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We study instanton contributions to hadronic decays of the scalar glueball, the pseudoscalar charmonium
state., and the scalar charmonium statg. Hadronic decays of the. are of particular interest. The three
main decay channels akeK 1, nm and ' 7, each with an unusually large branching rati®%. On the
quark level, all three decays correspond to an instanton type veT@(gS) (ad)(iu). 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 th@(ato»)/B(775') but over-
predict the raticB(KKw)/B[wwn(n’)]. We consider the role of scalar resonances and suggest that the decay
mechanism can be studied by measuring the angular distribution of decay products.
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[. INTRODUCTION each with an unusually large branching ratio ©f5%.
Bjorken observed that these three decays correspond to a

The charmonium system has played an important role iuark vertex of the formdc)(ss)(dd)(uu) and suggested
shaping our knowledge of perturbative and nonperturbativehat », decays are a “smoking gun” for instanton effects in
QCD. The discovery of thd/ as a narrow resonance in heavy quark decay0].
e*e™ annihilation confirmed the existence of a new quantum In this paper we shall try to follow up on this idea by
number, charm. The analysis of charmonium decays &~ performing a more quantitative estimate of the instanton con-
pairs, photons and hadrons established the hypothesis tHatoution to 7. and x. decays. The paper is organized as
the J/ and 7, are, to a good approximation, nonrelativistic follows. In Sec. Il we introduce the instanton induced effec-
33, and 'S, bound states of heavy charm and anticharmtive Lagrangian. In the following sections we apply the ef-
quarks. However, nonperturbative dynamics does play an infective Lagrangian to the decays of the scalar glueball, eta
portant role in the charmonium systdh,2]. For example, charm, and chi charm. We should note that this investigation
an analysis of they spectrum led to the first determination of should be seen as part of a larger effort to identify “direct”
the gluon condensate. instanton contributions in hadronic reactions, such as deep

The total width of charmonium is dominated by short dis-inelastic scattering, thal = 1/2 rule, or» production inpp
tance physics and can be studied in perturbative Q@D  Scattering11-14.

The only nonperturbative input in these calculations is the
wave function at the origin. A systematic framework for
these calculations is provided by the nonrelativistic QCD Il. EFFECTIVE LAGRANGIANS

(NRQCD) factorization method[4]. NRQCD facilitates  jpstanton effects in hadronic physics have been studied
higher order calculations and relates the decays of states W'@ktensively[lS,l@. Instantons play an important role in un-
different quantum numbers. QCD factorization can also ber‘:ierstanding théJ (1), anomaly and the mass of thg. In
applied to transitions of the typé' — ¢+ X [56l.  aqdition to that, there is also evidence that instantons provide
The study of exclusive decays of charmonium into lightthe mechanism for chiral symmetry breaking and play an
hadrons is much more complicated and very little work inimportant role in determining the structure of light hadrons.
this direction has been done. Perturbative QCD implies SOmg| of these phenomena are intimately related to the presence
helicity selection rules, for example.+pp,pp and J/¢y  of chiral zero modes in the spectrum of the Dirac operator in
—p,pay [7,8], but these rules are strongly violat¢d].  the background field of an instanton. The situation in heavy
The J/4 decays mostly into an odd number of Goldstonequark systems is quite different. Fermionic zero modes are
bosons. The average multiplicity is(5—7), which is con-  not important and the instanton contribution to the heavy
sistent with the average multiplicity ie“e™ annihilation  quark potential is sma[l17].
away from theJ/y peak. Many decay channels have been This does not imply that instanton effects are not relevant.
observed, but none of them stand out. Consequently, w&he nonperturbative gluon condensate plays an important
would expect they,. to decay mostly into an even number of role in the charmonium systef,2], and instantons contrib-
pions with similar multiplicity. However, the measured decayute to the gluon condensate. In general, the charmonium sys-
rates are not in accordance with this expectation. The threem provides a laboratory for studying nonperturbative glue

main decay channels of the, areKK s, pmr and 5’ 7, in QCD. The decay of a charmonium state below B
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threshold involves an intermediate gluonic state. Since thassume that the coupling of the initial charmonium or glue-
charmonium system is smalt,.~ (v mc)*1<A5éD, the  ball state to the instanton proceeds via a matrix element of
gluonic system is also expected to be small. For this reasothe form(0+*|GZ|O> or <0*+|Gé|o>_ In this case we can
charmonium decays have long been used for glueballse
searches.

Since charmonium decays produce a small gluonic system

- b _ b
we expect that thec system mainly couples to instantons of <0++|GivGaﬁ|0>_ 5" 6abup~ 0updva)

. e ) 12(N2-1
sizep~r o~ (vmy) L. In this limit the instanton effects can AN—1)
be summarized in terms of an effective Lagrandig®—21]: ++|na’ ~a
grandibB-21) X (0**|G2, G2, |0) 3

_ i — . N L
Euzf H [mqp_2ﬂ_2p3qR(U12UT+_taRaa WZVU“”)QL} in order to simplify the color average. Equati¢®) |r_npl|es
q 2 that the color average of the fermionic and gluonic parts of
) the interaction can be performed independently. The vacuum
27 e do(p) dominance approximation can be justified in the la
& b ob'beb,ys | 4o 20NP) pp ] e
><exp( g ° 7ysR° "G )dz e dodU, (D jimit [22]. It is known, however, that in the scalar and pseu-
doscalar channel, corrections to the lahgapproximation

wheret?=\? with tr[A2\P]=25%" are SU(3) generators, are pot_entially large. In Se_c. IV we yvill provide a perturba-
121=diag(1,1,0),7;;,, is the. 't Hooft §ymbol ando,, '?(\e/le %ﬁltmhgt?a?f;\lhe?; corljop))(l;lr;]%:ic());he instanton that does not
=3[7,.7,]. The instanton is characterized by\4 collec- y € largeN; app o _
tive coordinates, the instanton positianthe instanton size 1 the limit of massless quarks the instantdj &nd anti-

p, and the color orientatiob) e SU(N,). We also define the instanton A) Lagrangian re;pon5|ble fori thg decay of scalar
rotation matrix R? by R3¥ A2 —=UAU'. For an anti- and pseudoscalar charmonium decays is given by

instanton we have to replade—R and ;<—> 7. The semi-

ton -plade—R do(p) 7°p*
classical instanton density(p) is given by Lia=| dz s dp—
(Nc_ Das

