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Heavy quark mass expansion and intrinsic charm in light hadrons
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We review the technique of heavy quark mass expansion of various operators made of heavy quark fields
using a semiclassical approximation. It corresponds to an operator product expansion in the form of a series in
the inverse heavy quark mass. This technique applied recently to the axial vector current is used to estimate the
charm content of theh, h8 mesons and the intrinsic charm contribution to the proton spin. The derivation of

heavy quark mass expansion for^Q̄g5Q& is given here in detail and the expansions of the scalar, vector and

tensor current and of̂Q̄¹mgnQ& ~a contribution to the energy-momentum tensor! are presented as well. The
obtained results are used to estimate the intrinsic charm contribution to various observables.

PACS number~s!: 12.38.Lg, 13.25.Hw, 14.20.Dh, 14.65.Dw
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I. INTRODUCTION

Nowadays it is established beyond any doubt that the
ive picture of light hadrons as made of three constitu

quarks~for baryons! or qq̄ pairs of constituent quarks~for
mesons! is not complete. The deep inelastic scattering
periments revealed the rich sea structure of the nucle
these experiments showed in particular that a consider
portion of the nucleon spin is carried by the strange com
nent of the nucleon sea. Furthermore there are experime
facts which seem to suggest that a nonvanishing nonpe
bative component of intrinsic charm is present in light ha
rons @1,2#.

We address the problem of intrinsic charm content
light hadrons from the point of view of the heavy quark ma
expansion. Thecc̄ pairs in light hadrons, due to a paramet
cally large mass of charm quarks, can appear in a light h
ron as a virtual state whose lifetime is short, of order 1/mc .
The nonperturbative~with typical momenta below heav
quark massmc) gluon and light quark fluctuations are slow
varying from the ‘‘point of view’’ of the virtualcc̄ pair;
hence, the heavy quark mass expansion is equivalent to
semiclassical expansion. This expansion allows one to
write operators made of heavy quarks in terms of light
grees of freedom~gluons and light quarks!. For a detailed
discussion of the heavy quark mass expansion see@3#.

Let us note also that in the absence of a direct probe
gluons the open charm production is considered as the m
source of information on nucleon’s gluon distributions.
hard leptoproduction heavy quarks are produced in the le
ing order via the photon-gluon fusion~PGF!. The leading
graph for PGF can be related directly to gluon distributionif
one assumesthat there is no intrinsic charm content in th
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nucleon@no c(x),c̄(x) and noDc(x),D c̄(x) at normaliza-
tion point m5mc]. However now there is much evidenc
that, in principle, there might be considerable intrinsic cha
component in the nucleon wave function even at a low n
malization point. For reliable extraction of gluon distribu
tions from open charm electroproduction experiments it
necessary to have quantitative estimates of the intrin
charm content of the nucleon.

This paper will be organized as follows: In the first pa
we present the calculation of the expectation value of he
quark currents in the background of gluon fields using
semiclassical approximation. This corresponds to an exp
sion in the inverse of the heavy quark mass

^Q†~x!GQ~x!&5(
n

1

mn XG
(n) , ~1!

whereG denotes the Lorentz structure of the current and
XG

(n) are local expressions of the field strength depending
G. In Sec. II A we review the largem expansion of the fer-
mion determinant appearing in our definition of the expec
tion value. In Sec. II B we then outline the expansion
color singlet currents in general before we present our res
for the expansion of the axial current, the axial vector curr
using the axial anomaly equation, as well as for the exp
sion of the scalar, vector and tensor currents. Finally
show the result of the expansion of^Q†(x)¹mgnQ(x)&, ap-
pearing in the energy-momentum tensor of QCD.

In the second part we discuss the calculation of intrin
heavy quark content of light hadrons as an application of
heavy quark mass expansion. In the case of charm conte
h8,h mesons and intrinsic charm contributions to the pro
spin we reduce the calculations of these quantities to ma
©2000 The American Physical Society24-1
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elements which are already known either phenomenol
cally or were computed previously. In other cases, like
trinsic charm contribution to the nucleon tensor charge
to energy momentum tensor, the problem is reduced to
trix elements of gluon operators which can be estimated
ing various nonperturbative methods in QCD: lattice cal
lation, QCD sum rule, and theory of instanton vacuum.

In the Appendix we present some details of our calcu
tion of the fermion determinant and the expansion of
axial current, which has already been used in@4#.

II. HEAVY QUARK EXPANSION OF CURRENTS
IN THE BACKGROUND OF GLUON

AND LIGHT QUARK FIELDS

The expectation value of a color-singlet quark curre
made of heavy quarks in the background of gluon and li
quark fields can be written after integrating out heavy
grees of freedom as

^Q†~x!GQ~x!&5detD trc,g^xu
1

D
Gux&, ~2!

HereG denotes an arbitrary Lorentz structure. Note that
calculations will be performed in the Euclidean space-tim
so the QCD Dirac operator reads

D5 i¹” 1 im, ~3!

where the covariant derivative is defined as

¹m5S ]m2 i
la

2
Am

a ~x! D ~4!

andm is the heavy quark mass. For the conventions and
Euclidization used see Appendix A. Equation~2! can now be
expanded in a power series of the inverse heavy quark m
1/m under the assumption that the gradient of the ba
ground field strength is small compared tom. The expansion
of determinant of the Dirac operator in Eq.~2! has been
calculated by a large number of authors, see e.g.,@5–7#. We
briefly review the calculation of the determinant followin
@7# since we use the result of this calculation as a check
the expansion of a scalar current of heavy quarks in S
II B 3.

