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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 they, »' mesons and the intrinsic charm contribution to the proton spin. The derivation of
heavy quark mass expansion f((ﬁysQ) is given here in detail and the expansions of the scalar, vector and
tensor current and c(favﬂy”Q) (a contribution to the energy-momentum tensane presented as well. The
obtained results are used to estimate the intrinsic charm contribution to various observables.

PACS numbgs): 12.38.Lg, 13.25.Hw, 14.20.Dh, 14.65.Dw

. INTRODUCTION nucleon[no ¢(x),c(x) and noAc(x),Ac(x) at normaliza-
tion point w=m;]. However now there is much evidence
Nowadays it is established beyond any doubt that the nahat, in principle, there might be considerable intrinsic charm
ive picture of light hadrons as made of three constituentomponent in the nucleon wave function even at a low nor-

quarks(for bary0n$ or qa pairs of constituent quarkgor malization point. For reliable extraction of gluon distribu-
mesong is not complete. The deep inelastic scattering extions from open charm electroproduction experiments it is
periments revealed the rich sea structure of the nucleofl€cessary to have quantitative estimates of the intrinsic
these experiments showed in particular that a considerabf@m content of the nucleon. _

portion of the nucleon spin is carried by the strange compo- This paper will be organized as follows: In the first part

nent of the nucleon sea. Furthermore there are experiment4fé Present the calculation of the expectation value of heavy

facts which seem to suggest that a nonvanishing nonpertuF1uark currents in the background of gluon fields using a

bative component of intrinsic charm is present in light had_s_emit_:lassic_al approximation. This corresponds to an expan-
rons[1,2] sion in the inverse of the heavy quark mass

We address the problem of intrinsic charm content of
light hadrons from the point of view of the heavy quark mass 1
expansi C pairs in - (Q'IIrQ(x)) =2 =X, ®
pansion. Thec pairs in light hadrons, due to a parametri ~m
cally large mass of charm quarks, can appear in a light had-
ron as a virtual state whose lifetime is short, of ordend/  whereI’ denotes the Lorentz structure of the current and the
The nonperturbative(with typical momenta below heavy x{" are local expressions of the field strength depending on
quark massn;) gluon and light quark fluctuations are slowly T, In Sec. Il A we review the largen expansion of the fer-
varying from the “point of view” of the virtualcc pair;  mion determinant appearing in our definition of the expecta-
hence, the heavy quark mass expansion is equivalent to th®n value. In Sec. Il B we then outline the expansion of
semiclassical expansion. This expansion allows one to resolor singlet currents in general before we present our results
write operators made of heavy quarks in terms of light defor the expansion of the axial current, the axial vector current
grees of freedongluons and light quarks For a detailed using the axial anomaly equation, as well as for the expan-
discussion of the heavy quark mass expansion 3ge sion of the scalar, vector and tensor currents. Finally we
Let us note also that in the absence of a direct probe o$how the result of the expansion (cIDT(x)VMyVQ(x», ap-
gluons the open charm production is considered as the majpearing in the energy-momentum tensor of QCD.
source of information on nucleon’s gluon distributions. In  In the second part we discuss the calculation of intrinsic
hard leptoproduction heavy quarks are produced in the leadieavy quark content of light hadrons as an application of the
ing order via the photon-gluon fusiofPGH. The leading heavy quark mass expansion. In the case of charm content of
graph for PGF can be related directly to gluon distributiins %', mesons and intrinsic charm contributions to the proton
one assumethat there is no intrinsic charm content in the spin we reduce the calculations of these quantities to matrix
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elements which are already known either phenomenologi- detD=detD "= (detD'D)? (5)
cally or were computed previously. In other cases, like in-
trinsic charm contribution to the nucleon tensor charge andhe normalized and regularized determinant can be written as
to energy momentum tensor, the problem is reduced to mdollows:
trix elements of gluon operators which can be estimated us-
ing various nonperturbative methods in QCD: lattice calcu- 2s
lation, QCD sum rule, and theory of instanton vacuum. (de_tD) - _ M J s—1
ex dtt
In the Appendix we present some details of our calcula- detDo/ ,_ o, 50 dS I'(s)
tion of the fermion determinant and the expansion of the
axial current, which has already been usedlh ; ;
XTr[eftD D__ etDODO]} , (6)

II. HEAVY QUARK EXPANSION OF CURRENTS

IN 1"I|\IEDBS§|§$ g%igi lc:)lFEE[;‘SU ON whereD, den_otes the Di_rac operator in the absence of ex-

ternal gluon fields andv is the regulator mass. The func-

The expectation value of a color-singlet quark currenttional trace denoted by Tr in E¢6) can be calculated with
made of heavy quarks in the background of gluon and lightespect to any complete set of states. For further calculations
quark fields can be written after integrating out heavy deit is convenient to compute functional traces in the basis of

grees of freedom as plane waves, so that
(QTO)I'Q(x))=detD tr (x| 5T'[x), ) Tr{e P Pl=tr, | d* | ——e e P P]elkx
D Y (277_)4
HereI' denotes an arbitrary Lorentz structure. Note that all d*k
calculations will be performed in the Euclidean space-time, =tr, yf d*x f
so the QCD Dirac operator reads (2m)*

D—iy+im, @ X[e—tD*(d,ﬁaﬁ|kM)D(aﬁdV+|kV)]Xl_ (7)
The unity in Eq.(7) points out that the operators here act on
where the covariant derivative is defined as unity, so thatd,,- 1=0. The further calculations are straight-
forward: the expression in E¢7) can be expanded in powers
A2 of the covariant derivative, integrated with respecktand
V,= ( J,—i _AZ(X)) (4)  the Lorentz indices summed. The square of the Dirac opera-
2 tor in Eq. (7) with all differentiation operators shifted),
—d,+ik,, is given by
andm is the heavy quark mass. For the conventions and the
Euclidization used see Appendix A. Equati@) can now be
expanded in a power series of the inverse heavy quark mass
1/m under the assumption that the gradient of the back-
ground field strength is small comparednio The expansion I I 2, .2
of determinant of the Dirac operator in E(R) has been =V 2 F=2ikV+ki+ms, ®
calculated by a large number of authors, see £g7]. We
briefly review the calculation of the determinant following Where we have used
[7] since we use the result of this calculation as a check of
the expansion of a scalar current of heavy quarks in Sec.
1B 3.