2N,
_ do(p) _0.466exp—1.67N)1.34% (8_”2) X{(G2~GB)X Ly, +(G?+GB) XL, A}, (4)

d(p)= =
P s (Ne— D)!(N—2)! 92

s [{ 8
Xp “expg — >
a(p)

Here, L¢ |5 is the color averagedl;=3 fermionic effective
Lagrangian15,16,21.

, )

Ill. SCALAR GLUEBALL DECAYS
::\?ézg(ﬁ)’;)w'zgﬁg \r,\ljr?enrlg% iczlig:llrg/ggn(sztﬁ:)tle)lz?sr ?rr]rla ﬁ:it Since the coqpling (_)f the chgrmonium state to the i_nstan—
coefficient of the beta function. ton proceeds via an intermediate gluonic system with the
Expanding the effective Lagrangian in powers of the ex-guantum n.umbers .Of SC?"af gnd pseudosca]ar glueballs itis
ternal gluon field gives the leading instanton contribution tonatural to first consider direct instanton contributions to glue-
different physical matrix elements. If the instanton sizePall decays. This problem is of course important in its own

is very small, p<m51, we can treat the charm quark right. Experimental glueball searches have to rely on identi-
mass as light and there is an effective vertex of the for

mfying glueballs from their decay products. The successful
— = ) i ) identification of a glueball requires theoretical calculations of
(uu)(dd)(ss)(cc) which contributes to charmonium decays.

Since the density of instantons grows as a large power of

glueball mixing and decay properties.

e _ _ _ We compute scalar glueball decays using the strategy out-
the contribution fro[nl this regime is very small. In the real- jineq in the previous section. This implies, in particular, that
istic casep~(vmc) "~ we treat the charm quark as heavy \ye assume that the scalar glueball is small, and that instanton
and the charm contribution to the fermion determinant ispffects can be described in terms of a local effective La-
absorbed in the instanton densdfp). The dominant con- ~ grangian. There is some evidence that this is indeed the case.
tribution to charmonium decays then arises from expanding |attice calculation of the scalar glueball Bethe-Salpeter
the gluonic part of the effective Lagrangian to second ordepmpjitude gave a size of 0.2 ff@3], and similar values have
in the field strenglh tensor. Thls_prowdes eff_ectlvelertlces Obeen obtained in the instanton mod@4]. On the other
the form (GG)(uysu)(dysd)(syss), (G?)(uysu)(dysd)  hand, studies of finite size effects on the lattice are compat-
x(?s), etc. ible with the assumption that scalar and tensor glueballs have

We observe that thé\;=3 fermionic Lagrangian com- sizes on the order of 0.5 fifi25,2§.
bined with the gluonic term expanded to second order in the In the following we compute the direct instanton contri-
field strength involves an integral over the color orientationbution to the decay of the scalar'0 glueball state into
of the instanton which is of the forryidU(UijUL)5. This 7w, KK, 57 andn#’. Since the initial state is parity even
integral gives(5!)? terms. A more manageable result is ob- only the G? term in Eq.(4) contributes. The relevant effec-
tained by using the vacuum dominance approximation. Weive interaction is given by
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3 4

dp 1 N
£|+A=fdzf do(p)p—ZNz_l(WaZ )GZ(—Z)(ngpg) ([(uu)(dd)(ss)+(uy5u)(dy5d)(ss)+(u;/5u)(dd)(sy55)

(utu)(dt?d)(ss) + (ut?y®u)(dt2y°d)(ss) + (uty°u)(dt3d)(sy®s) + (ut?u)(dt®y°d)

- 3
+(uu)(dy*d)(sy’s)]+ g

o5 3 T ra qra e Tra 5 qra 54\ ( oc T ra 5 qia PN
X(sy s)—Z[(ut o) (dt%e,,d)(ss) + (ut?o,,y’u)(dt?o,,y>d)(ss) + (ut®c,,y’u)(dt?c,,d)(sy’s)

_ _ _ 9 _ _ _ _ _ _
+(ut?o,,u)(dt?e,,y°d)(sy%s)] - %dabc[(utaawu)(dtb(rﬂvd)(stcs) +(ut?o,,y°u)(dt’e,, y°d)(st°s)
+(ut?o,,y°u)(dt’e,,d)(st°y?s) + (utdo, ,u)(dt°s ,,y°d)(st°y®s) ]+ (2 cyclic permutations td«s)

9 _ _ _ _ _ _ _ _ _ _ _ _

- 4—Odab°[(utau)(dtbd)(st°s) + (ut?y5u) (dtPy>d)(st®s) + (ut?y®u) (dt®d) (sy°t°s) + (ut?u)(dty°d)(stcy°s)]
_ 2 a0 (Ut u) (@0, d) (S0, .8+ (U2, y5u) (AT, v5d) (StC0,, 8) + (U, /5u) (@0, d
3_2| C[(u O-/J,Vu)( UV’)/ )(S Uy,us) (U U,MV’}/ U)( O-Vy’y )(S O-y,u,s) (U O-/J,V’y U)( O-Vy)

