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Gluon and charm content of theh8 meson and instantons

E. V. Shuryak
Department of Physics, SUNY at Stony Brook, Stony Brook, New York 11790

and Isaac Newton Institute For Mathematical Sciences, 20 Clarkson Road, Cambridge CB3 0EH, United Kingdom

A. R. Zhitnitsky
Physics and Astronomy Department, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1
and Isaac Newton Institute For Mathematical Sciences, 20 Clarkson Road, Cambridge CB3 0EH, United Kingdom

~Received 29 July 1997; published 12 January 1998!

Motivated by recent CLEO measurements of theB→h8K decay, we evaluate the gluon and charm content
of the h8 meson using the interacting instanton liquid model of the QCD vacuum. Our main result is

^0ug3f abcGmn
a G̃na

b Gam
c uh8&52(2.3–3.3) GeV23^0ug2Gmn

a G̃mn
a uh8&. It is very large due to the strong field of

small-size instantons. We show that it provides quantitative explanations of the CLEO data on theB→h8K

decay rate~as well as the inclusive processB→h81X), via a virtual Cabibbo-unsuppressed decay into ac̄ c
pair which then becomesh8. If so, a significant charm component may be present in other hadrons also: We
briefly discuss the contribution of the charmed quark to thepolarizeddeep-inelastic scattering on a proton.
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Instantons of a small size (r50.2–0.4 fm! have been
known for long time to be a very important component of t
QCD vacuum@1#. In general, their fields are responsible f
a scale of 1 GeV which restricts perturbative QCD fro
below and effective hadronic Lagrangians from above. B
cause of fermionic zero modes, they play an especially
portant role for light (u,d,s) quark physics~for a recent
review see@2#!. It was nevertheless believed that they a
irrelevant for charm-related physics: Indeed, the instant
induced spin-dependent and -independent potentials betw
heavy quarks are small compared to the standard confin
plus-perturbative one. However, as we show in this pap

the situation is reversed forvirtual c̄ c pairs: They can only
appear due to the strongest gluonic fluctuations in a vacu
and those are instantons.~In fact, the gluonic fields in the
center of relevant instantons is so large that one may e
question whethergG/mc

2 is a good expansion parameter.!
A way to see this is to look at the charm component

hadrons with different quantum numbers. The object of t
paper,h8, has been long known to play a very special role
QCD: Separated by a large gap from other pseudoscalars@the
Weinberg’s U~1! problem@3,4## it serves as a screening ma
for the topological charge~see the recent detailed discussi
in @5#!. Thus testing whether the high dimension gluonic o
erator does or does not couple strongly to theh8 we are
actually testing whether the strongest vacuum fluctuations
or do not possess topological charge. No effect of suc
magnitude should exist, e.g., for vector mesons: Indeed,
empirical Zweig rule is very strict in vector channels, allow
ing only tiny flavor mixing.

Recently, the CLEO Collaboration has reported@6# mea-
surements of inclusive and exclusive production of theh8 in
B decays:
570556-2821/98/57~3!/2001~4!/$15.00
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B~B→h81X;2.2 GeV,Eh8,2.7 GeV!

5~7.561.561.1!31024, ~1!

B~B→h81K !5~7.822.2
12.761.0!31025. ~2!

Simple estimates@7# show that these data are in severe co
tradiction with the standardb-quark decay into light quarks
Cabibbo suppressionVub leads to decay rates two orders
magnitude smaller than the data~both inclusive and exclu-
sive ones!. An alternative mechanism, suggested in@7#, is
based on the Cabibbo-favoredb→c c̄s process, followed by
a transition of virtual c̄ c into the h8. The latter transition
may be possible, provided there exists a large intrinsic ch
component of theh8. Its quantitative measure can be e
pressed through the matrix element

^0u c̄gmg5cuh8~q!&[ i f h8
~c!qm , ~3!

and one needsf h8
(c)'140 MeV in order to explain the CLEO

data; see@7#. This value is surprisingly large, being only
few times smaller than the analogously normalized resi

^0u c̄gmg5cuhc(q)&5 i f hc
qm with f hc

.400 MeV known ex-

perimentally from thehc→gg decay. It is also comparabl
to a similarly defined coupling ofh8 to the axial current of
light quarks: Note, however, that instantons in fact lead t
repulsiveinteraction between them, and thus the light qua
wave function ofh8 should be depleted at the origin.