A. Expansion of the determinant

The expansion of the determinant for heavy quarks in
~2! yields divergences of various types. Since most of th
divergences are connected with the determinant of the
Dirac operator we normalize the determinant with that
zero external field. For the remaining infinity which can
related to the logarithmic renormalization of the coupli
constant, we use the so-calledz regularization. Using the
identity
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detD5detD†5~detD†D !1/2 ~5!

the normalized and regularized determinant can be writte
follows:

S detD

detD0
D

z2reg

5expF2
1

2
lim
s→0

d

ds

M2s

G~s!
E

0

`

dtts21

3Tr@e2tD†D2e2tD0
†D0#G , ~6!

whereD0 denotes the Dirac operator in the absence of
ternal gluon fields andM is the regulator mass. The func
tional trace denoted by Tr in Eq.~6! can be calculated with
respect to any complete set of states. For further calculat
it is convenient to compute functional traces in the basis
plane waves, so that

Tr@e2tD†D#5trc,gE d4xE d4k

~2p!4
e2 ikx@e2tD†D#eikx

5trc,gE d4xE d4k

~2p!4

3@e2tD†(]m→]m1 ikm)D(]n→]n1 ikn)#31. ~7!

The unity in Eq.~7! points out that the operators here act
unity, so that]m•150. The further calculations are straigh
forward: the expression in Eq.~7! can be expanded in power
of the covariant derivative, integrated with respect tok and
the Lorentz indices summed. The square of the Dirac op
tor in Eq. ~7! with all differentiation operators shifted,]m
→]m1 ikm , is given by

D†~]m→]m1 ikm!D~]n→]n1 ikn!

52¹21
s

2
F22ik¹1k21m2, ~8!

where we have used

Fmn
a 5 i @¹m ,¹n#a5]mAn

a2]nAm
a 1 f abcAm

b An
c ~9!

⇒2¹” ¹” 52¹21
s

2
F, ~10!

with the notations sF5smn(la/2)Fmn
a and smn5( i /

2)@gm ,gn# applied.
The details of the expansion of the exponential function

Eq. ~7! can be found in Appendix B. Up to order 1/m2 in the
heavy quark mass expansion we end up with the follow
result for the fermion determinant:
4-2
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S detD

detD0
D

z2reg

5expF E d4xS 2
1

48p2 lnS M2

m2 D trcFabFab

2
i

720p2

1

m2 trcFabFbgFga2
11

1440p2

1

m2 trc@¹g ,@¹a ,Fab##Fgb

1
1

1440p2

1

m2 trc@¹a ,Fab#@¹g ,Fgb#2
7

5760p2

1

m2 ]2trcFgbFgbD 1OS 1

m4D G ~11!

5expF E d4xS 2
1

48p2 lnS M2

m2 D trcFabFab

2
i

720p2

1

m2 trcFabFbgFga1
1

120p2

1

m2 trc@¹a ,Fab#@¹g ,Fgb# D 1OS 1

m4D G . ~12!
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Note that in the last step partial integration has been u
with all total derivatives left out. The effective actionSeff,E
52 ln detD which can be yielded from Eq.~12!, rotated
back to Minkowski space, corresponds exactly to the re
of @6,7#

Seff,M52
1

48p2E d4xF lnS M2

m2 D trcFabFab

2
i

15p2

1

m2trcFabFb
gFgaG1OS 1

m4D , ~13!

where equation of motion terms, which vanish in pure Yan
Mills theory @¹a ,Fab#50 have been neglected.

B. Expansion of heavy quark currents

In order to expand trc,g^xu(1/D)Gux& in Eq. ~2! in a series
of the inverse heavy quark mass we can use Eq.~8! to re-
write it as

trc,g^xu
1

D
Gux&

5trc,gE d4k

~2p!4
e2 ikx

1

D†D
D†Geikx

5trc,gE d4k

~2p!4

1

k21m2 (
n50

` S ¹22
s

2
F12ik¹

k21m2
D n

3~ i¹” 2k”2 im!G•1. ~14!

The expansion in Eq.~14! is again justified for small gradi
ents of the gluonic fields compared to the heavy quark m
m. Depending on the Lorentz structureG some of the inte-
grals might be divergent and need to be regularized. For
07402
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we choose the dimensional regularization, since the integ
in Eq. ~14! can then be calculated using

E ddk

~2p!d

km1
km2

. . . km2m

~k21m2!n

5
1

~4p!d/2

G~n2m2d/2!

G~n!2m dm1 . . . m2mS 1

m2D n2m2d/2

,

~15!

with dm1 . . . m2n
denoting all possible contractions:

dm1 . . . m2n
5expF1

2

]2

]fn]fn
Gfm1

. . . fm2n
uf50 . ~16!

The number of terms contributing to a given order of 1/m is
reduced by the fact that terms containing an odd number og
matrices or an odd number ofk’s vanish due to the trace ove
Lorentz indices and the integration with respect tok. The
expansion of Eq.~14! then is straightforward. The result o
the expansion must be gauge invariant because we ex
the gauge invariant operator. In order to obtain explicitly t
gauge invariant result for heavy quark mass expansio
number of helpful identities based on the Bianchi identity

@¹a ,Fbg#1@¹g ,Fab#1@¹b ,Fga#50 ~17!

can be derived.
In the following we present the result of the expansion

the pseudoscalar density and the divergency of the ax
vector current, which are related to each other by the a
anomaly. Since recently confusing results for these ca
were reported in the literature@8–10#, the full details of our
calculation are given in Appendices A–C. Further we pres
the result of the expansion of scalar, vector and tensor
rents and of̂ Q̄¹mgnQ& appearing in the energy-momentu
tensor of QCD.
4-3
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1. The pseudoscalar density

For G5g5 the expansion Eq.~14! has the form

trc,g^xu
1

D
g5ux&52 im trc,gE d4k

~2p!4

1

k21m2

3 (
n50

` S ¹22
s

2
F12ik¹

k21m2
D n

g531

~18!

