MeV!,

~39!

Ghhh5
1

6
3F 3!

16p
Alhc

~Kh
q !2Kh

s G2

3~0.0698 MeV!.

~40!

Here, the first factor is the product of the isospin and fi
state symmetrization factors. The second factor is the am
tude and the third factor is the phase-space integral.

FIG. 4. Resonance contributions to the pseudoscalar glue

correlation function̂ g2GG̃(0)g2GG̃(x)& and the charmonium cor

relator ^c̄g5c(0)c̄g5c(x)&. Both correlation functions are norma
ized to free field behavior. In the case of the gluonic correlat
function we show the glueball contribution compared to t
h, h8, h(1440) andhc contribution. For the charmonium correla
tion function we show thehc and glueball contribution.
11400
l
li-

In Fig. 5 we show the dependence of the decay rates
the average instanton size. We observe that the experime
KK̄p rate is reproduced forr̄50.29 fm. This number is
consistent with the phenomenological instanton size. Ho
ever, given the strong dependence on the average insta
size it is clear that we cannot reliably predict the decay ra
On the other hand, the following ratios are independent
the average instanton size:

GKK̄p

Ghpp
543F KK

2

A2Kh
s Kp

G 2

3S 0.111

0.135D54.2361.27, ~41!

Ghpp

Gh8pp

5S Kh
s

Kh8
s D 2

3S 0.135

0.0893D51.01, ~42!

GKK̄h

GKK̄p

5
1

3
3FA2Kh

q

Kp
G2

3S 0.0788

0.111D50.14160.042,

~43!

GKK̄h

GKK̄h8

5S Kh
q

Kh8
q D 2

3S 0.0788

0.0423D52.91, ~44!

Ghhh

GKK̄p

5
1

36
3F3!A2~Kh

q !2Kh
s

KpKK
2 G 2

3S 0.0698

0.111D
50.01160.003, ~45!

where we have only quoted the error due to the uncerta
in ms . These numbers should be compared to the experim
tal results

GKK̄p

Ghpp
U

exp

51.160.5 ~46!

Ghpp

Gh8pp
U

exp

51.260.6. ~47!

We note that the ratioB(hpp)/B(h8pp) is compatible
with our results while the ratioB(KK̄p)/B(hpp) is not.
This implies that either there are contributions other th
instantons, or that the PCAC estimate of the ratio of coupl
constants is not reliable, or that the experimental result is
reliable. The branching ratios forhpp and h8pp come
from MARK II/III experiments@43,44#. We observe that our
results forB(KK̄h)/B(KK̄p) and B(KK̄h8)/B(KK̄p) are
consistent with the experimental bounds.

Another possibility is that there is a significant contrib
tion from a scalar resonance that decays intopp. Indeed,
instantons couple strongly to thes(600) resonance, and thi
state is not resolved in the experiments. We have there
studied the direct instanton contribution to the decayhc
→sh. After Fierz rearrangement we get the effective vert

all

n

3-9
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FIG. 5. Decay widthshc→KKp and hc

→hpp as a function of the average instanto
size r. The short dashed line shows the expe
mentalKKp width.
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Lsh5E dA~asGG̃!
1

4
@~ ūg5u!~ d̄d!~ s̄s!1~ ūu!~ d̄g5d!~ s̄s!

1~ ūu!~ d̄d!~ s̄g5s!#2E dBms~asGG̃!
1

2
@~ ūg5u!

3~ d̄d!1~ ūu!~ d̄g5d!#, ~48!

where the integralsA and B are defined in Eqs.~12!, ~24!.
The only new matrix element we need isf s5^suūu

1d̄du0&.(500 MeV)2 @45#. We get

Ghc→sh5
1

16pmhc

3 A@mhc

2 2~ms1mh!2#@mhc

2 2~ms2mh!2#

3F 1

16p
f slhc

@~AQs22Bms!Kh
q1AKh

s Qd#G2

.

~49!

Compared to the direct decayhc→hpp the hc→hs chan-
nel is suppressed by a factor;(2p2/mhc

2 )•(Qqf s /Kp
2 )2

;1/100. Here, the first factor is due to the difference b
tween two and three-body phase space and the second f
is the ratio of matrix elements. We conclude that the dir
production of as resonance from the instanton does not g
a significant contribution tohc→h(h8)pp. This leaves the
possibility that thepp channel is enhanced by final sta
interactions.

Finally, we present a perturbative estimate of the coupl
of the hc to the instanton. We follow the method used
Anselmino and Forte in order to estimate the instanton c
tribution to hc→pp̄ @46#. The idea is that the charmonium
state annihilates into two gluons which are absorbed by
instanton. The Feynman diagram for the process is show
Fig. 6. The amplitude is given by
11400
-
tor
t

g

-

e
in

Acc̄→I5g2E d4k1

~2p!4E d4k2

~2p!4
~2p!4d4~p11p22k12k2!