Because thec quark is heavy, it may only exist in theh8
in a virtual loop, and its contribution can be evaluated
terms of gluonic fields. Taking the divergence of the ax
current in Eq.~3! one gets
2001 © 1998 The American Physical Society
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f h8
~c!

5
1

mh8
2 ^0u2mc c̄ ig5c1

as

4p
GmnG̃mnuh8&, ~4!

which can be further simplified by the operator product e
pansion in inverse powers of thec-quark mass,

2mc c̄ ig5c52
as

4p
GmnG̃mn

2
1

16p2mc
2

g3f abcGmn
a G̃na

b Gam
c 1O~G4/mc

4!.

~5!

@See the Appendix in@7# for a detailed derivation of this
result. Further terms in expansion~5! are neglected in wha
follows.# Thus the problem is reduced to the matrix elem
of a particular dimension-6 pseudoscalar gluonic operato

f h8
~c!

52
1

16p2mh8
2

1

mc
2 ^0ug3f abcGmn

a G̃na
b Gam

c uh8&. ~6!

The magnitude of the matrix element~3! was related@7# to
the vacuumexpectation value of similar operators:

f h8
~c!.2

3

4p2b

1

mc
2

^g3G3&Y M

K 0U as

4p
GmnG̃mnUh8L , ~7!

where^G3& should be evaluated in pure gluodynamics, n
QCD. Unfortunately, only an indirect order-of-magnitude e
timate for this latter quantity was given in@7#, leading to a
rather wide rangef h8

(c)
550–180 MeV.

We have performed a direct calculation of this quant
using the interacting instanton liquid model~IILM !. In its
present form, this model takes into account instantons c
pling to light quarks toall orders in a ’t Hooft effective
interaction, which was shown to be crucial forh8 physics. It
has correctly reproduced multiple mesonic, baryonic,
glueball correlation functions, and also has increasing di
support from lattice studies of instantons~see@2#!.

The calculation is based on a numerical evaluation of
following two-point Euclidean correlation functions:

K22~x!5^0ug2Gmn
a G̃mn

a ~x!, g2Gmn
a G̃mn

a ~0!u0&, ~8!

K23~x!5^0ug2Gmn
a G̃mn

a ~x!, g3f abcGmn
a G̃nl

b Glm
c ~0!u0&,

~9!

K33~x!5^0ug3f abcGmn
a G̃nl

b Glm
c ~x!,

g3f abcGmn
a G̃nl

b Glm
c ~0!u0&. ~10!

Studies ofK22(x) have been made previously@8#, where it
was demonstrated that in the ‘‘unquenched’’ ensemble
instantons with dynamical quarks the nonperturbative p
changes sign at distancesx.0.6 fm, displaying a ‘‘Debye
cloud’’ of compensating topological charge. It is identifie
with the h8 contribution, and leads to an estimate
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^0ug2Gmn
a G̃mn

a uh8&5
16p2

A3
f h8mh8

2 '7 GeV3, ~11!

which agrees reasonably well with other estimates in the
erature. In this formula we have expressed the matrix e
ment ~11! in terms of the standard parameterf h8'85 MeV
which is defined as follows:

^0u
1

A3
(

i 5u,d,s
q̄ igmg5qi uh8&5 i f h8qm .

Using an anomaly in the chiral limit,mu5md5ms50, we
arrive at Eq.~11!.

We have calculated the correlators mentioned by num
cal simulation, using as the ensemble 16 instantons and
anti-instantons, put into a box 4323 fm4, with dynamical
quarks@9#. Unfortunately, the propagation of the gluons
the background nonperturbative fields of instantons was
studied in such detail for light quarks, and so far we do n
have a gluon propagator program which could be used fo
distances. At smallx purely perturbative results@e.g.,
K22

pert(x)5384g4/p4x8# dominate, while the nonperturbativ
fields can be included via the operator product expans
~see, e.g.,@10,1#!. At largex we would argue below that~at
least with dynamical quarks! the nonperturbative fields
dominate.