Following the steps outlined before the expansion of
pseudoscalar density Eq.~18! can be rewritten as~see Ap-
pendix C!

trc,g^xu
1

D
g5ux&5

i

16p2m
trcFabF̃ab

1
i

192p2m3
]2trcFabF̃ab

1
i

48p2m3
]atrc@¹r ,Frb#F̃ab1OS 1

m5D ,

~19!

where we have introduced the common notationF̃ab
5 1

2 «abgdFgd .

2. The divergence of the axial vector current

Instead of expanding the axial vector currentj m
5 (x)

5Q†(x)gmg5Q(x) separately, we can use the divergence
the axial vector current given by

]m j m
5 52mQ†g5Q2

i

16p2
Fmn

a F̃mn
a , ~20!

where the first term contains the axial current and the sec
is the axial anomaly term which arises due to quantum
fects. The expansion of the divergence of the axial vec
current in terms of the inverse of the heavy quark mas
therefore reduced to the expansion of the axial current, wh
we have already performed before. Further the axial anom
equation~20! has some general properties, which can be u
to check our result for the axial current:

First the right-hand side~rhs! of Eq. ~20! vanishes in the
limit of infinite quark mass. This can be understood by t
fact that the regulator mass cancels the physical mass in
infinite mass limit because of the different sign in the de
nition of the regulator. Therefore we expect the ord
O(1/m) term in the expectation value of the axial curre
multiplied by 2m to cancel exactly the anomaly term. Inde
Eq. ~19! gives

2m trc,g^xu
1

D
g5ux&O(1/m)5

i

8p2
trcFmnF̃mn . ~21!
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Second if one thinks of the expectation value of the ax
vector current as a local largem expansion in the backgroun
of gluon fields

^ j m
5 ~x!&5(

n

1

mn Xm5
(n)~x!, ~22!

then due to Eq.~20! the expectation value of the axial curre
in the largem expansion is

2m trc,g^xu
1

D
g5ux&5(

n

1

mn
]mXm5

(n)~x!. ~23!

This means that terms appearing in the expansion of the a
current must be of the form of a total derivative. The ord
O(1/m3) term in Eq.~19! exactly obeys this form

2m trc,g^xu
1

D
g5ux&O(1/m3)

5
i

96p2m2
]mRm , ~24!

Rm5]mtrcFabF̃ab14 trc@¹a ,Fan#F̃mn .

~25!

The termf abcFmn
a F̃na

b Fam
c appearing falsely in the expansio

of the axial current in@8,9# cannot be represented as a to
derivative of a local expression1 and therefore violates the
general argument given above.

The expectation value for the divergence of the axial v
tor current in the background of gluon fields finally reads
to orderO(1/m4)

^]m j m
5 ~x!&5

i

96p2m2
]m~]mtrcFabF̃ab14 trc@¹a ,Fan#F̃mn!

1OS 1

m4D . ~26!

3. The scalar current

Following the steps outlined in the introduction to th
section the expansion of a scalar current in series of
inverse heavy quark mass yields up to orderO(1/m3):

1A straightforward calculation for the instanton field shows th

*d4x fabcFmn
a F̃na

b Fam
c Þ0. But for dimensional reasons this nonva

ishing contribution can be excluded from being generated by a
face term if the instanton field is taken in the regular gauge. The
fore the integrand cannot be a total derivative.
4-4
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trc,g^xu
1

D
ux&5trc,gE d4k

~2p!4

1

k21m2(
n50

` S ¹22
s

2
F12ik¹

k21m2
D n

~ i¹” 2k”2 im!•1

52
i

~4p!d/2 S 1

m2D 12(d/2)

mGS 12
d

2Dd trc1

2
i

24p2m
trcFabFab1

1

360p2m3trcFabFagFbg2
7i

2880p2m3
]2trcFabFab

2
i

720p2m3
~11 trc@¹a ,@¹b ,Fbg##Fag2trc@¹a ,Fab#@¹g ,Fgb#!1OS 1

m5D . ~27!
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The infinite constant term can be cancelled by substrac
the expectation value of the scalar current for vanishing g
onic background fields. Our result Eq.~27! coincides with
that obtained in@11# if we neglect the total derivative term
which were ignored in@11#.

Actually the result Eq.~27! with the total derivative terms
neglected~and hence that of@11#! can be easily obtained
from the expansion of the determinant of the Dirac opera
Eq. ~11!, since

E d4x trc,g^xu
1

D
ux&5

d

dm
@2 i ln~detD !#

5
d

dm
~2 i Tr ln D !. ~28!

Our expansion of the scalar current Eq.~27! is in agreement
with the result for the determinat in Eq.~11!.

4. The vector current

The heavy quark expansion of the vector current up
order 1/m3 gives exactly zero

trc,g^xu
1

D
gmux&501OS 1

m4D . ~29!

This result can be easily anticipated from the fact that
vector current isC parity odd. This implies that the firs
operator contributing to heavy quark mass expansion sh
contain at least three gluon fields, additionally the vec
current conservation requires that this operator has the
lowing structure:¹G3. From counting of dimensions we se
that such an operator can contribute only at 1/m4 order.

5. The tensor current

For the color singlet tensor current we find that the fi
nonvanishing order of the expansion isO(1/m3), yielding
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trc,g^xu
1

D
smnux&5

i

24p2

1

m3

3trc@FabFabFmn1FanFbmFab

2FamFbnFab#1OS 1

m5D . ~30!

We note that the rhs of the above equation vanishes in
case of the SU~2! gauge group. Actually one can show th
the left hand side~lhs! of Eq. ~30! is identically zero in the
case of the SU~2! gauge group. Therefore the fact that the r
of Eq. ~30! vanishes for the SU~2! gauge group is a powerfu
check of our calculations.