X(gco'w'y‘r’s) + (E[ao'wu)(atba,,yyf’d)(gtcawyss)] . (5)

Let us start with the process’0 — mrar. In practice we have  instanton modef24]. These estimates range from 7.8 GeV
Fierz rearranged Eq(5) into structures that involve the [23]to 28 Ge\? [32]. We will use the result of the instanton
strange quark condensass as well as operators with the calculation[24]

guantum numbers of two pions. In order to compute the cou-

pling of these operators to the pions in the final state we have (07"]g*G?0)=N=15 Ge\’. 9)

used PCAC relations _ _
We emphasize that our results for the ratio of decay rates are

_ i\/Emefﬂ not affected by uncertainty ing. We can now compute the
(O]dy°u|7*)= rm =K (6)  matrix element for 0 "— 7" 7. The interaction vertex is
u d
. - dp 1 mp*\ 4 3
_ i2m2f, ' =szJ —d 7P’
(Ofsy7ulKk )=~ K, m el v IR
u S
1 o
The values of the decay constants drg=93 MeV, fy ><Z(aSGZ)(ss)(Uy5d)(dy5u). (10)

=113 MeV [27]. We also useQuE<Uu)=—(248 MeV)?

and Q,d:Qu as well asQs=0.66Q, [28]. The coupling of g integral over the position of the instanton leads to a

the »" meson is not governed by chiral symmetry. A recentyomentum conserving delta function, while the vacuum

analysis ofp—»' mixing and the chiral anomaly givé&9]  gominance approximation allows us to write the amplitude in
terms of the coupling constants introduced above. We find

(0luysul7)=(0[dysd| 7)=—1(358 MeW?=K], (8
_ _ O (q)|m"(pH)m (p7))y=(2m)*6* (q—p*
(Oluysuln')=(0[dysd| 7')=—i(320 MeV)*=K],, A
B —P )7 MoQuK
(O[syss| n)=i(435 MeV)?=KS,

11
(O[syss|7')=—i(481 MeV)?=K?, . where
Finally, we need the coupling of the glueball state to the dp 1 w3p%\ (4 3
gluonic current. This quantity has been estimated on the lat- A:f —SdO(p)2—< > ) (§W2p3> . (12
tice [23], using QCD spectral sum rul¢g80—37 and in the P Ne—1\ ag
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Glueball decay rates vs glueball mass, corresponding to pa“,e,age=0.29 fm and mg=0 MeV

FIG. 1. Scalar glueball decay rates plotted a
function of the mass of the scalar glueball. The
rates shown in this figure were computed from
the instanton vertex in the chiral limit. The aver-

age instanton size was taken toﬁe 0.29 fm.

Decay rate (MeV)

000 1500 2000 2500 3000 3500 4000
mg++ (MeV)

0
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The instanton densitgiy(p) is known accurately only in the wave function. We will come back to this problem in Sec. IV
limit of small p. For largep higher loop corrections and below.
nonperturbative effects are important. The only source of in- We begin by studying ratios of decay rates. These ratios
formation in this regime is lattice QCIP33-34G. A very  are not sensitive to the instanton size distribution. The decay
rough caricature of the lattice results is provided by the parate 0" " — " 7~ is given by
rametrization
q r 1 m§++_4mi[ A e Kzr

1 O++—>7T+777:_— 1Ta— 0 S v .
) oo po) (13 16m  mg.. (167

p (14)

with no=1 fm~* and p.=0.33 fm. This parametrization The decay amplitude for the process 0 o, is equal to

gives A=(379 MeV) °. Another way to computé is to  the g** — 7+ 7~ amplitude as required by isospin symme-
regularize the integral over the instanton size by replacingyy. Taking into account the indistinguishability of the two
d(p) with d(p)exp(—ap?). The parametes can be adjusted o We get the totakr width

in order to reproduce the size distribution measured on the

lattice. We notice, however, that whereas the instanton den- 3 mi..—4mi[ A 2
sity scales asp® °~p? the decay amplitude scales as FOHﬂM:—%{—)\OQSKi} . (15
p°T8~ p7. This implies that the results are very sensitive to 32m Mo+ + 16w

the density of large instantons. We note that when we study

the decay of a small-size bound state the integral gver In a similar fashion we get the decay widths for the
should be regularized by the overlap with the bound stat&K, n#, 7' and ' »' channels

r I 1 m§++—4mﬁ[ A \O Kzr .
0+t SKK 167 m§++ 167 0N u™K
1 ymge—Amil A . P
F0++ﬂ7m:@ m2 E)\OKnZ[QsKn+(Qu+Qd)Kn] ) (17
O++
1 Mg —(m,+m,)°J[mg. . —(m,—m,)°]
F0++4)7]7]12E m3
0++
A 2
X E)\O[ZQSK%K?]/_.—(Qu—FQd)(K?]Kj]/_FK;K?]/)]} ; (18
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2 2
T :.;E__lfgi::fﬂlﬂ _é_x Kﬂ Z[Q Kq +(Q +(?)KS ]2 (19
0++*>77’77’ 3277 m§++ 167T 0 77/ S 77/ u d n; .

Here, KK refers to the sum of th& "K~ and K(K, final  observe that for glueball massesy:+>1 GeV the KK
states. We note that in the chiral limit the instanton verticepphase space suppression quickly disappears and the total de-
responsible forrm andKK decays are identical up to quark cay rate is dominated by th€K final state. We also note that
interchange. As a consequence, the ratio of the decay ratésr my++>1.5 GeV they» rate dominates over the rate.