The quantityf h8
(c) , Eq. ~6!, can be obtained from the cor

relation functions~8!, ~9!, ~10! @11#:

U f h8
~c!A3mc

2

f h8
U5UK23~x→`!

K22~x→`!
U5AK33~x→`!

K22~x→`!
. ~12!

It is expected that at large distances the contribution to
other correlators would also be dominated by the nonper
bative field of the instantons. If so, one has a simple estim
for the ratio of matrix elements:

U^0ug3f abcGmn
a G̃na

b Gam
c uh8&

^0ug2Gmn
a G̃mn

a uh8&
U5

12

5 K 1

r2L '1 –1.5 GeV2.

~13!

Two numbers given here correspond to averaging over
instanton size distribution for two variants of the instanto
anti-instanton interaction, the so-called ‘‘streamline’’ an
‘‘ratio ansatz’’ ones, and indicate the systematics involv
The latter~giving a smaller average size and larger numb
above! should be considered preferable, because it be
agrees with the size distribution directly obtained from l
tice gauge field configurations; see discussion in@2#. ~Recent
measurements@12# using the refined ‘‘inverse blocking’’
method have found somewhat smaller instantons than oth
but those seem to belong to correlated instanton–a
instanton pairs, which would not contribute to the compe
sating Debye cloud we look for.!

In our measurements ofK23,K33 both ratios entering Eq
~12! were found to stabilize at large enoughx.0.8 fm at the
samenumerical value. We take it as an indication thath8
contribution does in fact dominate, although we were n
able to see that all correlators fall off with the right ma
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@13#. Numerical values of the ratios are about 1.5–2.2 Ge2,
for the two ensembles mentioned. These numbers are so
what larger than in Eq.~13! because the second operator
the correlator makes it more biased toward smaller ins
tons.

Proceeding to the final result, we now consider QCD
diative corrections. The experimental number mention
above is defined at the scalem1

2'mc
2 , which is different

from that obtained in the instanton calculation. In the lat
case the charge and fields are normalized atm2

2'gG where
G is the typical gauge field at the points which contribute
most to the correlators. The two scales are not too far a
numerically, m2

2'0.5–1 GeV2, but the anomalous dimen
sion of this operator@14# is large, leading to the correction

f h8
~c!

~m1.mc!5Fas~m1!

as~m2!G
218/2b

f h8
~c!

~m2!.1.5f h8
~c!

~m2!.

~14!

Here we usemc(m1.mc).1.25 GeV for the numerical es
timates. This concludes our derivation of the parameter

U f h8
~c!

f h8
U.0.85–1.22, ~15!

where the second value is preferable; see above.~We present
our final result as the ratiof h8

(c)/ f h8 instead of the absolute

value of f h8
(c) because most systematic errors are gone for

ratio.! The final uncertainty in Eq.~15! comes from the sys
tematic errors of the instanton model, which can be judg
from comparison of the instanton size distribution or the s
lar glueball size to the corresponding lattice results. It w
certainly be soon reduced by ongoing works. Finally,
compare it with the ‘‘experimental’’ value needed to expla
the CLEO measurements~3!, and conclude that our resu
obtained in the instanton liquid model agrees with it, with
the uncertainties.

The next logical question to ask is whether the connec
between strong instanton fields and charm leads to phen
ena unrelated toh8. One intriguing direction to study ishc
hadronic decays: Their deviations from a simple perturba
pattern~which works well forJ/c) are well known; see, e.g.
@18#. Let us also mention a recent intriguing observation
Bjorken @19# that its three leading hadronic decay chann
nt
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(h8pp,hpp,KKp) fit well to a pattern following from the
instanton-induced ’t Hooft effective Lagrangian.