In order to prove that the lhs of Eq.~30! is zero in the case
of the SU~2! gauge group we use the following transform
tion:

G5Ct2,

whereC is charge conjugation matrix in Dirac spinor spa
andt2 is the color SU~2! matrix. Under this transformation
we have:

GtaG2152taT,

GsmnG2152smn
T ,

GDG215DT,

where T is the transposition operation. The lhs of Eq.~30!
should be zero since

trc,g^xu
1

D
smnux&5trc,g^xuG

1

D
smnG21ux&

5trc,g^xuS 1

D D T

~2smn
T !ux&

52trc,g^xu
1

D
smnux&. ~31!
4-5
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Nullification of the heavy quark mass expansion of t
tensor current for the SU~2! gauge group implies that the lh
of Eq. ~30! is zero if it is computed in the field of a singl
instanton.

6. Expansion ofkQ̄¹mgnQl

The energy-momentum tensor of QCD can be written
Minkowski space as
e

07402
n

Tmn52gmnLQCD2FmaFa
n 1

i

2
c̄¹J (mgn)c, ~32!

where (mn) denotes the symmetrization of the indices. T
largem expansion of the~not symmetrized! last term in Eq.
~32! yields in Euclidean space
trc,g^xu
1

D
¹mgnux&5

22i

~4p!d/2 S 1

m2D 2(d/2)

GS 2
d

2D dmntrc1

1
i

~4p!d/2 S 1

m2D 22(d/2)

GS 22
d

2D S 2
1

3
dmntrcFabFab1

4

3
trcFanFamD

1
1

720p2

1

m2dmntrcFabFbgFga2
7i

5760p2

1

m2dmn]2trcFabFab

2
i

1440p2

1

m2dmn~11 trc@¹a ,@¹b ,Fbg##Fag2trc@¹a ,Fab#@¹g ,Fgb#!

1
1

2880p2

1

m2~24 trcFanFbmFab24 trcFamFbnFab230i trc@¹a ,Fmn#@¹b ,Fab#

174i trc@¹a ,@¹b ,Fbn##Fam114i trc@¹a ,@¹b ,Fbm##Fan

226i trc@¹n ,@¹a ,Fab##Fbm226i trc@¹m ,@¹a ,Fab##Fbn

122 i ]2trcFbnFbm23i ]m]ntrcFabFab226i trc@¹m ,Fan#@¹b ,Fab#226i trc@¹n ,Fam#@¹b ,Fab#

140i trc@¹a ,Fan#@¹b ,Fbm#14i trc@¹n ,Fab#@¹m ,Fab#!1OS 1

m4D , ~33!
f
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by
rm
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trc,g^xu
1

D
¹mgnux&O(m0,m22)5trc,g^xu¹m

1

D
gnux&O(m0,m22).

~34!

The Lorentz trace of Eq.~33! can be compared with th
expansion of the scalar current in Eq.~27! since

trc,g^xu
1

D
¹ngnux&52mtrc,g^xu

1

D
ux&. ~35!

For the trace of the rhs of Eq.~33! we find

trc,g^xu
1

D
¹ngnux&O(m0,m22)

5
i

24p2
trcFabFab2

1

360p2m2 trcFabFagFbg

1
7i

2880p2m2
]2trcFabFab
1
i

720p2m2
~11 trc@¹a ,@¹b ,Fbg##Fag

2trc@¹a ,Fab#@¹g ,Fgb#!, ~36!

which exactly coincides with the rhs of Eq.~27! multiplied
by (2m). Equation~34! further agrees with the expansion o
the vector current being zero up toO(1/m3) since

trc,g^xu¹m

1

D
gnux&2trc,g^xu

1

D
¹mgnux&5]mtrc,g^xu

1

D
gnux&.

~37!

III. INTRINSIC HEAVY QUARKS IN LIGHT HADRONS

In light hadron processes heavy quarks may give con
butions only through virtual effects which are suppressed
the mass of the heavy quarks. Especially for the cha
quark, whose massmc'1.4 GeV is not too large, virtua
processes nevertheless may not give negligible contributi
In this section we discuss the applications of heavy qu
4-6
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mass expansion obtained in the previous sections.
In the following sections we use the ‘‘perturbative’’ no

malization for the gluon field strengthGmn
a 5Fmn

a /gs and ro-
tate all expressions to Minkowski space~see Appendices
A–C!.

A. Intrinsic charm in h and h8

For the decay of theB meson intoh8 andK mesons in@8#
a mechanism with virtual charm quarks was suggested
this approach the Cabibbo favored processb→ c̄cs is fol-
lowed by the conversion of thec̄c pair directly intoh8. Its
contribution to the decay amplitude is therefore direct
pending on the ‘‘intrinsic charm’’ component of theh8 me-
son which is usually characterized by the matrix elemen

^0uc̄gmg5cuh8~q!&5 i f h8
(c)qm . ~38!

Using the heavy mass expansion of the divergence of
axial vector current Eq.~26!, the constantf h8

(c) can be ex-
pressed up to the order 1/mc

2 by

f h8
(c)

52
1

12mc
2 ^0u

as

4p
Gmn

a G̃mn,auh8&. ~39!

We now can estimate the value of the constantf h8
(c)

f h8
(c)'22 MeV, ~40!

where we have used

^0u
as

4p
Gmn

a G̃mn,auh8&50.056 GeV3, ~41!

obtained in@12#.
In Eq. ~39! we neglected the term proportional

@¹a ,Gn
a# of Eq. ~26! which vanishes in pure Yang–Mills

theory and hence is suppressed by the strong coupling
stantas at the heavy quark mass scale. In QCD the omit
term can be related to the matrix element

as

4p
^0ugs (

q5u,d,s
q̄gnG̃m

n quh8& ~42!

using the equation of motion. Let us note that the expans
parameter in the heavy quark mass expansion isgsG/mc ,
because the nonperturbative gluon field strengthG;1/gs ~cf.
instanton field!. Thereforegs(m) accompanied by gluon field
strength is not counted as suppression. Additionally the
trix element Eq.~42! is 1/Nc suppressed relative to the ma
contribution Eq.~39!