Io++_»x/To++_kx is given by the phase space factor mul-  In deriving the effective instanton vertex E40) we have
tiplied by the ratio of the coupling constants taken all quarks to be massless. While this is a good approxi-
mation for the up and down quarks, this it is not necessarily
Tot+ .nr 3 Q2KZ /m§++—4mf, the case for the strange quark. Ting# 0 contribution to the
— = —X X . . . + L .
Torr w4 QﬁKﬁ m§++—4m§ effective interaction for O decay is given by
(0.193+0.115 Mo- - 4 20 ¢ f 2 (o) — 773,34(4 2 3)2 (asG?)
=(0. . —. = s p)— S7Tp” | Mgp(a
m§++_4mi Ms p5 0 Ng_l ai 3 s s
The main uncertainty in this estimate comes from the value 1 — = =5 =5 3| —a =
of mg, which is not very accurately known. We have used ><2 (uu)(dd) + (uy>u)(dy d)4_8 (utu)(dt™d)
ms=(140=20) MeV. The ratio ofr to n» decay rates is 3
not affected by this uncertainty, n (Uystau) (Ey5tad)— Z(Ugwtau) (antad)
F0++~>7711' 0.69 m§++_4m3r (21) 3
— "7 0. _ T 5 d. 5
| Vml..—4am? —z U0,y tu)(daoy,y tad)“- (22)

In Fig. 1 we show the decay rates as functions of the glueball -
mass. We have useblocp=300 MeV and adjusted the pa- There is nom#0 contribution to theKK channel. Thang
rametera to give the average instanton sigze 0.29 fm. We  #0 correction to the other decay channels is

r _ 3 mo—amf 1 NKZ(A,—2Bmy)|- 23
0+ —mm— 327 m2 167 0 77( Qs ms) ’ ( )
ot+
1 m0++_4m37 1 a2 s1q 2
Fo++ﬂ77,zﬁmz—++ 167 N2l (AQs=2Bmy) (K3) "+ A(Qu+ Qu) KKy 1|
o

1 \/[m(2)++—(m,7~|—m,y,)z][m(2)++—(m,7—m,,,)2]
H7]7],_16# ngr+

I+

X

1 2
To M2 (AQS—ZBmS)K?,K‘;‘,,+A<Qu+Qd><K?7K;,+K‘;,Kf,)]} .

_ 1 mg++_4m§,/ 1 q \2 s g 2
Fo++ﬂnrnr—32—ﬂT To7 M2l (AQs=2Bmy) (K, )"+ A(Qu+ Qa)K KL 1

where

dp 1 mp* (4 )2
sz —d —— || 57%p%| p. 24

114003-5



V. ZETOCHA AND T. SCHAFER PHYSICAL REVIEW D67, 114003 (2003

Glueball decay rates vs glueball mass, corresponding 10 pyerage=-29 fm, m =140 MeV
90 T T T T T T

«©
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FIG. 2. Same as Fig. 1 but witm;#=0 cor-
rections in the instanton vertex taken into ac-
count. The results shown in this figure correspond
to mg=140 MeV.
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The decay rates with the,#0 correction to the instanton isoscalar mesons in tH@—2) GeV mass range. These states
vertex taken into account are plotted in Fig. 2. We observeare presumably mixtures of mesons and glueballs. This
that effects due to the finite strange quark are not negligiblemeans that our results cannot be directly compared to experi-
We find that therrm, »7’, and»’ 5’ channels are enhanced ment without taking into account mixing effects. It will be
whereas thepn channel is reduced. For a typical glueball interesting to study this problem in the context of the instan-
massmy++=(1.5—1.7) GeV the ratior = B(mr)/B(Kf) ton model, but such a study is beyond the scope of this paper.
changes front =0.25 in the casen,=0 to r=0.55 form, It is nevertheless intriguing that tHfg(1710) decays mostly
#0. In Fig. 3 we show the dependence of the decay rates ointo KK. Indeed, a number of authors have suggested that
the average instanton sige We observe that using the phe- the f4(1710) has a large glueball admixti@7—-40.

nomenological valugp=0.3 fm gives a total widthl'o+ +
=100 MeV. We note, however, that the decay rates are very

sensitive to the value oﬂ As a consequence, we cannot
reliably predict the total decay rate. On the other hand, the

ratio of the decay widths for different final states does not The 7. is & pseudoscalal”“=0""* charmonium bound

depend organd provides a sensitive test for the importanceState with a masmnc=(2979t 1.8) MeV. The total decay

of direct instanton effects. width of the Nec is Fﬂc: (lGi 3) MeV. In perturbation theory
In Table | we show the masses and decay widths of scalathe total width is given by

IV. ETA CHARM DECAYS

Glueball decay rates Vs paygrage fOr Mgr+=1600 MeV and m,=140 MeV
100000 T T T T T T T

10000

1000

FIG. 3. Dependence of glueball decay rates
on the average instanton size. The results shown
in this figure correspond to the instanton vertex
with mg#0 terms included. The strange quark
mass was taken to ba,=140 MeV.

100

Decay rate (MeV)

01 b

0.01 1 1 1 1 1 1 1
0.26 0.28 0.3 0.32 0.34 0.36 0.38 04

P average {fM)
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o for a single exclusive channel, especially given the small
1+4.4—S). (25 multiplicity. The total decay rate into these three channels is
& (14.5+5.2)% which is still a small fraction of the total
width. This implies that the assumption that the three-
Goldstone bosons channels are instanton dominated is con-
|4(0)|=0.19 GeV2 which is consistent with the expecta- sistent W!th our expectation tha_t the total width is given by
tion from phenomenological potential models. Exclusive de_perturbatmn theory. For chParlson, the next most important
cays cannot be reliably computed in perturbative QCD. ALl€cay channels a{2 (7" 7)]=(1.2-0.4)% andB(pp)
discussed in the Introduction, Bjorken pointed out that =(2.6x O_.Q)%. These channels do not receive direct instan-
decays into three pseudoscalar Goldstone bosons suggest thi contributions. _
instanton effects are importarfl0]. The relevant decay  The calculation proceeds along the same lines as the glue-
channels and branching ratios areB(KKw)z(S.S ball decay calculation. Since thg, is a pseudoscalar only
+1.7)%,B(p77)=(49+1.8)% and B(% ww)=(4.1 the GG term in Eq.(4) contributes. The relevant interaction
+1.7%). These three branching ratios are anomalously largié