Another question is whether the ‘‘intrinsic charm’’~see,
e.g., @20#! of other hadrons is due to the same mechanis
Especially close to the problem considered is the charm c
tribution @15# to the spin of the nucleon. The relevant matr
element is of charm axial vector current, as above,

^Nu c̄gmg5cuN&5gA
~c!N̄gmg5N, ~16!

and it could be generated, e.g., by theh8 ‘‘cloud’’ of the
nucleon. Assuming now theh8 dominance in this matrix
element @16# one could get the following Goldberger
Treiman type relation@15# gA

(c)5(1/2MN)gh8NNf h8
(c) . Al-

though the value ofgh8NN is unknown, and its phenomeno
logical estimates vary significantly,gh8NN53 –7 @17#, one
gets from this estimate a surprisingly large contribution

^Nu c̄gmg5cuN&5~0.2–0.5!N̄gmg5N, ~17!

comparable to the light quark one. Calculations ofgA
(c) and

gh8NN in the instanton model are in progress: Their latti
determination would be more than welcomed. Ultimate
the contribution of the charmed quarks in polarized de
inelastic scattering may be tested experimentally, by tagg
the charmed quark jets~e.g., by the COMPASS experimen
at CERN!.

In summary, it is by now widely known that the Zwei
rule is badly broken in all scalar and pseudoscalar chann
and that the~rather large! mass of theh8 is in fact due to
light-quark–gluon mixing. Furthermore, these phenome
are generally attributed to instantons. In this work we ha
found that similar phenomena for larger-dimension~multi-
gluon! operators are much stronger. The reason for that is
inhomogeneous vacuum, with a very strong field ins
small-size instantons. We have found a very significant fr
tion of charm inh8. Perhaps the same mechanism may h
to solve other puzzles, especially related tohc decays and
deep inelastic scattering~DIS! on the polarized nucleon.
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Institute in Cambridge on nonperturbative quantum fie
theory: We would like to thank its organizer P. van Baal f
his help. This work was partly supported by the U.S. Depa
ment of Energy under Grant No. DE-FG02-88ER40388.
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@8# T. Schäfer and E. V. Shuryak, Phys. Rev. Lett.75, 1707

~1995!.
a

@9# In order to avoidh-h8 mixing, we use three flavors of quark
with the same mass.

@10# V. A. Novikov, M. A. Shifman, A. I. Vainshtein, and V. I.
Zakharov, Nucl. Phys.B191, 301 ~1981!.

@11# We should note that the minus sign appears twice: in the d
nition f h8

(c) , Eq. ~6!, and in the transition from Euclidean t
Minkowski space. To avoid any confusion with signs in E
clidean space, we understand all matrix elements in Euclid
space as the absolute values of the corresponding values.

@12# T. DeGrand, A. Hasenfratz, and T. G. Kovacs, ‘‘Topologic
structure of the SU~2! vacuum,’’ COLO-HEP-383,
hep-lat/9705009.

@13# These distances are clearly large enough for theh8 intermedi-



th
fe

al
ol

a
,’’

-

ts,’’

l.

2004 57BRIEF REPORTS
ate state to be clearly separated from the contribution of
pseudoscalar glueballs: As calculations without dynamical
mions show, their mass is 2.4–3 GeV. The problem here
technical: It is difficult to get a small signal out of statistic
noise and to correct properly for propagation in the finite v
ume.

@14# A. Yu. Morozov, Sov. J. Nucl. Phys.40, 505 ~1984!.
@15# I. Halperin and A. Zhitnitsky, ‘‘Polarized Intrinsic Charm as

Possible Solution to the Proton Spin Problem
hep-ph/9706251.

@16# Note that such a saturation becomes exact in the largeNc

limit.
e
r-
is

-

@17# O. Dumbrajset al., Nucl. Phys.B216, 277 ~1983!; W. Brein
and P. Knoll, Nucl. Phys.A338, 332~1980!; B. Bagchi and A.
Lahiri, J. Phys. G16, L239 ~1990!; H. Y. Cheng, Chin. J.
Phys.34, 738 ~1996!.

@18# M. Shifman, Z. Phys. C4, 345 ~1980!.
@19# J. D. Bjorken, ‘‘CP and B Physics: Progress and Prospec

hep-ph/9706524.
@20# S. J. Brodsky, P. Hoyer, A. H. Mueller, and W.-K. Tang, Nuc

Phys. B369, 519 ~1992!; S. J. Brodsky, ‘‘Beyond standard
QCD,’’ hep-ph/9503391.