A rough order of magnitude estimate for the contributi
of the omitted term Eq.~42! to f h8

(c) using the results of@13#
indicates a deviation at the level of 0.3 MeV to the value E
~40!. A more careful analysis of the omitted matrix eleme
Eq. ~42! can be done by using the instanton methods de
oped in @14# which already have been applied by@13# to
calculations of higher twist corrections to deep-inelastic sc
tering.
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Our estimated value forf h8
(c) is consistent with the phe

nomenological analysis in@15# where the authors dervive
the bound265 MeV< f h8

(c)<15 MeV from the analysis of
gh8 transition form factors. From the analysis of (h,h8,hc)
mixing in @16# the small valuef h8

(c)
52(6.360.6) MeV was

derived. Taking into account off-shellness effects in thec̄c
component ofh8 also, the valueu f h8

(c)u'2.4 MeV was found
in @17#. Further our value forf h8

(c) is in agreement with the
phenomenological boundu f h8

(c)u,12 MeV, obtained in@18#,
and corresponds to the resultf h8

(c)'22.3 MeV presented in
@19#. In @19# the divergence of the axial vector current w
computed using the triangle graph for the axial anomaly w
massive fermions, neglecting possible 1/mc

2 contributions
such as

f abcGmn
a G̃na

b Gam
c ~43!

from higher order diagrams. Indeed our calculation sho
that such ‘‘truly nonabelean’’ operators do not contribute
the order 1/mc

2 and our result Eq.~39! therefore is exactly
given by the first term of the expansion in 1/mc

2 of the tri-
angle graph@20#.

The small value Eq.~40! for f h8
(c) implies that theb

→ c̄cs mechanism does not play a major role in theB
→Kh8 decay mode.

Bigger values off h8
(c) due to the operator Eq.~43! in the

expansion of the axial current up to order 1/mc
3 have been

given in @8#, where f h8
(c)'(502180) MeV and in@9# with

f h8
(c)'2(12.3218.4) MeV. These results have been used

a number of authors for the analysis of the charm conten
noncharmed hadrons~see e.g.,@21,10,22,23#!, but since the
operator Eq.~43! violates general properties of the axi
anomaly and it also does not appear in explicit calculatio
~see Sec. II B 2!, results relying on@8,9# should be reconsid-
ered.

Analogously we can immediately estimate the const
f h

(c) characterizing the intrinsic charm contribution to theh
meson. Using

^0u
as

4p
Gmn

a G̃mn,auh&50.020 GeV3, ~44!

obtained in@12# we find

f h
(c)'20.7 MeV. ~45!

Since in the case of theh meson the contribution of the
omitted term Eq.~42! can be of the same order asf h

(c) itself,
the estimate Eq.~45! must be considered as poor.

B. Intrinsic charm contribution to the proton spin

Another application of our result for the heavy qua
mass expansion of the divergence of axial vector current
~26! has been given in@20#. In this paper the authors hav
shown that the intrinsic charm contribution to the first m
4-7
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M. FRANZ, M. V. POLYAKOV, AND K. GOEKE PHYSICAL REVIEW D 62 074024
ment of the spin structure functiong1(x,Q2) of the nucleon
is small contrary to the result of@21,22,10#.

In @20# it was proven that the forward matrix element
the axial current in the leading order of heavy quark m
expansion can be computed as

^N~p,S!uc̄gmg5c~0!uN~p,S!&

5
as

48pmc
2^N~p,S!uRm~0!uN~p,S!&. ~46!

Here the currentRm(0) is given by Eq.~25!. Note that the
first term in Rm does not contribute to the forward matr
element because of its gradient form, while the contribut
of the second one is rewritten, by making use of the equa
of motion, as matrix element of the operator

^N~p,S!uc̄gmg5c~0!uN~p,S!&

5
as

12pmc
2 ^N~p,S!ugs (

f 5u,d,s
c̄ fgnG̃m

nc f uN~p,S!&

[
as

12pmc
2

2vN
3 Sm f S

(2) . ~47!

The parameterf S
(2) was determined before in calculations

the power corrections to the first moment of the singlet p
of g1. QCD sum rule calculations gavef S

(2)50.09 @24#, esti-
mates using the renormalon approach led tof S

(2)560.02
@25# and calculations in the instanton model of the QC
vacuum give a result very close to that of the QCD sum r
@13#.

Inserting these numbers for the charm axial constan
the nucleon we get finally the estimate

gA
(c)52

as

12p
f S

(2)
mN

2

mc
2

'2531024 ~48!

with probably a 100% uncertainty. Note that this contrib
tion is of nonperturbative origin~therefore we call it intrin-
sic!, so that it is sensitive to large distances, as soon as
factorization scale is of ordermc .

C. Intrinsic charm contribution to the nucleon tensor charge

Using the results of Sec. II B 5 we can estimate the intr
sic charm contribution to the tensor charge of the nucle
The tensor charge of the nucleon is defined as

^N~p,S!uc̄smng5c~0!uN~p,S!&52i gT
(c)~pmSn2pnSm!.

~49!

Using the result of Sec. II B 5 and the identity

smng552
i

2
«mnabsab,

we obtain for the charm contribution to the nucleon ten
charge the following result:
07402
s

n
n

rt

e

f

-

he

-
n.

r

gT
(c)5

1

96p2

1

mc
3mN

2 «lrmnplSr^N~p,S!utrcgs
3@GabGabGmn

12GanGbmGab#uN~p,S!&1OS 1

mc
5D . ~50!