8mal|y(0)?
F(,ﬁzg):Lﬁ'(

C

Here, ¢(0) is the 'S, ground state wave function at the
origin. Using m;=1.25 GeV anday(m.)=0.25 we get

|
dp 1 mpt\ _[1\/4 5 3 s
£I+A:f de dO(p)EE(“_S GGl 7/|37P

+(uyu)(dy°d)(sy°s)]+ g

[(uy®u)(dd)(ss)+ (uu)(dy®d)(ss)+ (uu)(dd)(sy®s)

(ut?y®u)(dt?d)(ss)+ (ut?u)(dt®y®d)(ss) + (ut?u)(dt?d)(sy°s) + (utdy°u)

_ _ 3 _ _ _ _ _ _ _ _ _
X (dt?y°d)(sy°s) — Z[(utao'#,,y5u)(dtaa#,,d)(ss) + (utaawu)(dtaawyf’d)(ss) + (utaaﬂ,,u)(dtao'wd)(SySS)
Tra 5 qra 54\ (anb 9 abo /| a 5 qtb ot C T ra b 54 ( tC
+(ut?o,,y’u)(dt?o,,y>d)(sy’s)]— X)d T(ut o,y u)(dtPo,,d)(st’s) + (ut®o,,u)(dt o,y d)(st"s)
+(ut?o,,u)(dt°,,d)(st°ys) + (ut?o,, y°u)(dt°o,, ¥°d) (st°y®s)]+ (2 cyclic permutations u-d«s)
9 _ _ _ _ _ _ _ _ _ _ _ _
- I)dabC[(uta«f’u)(oltbd)(stcs) + (ut?u)(dtPy°d)(st®s) + (ut?u)(dtPd)(sy°t°s) + (utdy°u)(dt®°d)(st®y°s)]
9 _ _ _ _ _ _ _ _
= 351 Tt y°u) (Ao, d) (st°0,,8) + (Ut?o, u) (dt°o,, y°d) (st°0,,8) + (ut?o,,u) (dt°, ,d)

X(st°,,y%s)+ (utto,,y°u)(dt®s,,y%d) (st ¥°s)]| . (26)

The strategy is the same as in the glueball case. We Fierz- 10~ )= —sin(8) |€c>+cos{ 9)|9g). (29)
rearrange the Lagrangig®6) and apply the vacuum domi-

nance and PCAGQpartial conservation of axial vector cur-

reny approximations. The coupling of the, bound state to ) _ — )

the instanton involves the matrix element The matrix element , =(0|2mcCysc|7c)=2.8 GeV is re-

lated to the charmonium wave function at the origin. The
~ coupling of the topological charge density to the pseudo-
— 2
7‘%_<770|9 GG[0). (27) scalar glueball was estimated using QCD spectral sum rules,
No-+=(0|g’GG|0~ *)=22.5 GeV? [31]. Using the two-
We can get an estimate of this matrix element using a simplgtate mixing scheme the two “off-diagonal” matrix elements
two-state mixing scheme for thg. and pseudoscalar glue- . —(0|2m.cysc|0™ ") and\,, =(0|g?GG|5.) are given
Cc

ball. We write in terms of one mixing anglé. We can estimate this mixing
. angle by computing the charm content of the pseudoscalar
| 7c)=cog 6)|cc)+sin(0)|gg), (28)  glueball using the heavy quark expansion. Udiad]
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— i 1
Sc= = F+—,,o=f( hase spagex |M|?
©Y°C= g aGG+0 3) (30) K*+K p pagex|M|
2
we getfy-+=0.14 Ge\? and a mixing angle9=3°. This —|— A\, K,KZ| X(0.111 MeV,
mixing angle corresponds to 1672 ™
N, =112 GeV. (31 (33

The uncertainty in this estimate is hard to assess. Below w&ith A given in Eq.(12). Isospin symmetry implies that the
will discuss a perturbative estimate of the instanton couplingther KK 7 decay rates are given by

to .. In order to check the phenomenological consistency

of the estimate Eq.31) we have computed the, contribu- 1\2

tion to the (g°GG(0)g>GG(x)) correlation function. The P+ k=q0=Tkoko70= 2 Fox=m+

results are shown in Fig. 4. The contribution of the pseudo-

scalar glueball is determined by the coupling conshant+ 1
introduced above. The couplings of thg %' and 7(1440) —(—
resonances can be extracted from the dedays- y» [42]. V2
We observe that they. contribution is strongly suppressed, _

as one would expect. We also show theand 0" glueball ~ The totalKK 7 decay rate is
contributions to thécysc(0)cysc(x)) correlation function. 5
We observe that even with the small mixing matrix elements B

obtained from Eqs(28)—(30) the glueball contribution starts Fkkr=6X 1

2
) FK+ROﬂ.—. (34)

_ GW;\/EA)\,,CKWKﬁ X (0.111 Me\j.

to dominate they. correlator forx>.1 fm. _ (35)
We now proceed to the calculation of the exclusive decay

rates. There are four final states that contribute tokKer In a similar fashion we obtain

channel.— K"K~ 70, KK%#°, K*K7~ andK ~KOz*.