3 v̄~p2!Fgm

la

2

1

p/ 12k/ 12mc
gn

lb

2 G
3u~p1!Am

a,cl~k2!An
b,cl~k1!, ~50!

whereu(p) and v̄(p) are free particle charm quark spino
andAm

a,cl(k) is the Fourier transform of the instanton gau
potential

Am
a,cl~k!52 i

4p2

g

h̄mn
a kn

k4
F~k!, ~51!

F~k!54S 12
1

2
K2~kr!~kr!2D .

The amplitude for the charmonium state to couple to an
stanton is obtained by folding Eq.~50! with the hc wave
functionc(p). In the nonrelativistic limit the amplitude only
depends on the wave function at the origin.

The perturbative estimate of the transition rate is ea
incorporated into the results obtained above by replacing
productAlhc

in Eqs.~33!–~40! according to

FIG. 6. The Feynman diagram corresponding to the perturba
treatment of charmonium decay.
3-10
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FIG. 7. Decay ratesG(hc→KK̄p) andG(hc

→hpp) as a function of the average instanto

sizer̄. We show both the results from a phenom

enological and a perturbative estimate of thec̄c
coupling to the instanton.
3 3/2

ha
fie
y

se

2 4

nd
a-

We
ned

is
Alhc
→E dr

r5
d0~r!S 4

3
p2r3D ~4p!

8mc

A6
uc~0!uI hc

~r!

3
g2~mc

21!

g2~r!
, ~52!

with

I hc
~r!5E d4k

kW2F~k!F~k22pc!

k4~k22pc!
4@~k2pc!

21mc
2#

. ~53!

Here, pc5(mc,0).(Mhc
/2,0) is the momentum of the

charm quark in the charmonium rest frame. We note t
because of the nonperturbative nature of the instanton
higher order corrections to equ.~52! are only suppressed b
g2(mc

21)/g2(r).
The integralI hc

cannot be calculated analytically. We u
the parametrization
11400
t
ld

I hc
~r!.

p A0 r log@111/~mcr!#

11B0~mcr!4log@111/~mcr!#
, ~54!

which incorporates the correct asymptotic behavior. We fi
that A050.213 andB050.124 provides a good represent
tion of the integral. In Fig. 7 we show the results for thehc
decay rates as a function of the average instanton size.
observe that the results are similar to the results obtai
from the phenomenological estimate Eq.~31!. The effective
coupling (Alhc

) differs from the estimate Eq.~31! by about

a factor of 3. The experimentalKK̄p rate is reproduced for
r̄50.31 fm.

V. CHI CHARM DECAYS

Another interesting consistency check on our results
provided by the study of instanton induced decays of thexc
into pairs of Goldstone bosons. Thexc is a scalar charmo-
n
ri-
FIG. 8. Decay widthsxc→K1K2, p1p2

and hh as a function of the average instanto
size r. The short dashed line shows the expe
mentalK1K2 width.
3-11
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FIG. 9. Ratio B(xc→p1p2)/B(xc

→K1K2) of decay rates as a function of the a
erage instanton size. The dashed line shows
experimental value 0.84. We also show the e
perimental uncertainty, as well as the uncertain
in the instanton prediction due to the value of th
strange quark mass.
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IV.

e-
ble.

to
nium bound state with massmxc
53415 MeV and width

Gxc
514.9 MeV. In a potential model thexc corresponds to

the 3P0 state. In perturbation theory the total decay rate
dominated byc̄c→2g. The main exclusive decay channe
are xc→2(p1p2) and xc→p1p2K1K2 with branching
ratios (2.460.6)% and (1.860.6)%, respectively. It would
be very interesting to know whether these final states
dominated by scalar resonances. We will concentrate on
states containing two pseudoscalar mesons. There are
channels with significant branching ratios,xc→p1p2 and
xc→K1K2 with branching ratios (5.060.7)31023 and
(5.960.9)31023. We note that these branching ratios a
significantly smaller than thehc→ ~3 Goldstone boson!
branching ratios studied in the previous section. This i
simple consequence of the smallness of two-body ph
space compared to three-body phase space.

The calculation of these two decay rates proceeds a
the same lines as the calculation of the 011 glueball decays.
The only new ingredient is thexc coupling to the gluon field
strengthG2. We observe that the totalxc decay rate implies
that ^0u2mcc̄cuxc&53.1 GeV3.^0u2mcc̄ig5cuhc&. This
suggests that a rough estimate of thexc coupling toG2 is
given by

lxc
[^xcug2G2u0&.lhc

51.12 GeV3. ~55!

Using this result we can obtain thexc decay rates by resca
ing the scalar glueball decay rates Eqs.~23!,~24! according to

Gxc→m1,m25G011→m1,m23S lxc

l011
D 2

um011→mxc
, ~56!

wherem1,m2 labels the two-meson final state. In Fig. 8 w
show the dependence of thexc decay rates on the averag
instanton sizer̄. We observe that the experimentalp1p2

decay rate is reproduced forr̄50.29 fm. In Fig. 9 we plot
11400
s

re
al
wo

a
se

g

the ratio of decay rates forp1p2 and K1K2. Again, the
experimental value is reproduced forr̄;0.3 fm.