The matrix element on the rhs of the above equation can
roughly estimated in the instanton vacuum using the met
of @14#. As discussed in Sec. II B 5 the gluonic operator
the rhs of Eq.~50! is identically zero on one instanton
Therefore it is the first nontrivial contribution one can g
from an instanton–anti-instanton pair. If we compare the
pression for the charm contribution to the nucleon cha
with that for axial charge we see that the charm contribut
to the tensor charge is suppressed by the additional powe
mN /mc and one power of instanton packing fractio
(p2r̄4/R̄4), however the tensor charge is enhanced by o
power ofas(mc).

2 This allows us to make a rough estima
for the charm contribution of the tensor charge

gT
(c);

mN

as~mc!mc

~Nc22!p2r̄4

NcR̄
4

gA
(c);1024. ~51!

Factors ofNc are written in a way to reproduce the largeNc
behavior of the matrix element and to account for the f
that the operator on the rhs of Eq.~50! is identically zero at
Nc52.

D. Intrinsic charm contribution to the nucleon momentum

The charm contribution to the nucleon momentum can
defined as

M2
(c)~m2!5E

0

1

dxBxB@c~xB!1 c̄~xB!#

5
i

2~P•n!2
^N~P!uc̄n” ~n•¹!c~0!uN~P!&,

~52!

wherec(xB) is the charm parton distribution normalized
the scalem, which is assumed to bem'mc . The light cone
vectorn is arbitrarily noncollinear to nucleon momentumP.

Now we can use the result of Eq.~33! in order to estimate
the charm contribution to the nucleon momentum carried
intrinsic charm quarks:

2We stress once more that the expansion parameter in the h
quark mass expansion isgsG/mc , because the non-perturbativ
gluon field strengthG;1/gs ~cf. instanton field!. Thereforegs(m)
accompanied by gluon field strength is not counted as suppres
4-8
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M2
(c)~m!5

i

2~P•n!2F ias~m!

4p

1

S 22
d

2D
4

3

3^N~P!unmnntrcG
a

nGamuN~P!&

1
1

120p2

gs
3~m!

mc
2

3^N~P!unmnntrcGanGbmGabuN~P!&G
1OS 1

mc
4D . ~53!

In derivation of this expression we neglected terms that
proportional to @¹a,Gab# which are suppressed by on
power ofgs

2(m). The first term in Eq.~53! is divergent3 and
actually is related to the mixing of quark and gluon ope
tors. We can rewrite Eq.~53! as follows:

M2
(c)~m!5

4

3

as~m!

4p

1

S 22
d

2D M2
(G)~m!

1
i

2~P•n!2

1

120p2

gs
3~m!

mc
2

3^N~P!unmnntrcGanGbmGabuN~P!&

1OS 1

mc
4D . ~54!

Here the first term, which is proportional to the momentu
fraction carried by gluonsM2

(G)(m), accounts for extrinsic
charm. Note that the coefficient in front of this term is e
actly the leading anomalous dimensiongqG54/3 which ac-
counts for mixing quark and gluon twist-2 operators und
QCD evolution. The intrinsic charm contribution is given b
the second term, so that we have estimates of

M2
(c), intrinsic~m!5

i

2~P•n!2

1

120p2

gs
3~m!

mc
2

3^N~P!unmnntrcGanGbmGabuN~P!&

1OS 1

mc
4D . ~55!

We see that the momentum fraction carried by intrin
charm in the nucleon is related to the value of the nucle
matrix element:

3We show only the most singular term.
07402
re

-

r

c
n

^N~P!unmnnigs
3~m!trcGanGbmGabuN~P!&.

One can easily see that this matrix element in the theory
instanton vacuum@14# is zero in one-instanton approxima
tion, the same as the matrix element

^N~P!unmnngs
2~m!trcG

a
nGamuN~P!&.

Keeping in mind that for instanton fieldG;1/gs we can
write

^N~P!unmnnigs
3~m!trcGanGbmGabuN~P!&

^N~P!unmnngs
2~m!trcGn

aGamuN~P!&
5L2, ~56!

whereL is parameter of the dimension of mass whose va
can be obtained using various nonperturbative method
QCD: lattice calculation, QCD sum rule, and theory of i
stanton vacuum. Generically we expect that this mass par
eter is on the order of typical strong interaction scaleL;1
GeV. Now we can rewrite Eq.~55! in terms of this paramete
and momentum fraction carried by gluons in the nucleon
scalem'mc as

M2
(c), intrinsic~m!5

as~m!

30p

L2

mc
2M2

G~m!1OS 1

mc
4D . ~57!

If we assume thatL25few GeV2 than we get the estimat
for the charm contribution to the nucleon momentum

M2
(c), intrinsic~m!5few31023. ~58!

We see that the heavy quark mass expansion of local curr
allows us to reduce the problem of estimate of intrin
charm content of the nucleon to the calculation of the ra
Eq. ~56!. The latter ratio can be computed using vario
methods of nonperturbative QCD; probably the most pro
ising would be a calculation of this ratio in lattice QCD.

Recent analysis of@26,27# gives forM2
(c), intrinsic values at

the level of fraction of percent which are in agreement w
our estimate Eq.~58!.

Let us note that, since we performed the heavy qu
mass expansion of the heavy quark part of the energy
mentum tensor, without neglecting total derivatives, one
also compute its nonforward nucleon matrix element. Fr
the nonforward matrix element of energy momentum o
can obtain the total angular momentum carried by intrin
heavy quarks in the nucleon using Ji’s sum rules@28#. We
shall report the corresponding estimates elsewhere.

IV. CONCLUSIONS

In this paper we have computed the heavy quark m
expansion of various local heavy quark currents. The det
of the technique are illustrated on the example of hea
quark mass expansion of the pseudoscalar densityQ̄g5Q.
This operator plays an important role in problems related
intrinsic charm contribution to the proton spin and to intri
sic charm content ofh,h8 mesons.