Using isospin symmetry it is sufficient to calculate only one 2

1
X|7a= AN, KSK2Z

of the amplitudes. Fierz rearranging E@6) we get the in- 71— 2 167 X(0.135 MeV, (36)
teraction responsible for thg,— KK~ 7
mp*\ (4 , 4)° T x| v, K K2 X (0.0893 M
N def —50o(p) ( )(§w2p3> wen= 5% Ton 0. eV,
(37)
L (2. G8)(57°u) (1ySs)(dy5d 32 2
X7 (asGG)(sy°u)(uy’s)(dyd). (32 1 )
I, =2X 16m ——AN, KqK X(0.0788 MeV,
The decay rate is given by (39

TABLE |. Masses, decay widths, and decay channels for scalar-isoscalar mesons with masses in the (1
—2) GeV range. The data were taken fr¢av].

resonance full widtH™(MeV) Mass(MeV) decay channels

fo(1370) 200-500 1200-1500 pp dominant
wm, KK, pn seen

I

r—"K =0.19+0.07
f,(1500) 1097 1507+ 5 r, ”f’
% =0.095+0.026
Iy —0.18+0.03
T~
'z
——=0.39+0.14
f,(1710) 125 10 17136 ki
r,
—17 —0.48+0.15
Tk
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FIG. 4. Resonance contributions to the pseudoscalar glueball

correlation functior(ngfS(O)ngNG(x)) and the charmonium cor-
relator(Cysc(O)Cysc(x» Both correlation functions are normal-

PHYSICAL REVIEW D67, 114003 (2003

In Fig. 5 we show the dependence of the decay rates on
the average instanton size. We observe that the experimental

KK rate is reproduced fop=0.29 fm. This number is
consistent with the phenomenological instanton size. How-
ever, given the strong dependence on the average instanton
size it is clear that we cannot reliably predict the decay rate.
On the other hand, the following ratios are independent of
the average instanton size:

2

—FKK” K X 0'11;)—42&1 27, (41
\/—K K, 0135 27, (41)
Tyen [ KS ZX( 0135 4
r, \ks 0.0893 7 (42)
n' T 7'
Tk, 1 [V2K9]? [0.078
== = +
o e o 117) = 0-141+0.042,
(43
Fiicy _( KY ) 2X(0.0783 o s
ey | K, 0.0423 <77
2 2
Cypy_L 31V2(K9)2KS [ 0:069
I, 36 KK2 0.111
=0.011+0.003, (45)

where we have only quoted the error due to the uncertainty
in ms. These numbers should be compared to the experimen-
tal results

Ik
FKK =1.1+05 (46)
77T exp
F amIT
i’ =1.2+0.6. 47
Ll e

ized to free field behavior. In the case of the gluonic correlationVe note that the ratidB(nm)/B(#n'mm) is compatible
function we show the glueball contribution compared to thewith our results while the rat|cB(KKq-r)/B(7;7-mr) is not.
7, 7', 7(1440) andz, contribution. For the charmonium correla- This implies that either there are contributions other than

tion function we show thep, and glueball contribution.

1 2
Ticicy =2X| 5= AN, K3 K| X(0.0423 MeV,
(39
31 2
L= g %| 1o AMn(K3)7K5 | %(0.0698 MeV.

(40

instantons, or that the PCAC estimate of the ratio of coupling
constants is not reliable, or that the experimental result is not
reliable. The branching ratios fopm# and ' 77 come
from MARK II/1ll experiments[43,44]. We observe that our
results forB(KK#)/B(KK ) and B(KK%')/B(KK ) are
consistent with the experimental bounds.

Another possibility is that there is a significant contribu-
tion from a scalar resonance that decays inte. Indeed,
instantons couple strongly to tlig 600) resonance, and this

Here, the first factor is the product of the isospin and finalstate is not resolved in the experiments. We have therefore
state symmetrization factors. The second factor is the amplistudied the direct instanton contribution to the decay
tude and the third factor is the phase-space integral.

— o 7. After Fierz rearrangement we get the effective vertex
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1, main decay rates vs average instanton size
10000 T T T T T T T

1000

100

3 .
g2 FIG. 5. Decay widthsn,—KKa and 7.
) —ya as a function of the average instanton
§ 1 size p. The short dashed line shows the experi-
a mentalKK 7 width.

0.1

001 | Experimental KK - -

0.001 1 1 1 1 1 1 1
0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4

Paverage (fm)

~ 1 - - _ 4 4
Lo | AA@,GE) 1@ AW @E+@E@OE) Az =g dl T f T (o s%(py + pr—ky—ko)

(2m*) (2m)*
+(UU)(ad)(§ySS)]—f dBmy(a@GG) E[(ny’u) — A2 1 AP
s 2 Xv(ps) n;mn7
X(ad) + (UU)(E')/Sd)], (48) X u(pl)AZCI(kZ)ABVCI(kl), (50)

where the integral# and B are defined in Eqs12), (24 yhereu(p) andw(p) are free particle charm quark spinors
The only new matrix element we need & =(oluu  andAZ°(k) is the Fourier transform of the instanton gauge

+dd|0)=(500 MeVY [45]. We get potential

1 4772 ;ay v
Ty gy= ——[M% —(m,+m,)2][m’ —(m,—m,)?] AZ(K) = —i — 2~ D(k), (51)

N0 3 ¢ o 7 ¢ a 7 u
16mm;, g
2
—— TN, [(AQs—2BmyK%+AKS 1
*| o7 TNl (AQem28M Q] (k) =4| 1= 5K(kp) (kp)?