Finally, we can also estimate thecc̄ coupling to the in-
stanton using the perturbative method introduced in Sec.
In the case of thexc we use

1

4p
lxc

A→ 1

2A3p
AMxR8~0!

3E d0~r!

r5
drS 4

3
p2r3D 3 g2~mc!

g2~r!
3I x~r!,

~57!

1

4p
lxc

B→ 1

2A3p
AMxR8~0!

3E d0~r!

r5
drS 4

3
p2r3D 2

r
g2~mc!

g2~r!
3I x~r!,

~58!

whereR8(0).0.39 GeV5/2 is the derivative of the3P0 wave
function at the origin andI xc

is the loop integral

I x~r!5E d4k
F~k!F~ u2pc2ku!

k4~2pc2k!4

15~k2pc!
213mc

214kW2

~k2pc!
21mc

2
.

~59!

In Fig. 10 we compare the perturbative result with the ph
nomenological estimate. Again, the results are compara
The experimentalp1p2 rate is reproduced forr̄50.29 fm.

VI. SUMMARY

In summary we have studied the instanton contribution
the decay of a number of ‘‘gluon rich’’ states in the~1.5–3.5!
GeV range, the scalar glueball, thehc and thexc . In the case
3-12
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FIG. 10. Decay ratesG(xc→p1p2) and
G(xc→K1K2) as a function of the average in

stanton sizer̄. We show both the results from
phenomenological and a perturbative estimate

the c̄c coupling to the instanton.
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of charmonium, instanton induced decays are probabl
small part of the total decay rate, but the final states are v
distinctive. In the case of the scalar glueball, classical fie
play an important role in determining the structure of t
bound state and instantons may well dominate the total de
rate.

We have assumed that the gluonic system is small
that the instanton contribution to the decay can be descr
in terms of an effective local interaction. The meson co
pling to the local operator was determined using PCAC. U
ing this method we find that the scalar glueball decay
dominated by theKK̄ final state for glueball massesm011

.1 GeV. In the physically interesting mass range 1.5 G
,m011,1.75 GeV the branching ratios satis
B(hh):B(pp):B(K̄K)51:(3.360.3):(5.560.5).

Our main focus in this work arehc decays into three
pseudoscalar Goldstone bosons. We find that the experim
tal decay rateG(hc→KK̄p) can be reproduced for an ave
age instanton sizer̄50.31, consistent with phenomenolog
cal determinations and lattice results. This in itself is qu
remarkable, since the phenomenological determination
based on properties of the QCD vacuum. We found that
decay rates are very sensitive to the instanton size distr
tion. On the one hand, this implies that it is very hard
compute absolute rates. On the other hand, this means
hc decays may provide a useful constraint on the size dis
bution.

The ratio of decay ratesB(h8pp):B(hpp):B(KK̄p)
51:1:(4.261.3) is insensitive to the average instanton si
While the ratioB(h8pp):B(hpp)51:1 is consistent with
experiment, the ratioB(hpp):B(KK̄)51:(4.261.3) is at
best marginally consistent with the experimental value
60.5. We have also studiedxc decays into two pseudosca
lars. We find that the absolute decay rates can be reprod
for r̄50.29 fm. Instantons are compatible with the measu
ratio B(K1K2):B(p1p2)51.2
11400
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e
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e
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i-
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1

ed
d

There are many questions that remain to be answered
the experimental side it would be useful if additional data
the channelshc→h8pp,hpp were collected. One impor
tant question is whether (pp) resonances are important.
should also be possible to identify the smaller decay ch

nelshc→KK̄h,KK̄h8. In addition to that, it is interesting to
study the distribution of the final state mesons in all thre
meson channels. Instantons predict that the produc
mechanism is completely isotropic and that the final st
mesons are distributed according to three-body phase sp

In addition to that, there are a number of important the
retical issues that remain to be resolved. In the limit in wh

the scalar glueball is light the decay 011→pp(K̄K) can be
studied using effective Lagrangians based on broken s
invariance@47–49#. Our calculation based on direct insta
ton effects is valid in the opposite limit. Nevertheless, t
instanton liquid model respects Ward identities based on b
ken scale invariance@16# and one should be able to recov
the low energy theorem. In the case 011→pp(K̄K) one
should also be able to study the validity of the PCAC a
proximation in more detail. This could be done, for examp
using numerical simulations of the instanton liquid. Fina
we need to address the question how to properly compute
overlap of the initialc̄c system with the instanton. This, o
course, is a more general problem that also affects calc
tions of electroweak baryon number violation in high ener
pp̄ collisions @50,51# and QCD multiparticle production in
hadronic collisions@52#.
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