We corrected the mistakes in@8,9# for heavy quark mass
expansion of the operatorQ̄g5Q. In these papers large in
4-9
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M. FRANZ, M. V. POLYAKOV, AND K. GOEKE PHYSICAL REVIEW D 62 074024
trinsic charm contribution to the proton spin and to intrins
charm content ofh,h8 mesons was obtained due to cont
bution of the operatorf abcGmn

a G̃na
b Gam

c which appeared in

heavy quark mass expansion of the operatorQ̄g5Q presented
in @8,9#. We showed that the coefficient in front of this o
erator is identically zero~the result which actually follows
from general properties of the axial anomaly@4#!, so that the
physical effects based on the presence of the above ope
discussed in@8,9,21,10,22,23# are absent.

For the first time we presented the full results4 for heavy
quark mass expansion of the operatorsQ̄Q ~to the order
1/m3), Q̄g5Q ~to the order 1/m3), ]mQ̄gmg5Q ~to the order
1/m2), Q̄gmQ ~to the order 1/m3), Q̄smnQ ~to the order
1/m3), andQ̄gm¹nQ ~to the order 1/m2).

The results obtained for heavy quark mass expansion
lowed us to estimate the intrinsic charm content ofh8,h
mesons as well as the charm contribution to the proton s
nucleon tensor charge and to the fraction of nucleon mom
tum carried by intrinsic charm. In the case of charm cont
of h8,h mesons and intrinsic charm contributions to the p
ton spin we reduce the calculations of these quantities
matrix elements which are already known either phenome
logically or were computed previously. In other cases, l
intrinsic charm contribution to the nucleon tensor charge
to energy momentum tensor, the problem is reduced to
trix elements of gluon operators which can be estimated
ing various nonperturbative methods in QCD: lattice cal
lation, QCD sum rule, and theory of instanton vacuum.

We made here a rough order of magnitude estimate
matrix elements of gluon operators appearing in heavy qu
mass expansion of tensor current and of energy momen
tensor using the instanton model of QCD vacuum. Mo
quantitative estimates will be given elsewhere. The pred
tions for intrinsic charm contribution to various observab
are summarized in Table I.
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4Not neglecting total derivatives and terms proportional
@¹m,Gmn#.

TABLE I. Results for intrinsic charm contribution to variou
observables.

Quantity Our estimate

f h8
(c) 22 MeV

f h
(c) 20.7 MeV

gA
(c) 2531024

gT
(c) ;1024

M2
(c), intrinsic ;1023
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APPENDIX A: EUCLIDIZATION

In this appendix we present our conventions regarding
Euclidization as well as details of the heavy quark mass
pansion of the fermion determinant and the pseudosc
density.

For the Euclidization we use the follwing conventions:

ixM
0 5x4,E , xM

k 5xk,E→d4xM52 id4xE ,

]M
0 5 i ]4,E , ]M

k 52]k,E ,

AM
0 5 iA4,E , AM

k 52Ak,E . ~A1!

The covariant derivative therefore reads in Minkowski and
Euclidean space-time:

¹M
m 5@]m2 iAm~x!#M , ~A2!

¹m,E5@]m2 iAm~x!#E . ~A3!

The field strength, defined as

Fmn
a 5]mAn2]nAm1 f abcAm

b An
c5 i @¹m ,¹n# ~A4!

transforms as

Fi j ,M5Fi j ,E , F0 j ,M5 iF 4 j ,E . ~A5!

For the Dirac matrices we choose the conventions

gM
0 5g4,E , gM

k 5 igk,E , ~A6!

andg5 is defined within this paper as

g5,M5gM
5 52 i ~g0g1g2g3!M5~g1g2g3g4!E5g5,E .

~A7!

With

«M
012352«0123,M5115«1234,E , ~A8!

it yields

trg@g5gagbgggd#E54«abgd,E . ~A9!

The fermionic fields transform as

cM5cE , c̄M52 icE
† , ~A10!

so the Dirac operator in Euclidean space-time reads

D5 i¹” 1 im. ~A11!

In Sec. II A we have used the following transformation pro
erties for the effective action and the appearing operator

Seff,M5 iSeff,E , ~A12!
4-10
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~FabFab!M5~FabFab!E ,

~FabFb
gFga!M52~FabFbgFga!E . ~A13!

APPENDIX B: THE EXPANSION OF Tr †eÀtD†D
‡

In Sec. II A we have shown that the normalized fermi
determinant is given by

S detD

detD0
D

z2reg

5expF2
1

2
lim
s→0

d

ds

M2s

G~s!
E

0

`

dtts21

3Tr@e2tD†D2e2tD0
†D0#G , ~B1!

using thez regularization, where the functional trace can
written as
07402
Tr@e2tD†D#5trc,gE d4xE d4k

~2p!4
e2t(k21m2) (

n50

`

~21!n

3
tn

n! S 2¹21
s

2
F22ik¹ D n

•1 ~B2!

in the Euclidean space. The occurring integrations with
spect tok can be performed using

E d4k

~2p!4
km1

. . . km2n
e2t(k21m2)

5
1

4p2 ~2t !2(n12)e2tm2
dm1 . . . m2n

, ~B3!

whereas integrals containing an odd number ofk’s vanish.
Collecting then all terms which will contribute up to orde
1/m2 after thet integration and summing over the Loren
indices yields, for Eq.~B2!,
nd some

of

ion of
Tr@e2tD†D#5
1

4p2trcE d4x e2tm2F 1

t2
1t0S 1

6
¹a¹b¹a¹b2

1

6
¹a¹2¹a1

1

4
FabFabD

1tS 1

180
¹2¹2¹22

1

36
~¹a¹2¹a¹21¹a¹2¹2¹a1¹2¹a¹2¹a!1

1

45
~¹a¹b¹a¹b¹21¹a¹b¹a¹2¹b

1¹a¹b¹2¹a¹b1¹a¹2¹b¹a¹b1¹2¹a¹b¹a¹b1¹a¹b¹2¹b¹a!2
1

90
~¹a¹b¹a¹g¹b¹g

1¹a¹b¹g¹a¹b¹g1¹a¹b¹g¹a¹g¹b1¹a¹b¹g¹b¹a¹g1¹a¹b¹g¹b¹g¹a!1
1

6
~FabFab¹2

1Fab¹2Fab1¹2FabFab2¹gFab¹gFab2¹gFabFab¹g2Fab¹gFab¹g!2
i

6
FabFgbFgaD1O~¹8!G

~B4!