(49

) The amplitude for the charmonium state to couple to an in-

Compared to the direct decay— nmm the 7.— 7o chan-  stanton is obtained by folding Eq50) with the 7, wave
nel is suppressed by a facter (27°/m? )-(Qqf,/K2)®  functiony(p). In the nonrelativistic limit the amplitude only
~1/100. Here, the first factor is due to the difference be-depends on the wave function at the origin.
tween two and three-body phase space and the second factor The perturbative estimate of the transition rate is easily
is the ratio of matrix elements. We conclude that the direcincorporated into the results obtained above by replacing the
production of as resonance from the instanton does not giveproductA 7 in Egs. (33)—(40) according to
a significant contribution tey.— 7n(#%') 7. This leaves the
possibility that thesrsr channel is enhanced by final state K T
interactions. !

Finally, we present a perturbative estimate of the coupling
of the 7. to the instanton. We follow the method used by
Anselmino and Forte in order to estimate the instanton con-
tribution to ».— pp [46]. The idea is that the charmonium
state annihilates into two gluons which are absorbed by the
instanton. The Feynman diagram for the process is shown in FIG. 6. The Feynman diagram corresponding to the perturbative
Fig. 6. The amplitude is given by treatment of charmonium decay.
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M, perturbative and phenomenological decay rates vs average instanton size
10000 T T T T T T T

1000

100 |

s oF FIG. 7. Decay rate$ (5,—KKm) andI'(7,
% — narar) as a function of the average instanton
g 3 sizep. We show both the results from a phenom-
§ o1 b enological and a perturbative estimate of the

phenom. K K x coupling to the instanton.

phenom. nax -------

pert. KK --------
pert. N
0.001 | Experimental KK# -———— .
0'0001 L L L L L 'l 'l
0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
Paverage (fM)
dp (4 3 m?2’2 72 Ay pilog[1+1/(mep)]
AN —>f —d S 3) A7) ———|p(0)]l I, (p)= : (54)
7¢ p5 O(p) 3 P ( ) \/6 |Ir/,( )| nc(p) M P 1+Bo(mcp)4log[1+1/(mcp)]
ng(mE Y 52 which incorporates the correct asymptotic behavior. We find
9%(p) ’ that A;=0.213 andB,=0.124 provides a good representa-
tion of the integral. In Fig. 7 we show the results for the
with decay rates as a function of the average instanton size. We
observe that the results are similar to the results obtained

B 4 IZ2<b(k)<I>(k72|Oc) from the phenomenological estimate Eg1). The effective
Ly (p)=| d kk4(k—2pc)4[(k— pO)2+m] (53 coupling (AX,, ) differs from the estimate Ed31) by about

C

a factor of 3. The experimentmfw rate is reproduced for
Here, pc=(mc,0)z(M,70/2,0) is the momentum of the ;:0_31 fm.
charm quark in the charmonium rest frame. We note that
because of the nonperturbative nature of the instanton field

higher order corrections to eq(b2) are only suppressed by V. CHI CHARM DECAYS

-1 . . . .
gz(mc _)/QZ(P)- _ Another interesting consistency check on our results is
The integrall 7, cannot be calculated analytically. We use provided by the study of instanton induced decays ofjthe

the parametrization into pairs of Goldstone bosons. The is a scalar charmo-

Chi decay rates in instanton-specific channels vs p,yerage
1000 T T T T T T T

FIG. 8. Decay widthsy,—K*K~, #t#~
and n7 as a function of the average instanton
size p. The short dashed line shows the experi-
mentalK * K~ width.

Decay rate(MeV)

o
el
e
‘i
% .
o’
“
”
4
4

0.001 " Experimental KK <o 3

0.0001 1 1 1 1 1 1 1
0.26 0.28 0.3 0.32 0.34 0.36 0.38 04

Paverage {fm)
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Ratio of decay rates for 3 VS payerage
11 T T = T

09 | 4

08 : FIG. 9. Ratio B(xe—m 7 )/B(xc
i —K*K™) of decay rates as a function of the av-
o7 r ] erage instanton size. The dashed line shows the

B(r*m) / B(K*K)

06 R experimental value 0.84. We also show the ex-
! \ perimental uncertainty, as well as the uncertainty
05 in the instanton prediction due to the value of the

strange quark mass.

n'n /KK
03 Experimental value =------ 1

0.2 | I 1
0.2 0.25 0.3 0.35 0.4

Paverage (fm)

nium bound state with mass, =3415 MeV and width the ratio of decay rates for" 7~ and K*K~. Again, the

r, =149 MeV. In a potential model the. corresponds to experimental value is reproduced fpfvo 3 fm.

the 3p, state. In perturbation theory the total decay rate is Finally, we can also estimate thee coupling to the in-
dominated bycc—2g. The maln exclusive decay channels stanton using the perturbative method introduced in Sec. IV.

are yo—2(m ") and y.— 7" 7 KK~ with branching In the case of the we use
ratios (2.4-0.6)% and (1.8 0.6)%, respectively. It would

be very interesting to know whether these final states are 1 \/_R (0)
dominated by scalar resonances. We will concentrate on final 47 x A \/_
states containing two pseudoscalar mesons. There are two
channels with significant branching ratiog,— =" 7~ and do(p) (4 , ,\>g?(m)
xc— K"K~ with branching ratios (5£00.7)x10 % and Xf 5 P(gﬂ ) X1y(p),
(5.9+0.9)x10 3. We note that these branching ratios are P 9°(p)
significantly smaller than thej.— (3 Goldstone bosgn (57)
branching ratios studied in the previous section. This is a
simple consequence of the smallness of two-body phase 1 1 )
space compared to three-body phase space. 47.,7‘)(C - 2\/?\/_ R'(0
The calculation of these two decay rates proceeds along
the same lines as the calculation of the'0glueball decays. 2 42
> as the cal . : do(p) . (4 , |2 gZ(my)
The only new ingredient is thg. coupling to the gluon field J —5 dol g7 P — x1,(p),
strengthG2. We observe that the total, decay rate implies P 9°(p)
that (0|2m.cc|xc)=3.1 GeVP=(0|2m.ci ysC| 7). 'I;his (58)
S ts that a rough estimate of coupling t [
g?vgegnezy oud of fagcoupling toG* s whereR’(0)=0.39 Ge\??is the derivative of thé P, wave
function at the origin ancli)(C is the loop integral
Ny =(Xc|g?G?0)=\, =1.12 GeV. (55) o
( )_f d4k<I>(k)<I>(|2pC—k|) 15(k—p¢)“+3mg + 4k

Using this result we can obtain the decay rates by rescal- k*(2p.—k)* (k—pe)2+m?
ing the scalar glueball decay rates E@S),(24) according to (59

In Fig. 10 we compare the perturbative result with the phe-
nomenological estimate. Again, the results are comparable.

The experimentair* 7~ rate is reproduced fq7= 0.29 fm.

N

2
Xc

++— ’ 56

)\0++) |m0 My ( )

L yomim=To++ mim2X (
wherem1,m2 labels the two-meson final state. In Fig. 8 we VI. SUMMARY
show the dependence of the decay rates on the average In summary we have studied the instanton contribution to

instanton sizep. We observe that the experimental’ ™~ the decay of a number of “gluon rich” states in tt5-3.5
decay rate is reproduced fpr=0.29 fm. In Fig. 9 we plot GeV range, the scalar glueball, thhg and they.. . In the case
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x decay rates in instanton-specific channels vs p,e a4 for perturbative and phenomenological methods
1000 T T T T T T T

Pert. K*K”
100 | Pert. i* 1~ =====--

Experiment KYK™ «=++==-+
Phenomen. KK ==
Phenomen. n* ===

FIG. 10. Decay rated (xy.— 7" #7~) and
I'(x.—K*K") as a function of the average in-

stanton size; We show both the results from a
phenomenological and a perturbative estimate of

R , ] the cc coupling to the instanton.

Decay rate(MeV)

Ko

0.01

0.001 & 1 1 1 1 1 1
0.26 0.28 03 0.32 0.34 0.36 0.38 0.4

Paverage (fm)

of charmonium, instanton induced decays are probably a There are many questions that remain to be answered. On
small part of the total decay rate, but the final states are verthe experimental side it would be useful if additional data for
distinctive. In the case of the scalar glueball, classical fieldshe channelsy.— #' 7, p were collected. One impor-
play an important role in determining the structure of thetant question is whethern(mr) resonances are important. It
bound state and instantons may well dominate the total decayhould also be possible to identify the smaller decay chan-

rate. nels ne— KK 5,KK#'. In addition to that, it is interesting to

We have assumed that the gluonic system is small an S : .
that the instanton contribution to the decay can be describe%tucle the distribution of the final state mesons in all three

in terms of an effective local interaction. The meson cou-meson channels. Instantons predict that the production

pling to the local operator was determined using PCAC. usmechanism is completely isotropic and that the final state

ing this method we find that the scalar glueball decay idnesons are distributed according to three-body phase space.
dominated by theKK final state for alueball masses In addition to that, there are a number of important theo-
~1 GeV. In }[/he ohysically interestir?g mass range 1O+5+Ge etical issues that remain to be resolved. In the limit in which
<my-+<1.75GeV  the branching ratios satisfy the scalar glueballis light the decay 0— 7(KK) can be

. RN — 1 - . studied using effective Lagrangians based on broken scale
B :B :B(KK)=1:(3.3£0.3):(5.5:£0.5).

(77):B(mm):B(KK) ( ):( ) invariance[47—49. Our calculation based on direct instan-

jpn effects is valid in the opposite limit. Nevertheless, the
instanton liquid model respects Ward identities based on bro-

Our main focus in this work arey, decays into three
pseudoscalar Goldstone bosons. We find that the experime

@l d§cay rat{(ﬁf I;KW) can _be reprgiuc;:d for an alver- ken scale invariancgl6] and one should be able to recover
age instanton sizp=0.31, consistent with phenomenologi- the low energy theorem. In the casé 0 7 m(KK) one

cal determinations and lattice results. This in itself is quiteg, "o "8 oo study the validity of the PCAC ap-

remarkabl in he phenomenological rmination i P . .
emarkable, since the phenomenological dete atio roximation in more detail. This could be done, for example,

based on properties of the QCD vacuum. We found that thusing numerical simulations of the instanton liquid. Finally

decay rates are very sensitive to the instanton size distriby- .
tion. On the one hand, this implies that it is very hard o€ need to address the question how to properly compute the

compute absolute rates. On the other hand, this means th@yerlap of the initialcc system with the instanton. This, of

7. decays may provide a useful constraint on the size distri€CUrse; is a more general problem that also affects calcula-

bution. tions of electroweak baryon number violation in high energy

The ratio of decay rate®(s’ mm):B(ymm):B(KKm) pp collisions[50,51] and QCD multiparticle production in

=1:1:(4.2+1.3) is insensitive to the average instanton size hadronic collisiong52].

While the ratioB( %' 7):B(nmm)=1:1 is consistent with
experiment, the rati(nmm):B(KK)=1:(4.2£1.3) is at
best marginally consistent with the experimental value 1.1
+0.5. We have also studieg, decays into two pseudosca-  We would like to thank D. Kharzeev, E. Shuryak and A.
lars. We find that the absolute decay rates can be reproducemhitnitsky for useful discussions. This work was supported
for p=0.29 fm. Instantons are compatible with the measuredn part by U.S. DOE grant DE-FG-88ER40388 and by a
ratio B(K"K™):B(w* 77 )=1.2 DOE-OQJI grant.
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