5
1

4p2trcE d4x e2tm2F 1

t2
1

1

6
FabFab1tS 2

15
iF abFbgFga2

1

180
@¹a ,Fab#@¹g ,Fgb#

1
11

360
@¹a ,@¹a ,Fbg##Fbg1

7

720
@¹a ,@¹a ,FbgFbg## D1O~¹8!G . ~B5!

In the last step we have rearranged all terms into explicit gauge invariants using the cyclic property of the color trace a
commutator algebra. From the Bianchi identity Eq.~17! we obtain the relation5

@¹r ,@¹r ,Fab##522i @Fra ,Frb#1@¹a ,@¹r ,Frb##2@¹b ,@¹r ,Fra##. ~B6!

Its application to Eq.~B5! and reinsertion into Eq.~B1! then yields the result Eq.~11! for the heavy quark mass expansion
the fermion determinant.

5In the calculation of@9# the factor of 2 was missing in this identity, which led to the wrong result of the heavy quark mass expans
the pseudoscalar density.
4-11
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APPENDIX C: THE EXPANSION OF Tr c,gŠxz
1
D

g5zx‹

The heavy quark mass expansion of the pseudoscalar density up to order 1/m3 reads in detail:

trc,gK xU 1

D
g5UxL 52 imtrc,gE d4k

~2p!4

1

k21m2(
n50

` S ¹22
s

2
F12ik¹

k21m2
D n

g5•1 ~C1!

52 im trc,gE d4k

~2p!4 F 1

~k21m2!3

1

4
sFsFg5

1
1

~k21m2!4 S 1

4
¹2sFsF1

1

4
sF¹2sF1

1

4
sFsF¹22

1

8
sFsFsF Dg5

2
1

~k21m2!5
~sFsFk¹k¹1sFk¹sFk¹1sFk¹k¹sF1k¹sFk¹sF

1k¹k¹sFsF1k¹sFsFk¹!g5G1OS 1

m5D ~C2!

5
i

32p2m
«abgdtrcFabFgd2

1

48p2m3«abgdtrcFraFrbFgd

1
i

192p2m3
«abgdtrc@FabFgd¹22Fab¹rFgd¹r1Fab¹2Fgd

2¹rFab¹rFgd1¹2FabFgd2¹rFabFgd¹r#1OS 1

m5D . ~C3!

Here we have used Eq.~15! for the integration overk and the following results for Dirac traces:

FabFgdtrg@sabsgdg5#52FabFgdtrg@gagbgggdg5#

524«abgdFabFgd , ~C4!

FabFgdFewtrg@sabsgdsewg5#52 iF abFgdFewtrg@gagbgggdgegwg5#

516i«abgdFraFrbFgd . ~C5!

Using the identities

@¹r ,Fab#@¹r ,Fgd#5¹rFab¹rFgd1Fab¹rFgd¹r2¹rFabFgd¹r2Fab¹2Fgd , ~C6!

@¹r ,@¹r ,Fab##Fgd5¹2FabFgd1Fab¹2Fgd22¹rFab¹rFgd , ~C7!

Fab@¹r ,@¹r ,Fgd##5Fab¹2Fgd1FabFgd¹222Fab¹rFgd¹r , ~C8!

Eq. ~C3! can be written as

trc,g^xu
1

D
g5ux&5

i

32p2m
«abgdtrcFabFgd1

i

192p2m3
«abgdtrc@2@¹r ,@¹r ,Fab##Fgd

1@¹r ,Fab#@¹r ,Fgd#14iF raFrbFgd#1OS 1

m5D . ~C9!

Further we can use the relation~B6! and«abgdtrc@¹r ,Frb#@¹a ,Fgd#50 obtained from the Bianchi identity so that
074024-12
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«abgdtrc@¹r ,@¹r ,Fab##Fgd522 i«abgdtrc@FraFrbFgd2FrbFraFgd#

1«abgdtrc@@¹a ,@¹r ,Frb##Fgd2@¹b ,@¹r ,Fra##Fgd#

5«abgdtrc@24iF raFrbFgd12@¹a ,@¹r ,Frb##Fgd#

5«abgd~24i trcFraFrbFgd12]atrc@¹r ,Frb#Fgd!. ~C10!

On the other hands it yields

«abgdtrc@@¹r ,@¹r ,Fab##Fgd1@¹r ,Fab#@¹r ,Fgd##5«abgdtrc@¹r ,@¹r ,Fab#Fgd#5«abgd]r trc@¹r ,Fab#Fgd

5«abgd]rtrc@@¹r ,FabFgd#2Fab@¹r ,Fgd##

5 1
2 «abgd]rtrc@¹r ,FabFgd#5 1

2 «abgd]2trcFabFgd . ~C11!

So we finally end up with the result Eq.~19!

trc,g^xu
1

D
g5ux&5

i

32p2m
«abgdtrcFabFgd1

i

384p2m3
«abgd]2trcFabFgd1

i

96p2m3
«abgd]atrc@¹r ,Frb#Fgd1OS 1

m5D .

~C12!
e
ai
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t.
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