D'(9,—d,+ik,)D(d,—a,+ik,)

F2,=i[V,.V,]2=0,A3—3,AS+f3PAPAS  (9)

A. Expansion of the determinant

ag
— —_Vv2y
The expansion of the determinant for heavy quarks in Eq. ==V ver 2 F (10

(2) yields divergences of various types. Since most of these

divergences are connected with the determinant of the frewith the notations aF:aW()\a/Z)F;V and o,,=(i/
Dirac operator we normalize the determinant with that in2)[y,,v,] applied.

zero external field. For the remaining infinity which can be The details of the expansion of the exponential function in
related to the logarithmic renormalization of the coupling Eq. (7) can be found in Appendix B. Up to ordemi? in the
constant, we use the so-callédregularization. Using the heavy quark mass expansion we end up with the following
identity result for the fermion determinant:
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detD B fd4 1 | M? E -
FDO =eX X—82n trc aBTap

i 1 1
72072 P UeFapFpyFya™ Ta2072 2 e[V, ,[Va,FapllF g

{—reg

72
1 1 7 1 1
144077_2 2 trC[Va:Faﬁ][V'y!Fyﬁ] 576077'2 A2 0 trCF'yﬁFyﬁ +0 _4 (11)
1 2
=ex;{f d*x ~ 282 In(W)trcFapFap
[ 1 1 1 1
720772 —ztrcFaﬁFﬁychﬁ—W—ztrc[VQ,FaB][Vy,Fw] +0 —4 (12)

Note that in the last step partial integration has been usede choose the dimensional regularization, since the integrals
with all total derivatives left out. The effective acti®; e in Eq. (14) can then be calculated using
—IndetD which can be yielded from Eq12), rotated

S?Elg %) Minkowski space, corresponds exactly to the result f dk kﬂlkﬂz . 'kl“Zm
(2m?  (K+m?)"
1 M2 1 T(n-m-df2) 1\n-m-d2
— 4 af _
Seff,M _24877' j d X |n(mg) trcFaBF = (47T)d/2 r(n)zm 5/-‘1 . 'IU“Zm( W) y
1 1 (15
— 5 ot F P R [+ 0| |, (19
157 with Ouy gy denoting all possible contractions:
where equation of motion terms, which vanish in pure Yang- 1 4
Mills theory [V, ,F,5]=0 have been neglected. Ouy .y EXR 5 Gb.00, by by lo=0-  (16)
B. Expansion of heavy quark currents The number of terms contributing to a given order ahig

reduced by the fact that terms containing an odd number of
matrices or an odd number kT vanish due to the trace over
Lorentz indices and the integration with respectktoThe

In order to expand ¢r.(x|(1/D)I'|x) in Eq.(2) in a series
of the inverse heavy quark mass we can use (Bgto re-

write It as expansion of Eq(14) then is straightforward. The result of
1 the expansion must be gauge invariant because we expand
trc,y<X| D I'[x) the gauge invariant operator. In order to obtain explicitly the
gauge invariant result for heavy quark mass expansion a
d%k o L - number of helpful identities based on the Bianchi identity
_trch(ZW)4e DTDD I'e _
[Va!Fﬁy]+[vy!Faﬁ]+[Vﬂlea] 0 (17)
n
4K 1 w | V2= %F+2ikv can be derived_. _
—tr f E In the following we present the result of the expansion of
ey (2m)* K2+ m? & k24 m? the pseudoscalar density and the divergency of the axial-
) ) vector current, which are related to each other by the axial
X({AV—k=im)I'- 1. (14 anomaly. Since recently confusing results for these cases

were reported in the literatuf@-10], the full details of our
The expansion in Eq14) is again justified for small gradi- calculation are given in Appendices A—C. Further we present
ents of the gluonic fields compared to the heavy quark mas#e result of the expansion of scalar, vector and tensor cur-
m. Depending on the Lorentz structufesome of the inte- rents and ofQV ,y,Q) appearing in the energy-momentum
grals might be divergent and need to be regularized. For thitensor of QCD.
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1. The pseudoscalar density Second if one thinks of the expectation value of the axial
For I'= ys the expansion Eq14) has the form vector current as a local large expansion in the background
of gluon fields
t<|1|)'tfd4kl
e, AXIg VeIX)=—1IMc | ——— 15 —3
D Y] (2m)4 kS+m _ 1
(2m (1200)= X0, (22
n
g
» | V2= §F+2ikV
X, 5 vsX 1 then due to Eq(20) the expectation value of the axial current
n=0 k“+m in the largem expansion is
(18
Following the steps outlined before the expansion of the i N - n)
pseudoscalar density EGL8) can be rewritten agsee Ap- 2mire, (x| D75|X>_; mn IuXus(X)- @3
pendix Q

1 i ~ This means that terms appearing in the expansion of the axial
tre (X| =¥s|X) = ———tr.F .4F o current must be of the form of a total derivative. The order
Y D 162 B ap ! h
m O(1/mq) term in Eq.(19) exactly obeys this form

b P F o F
2 3 ch apt ap 1 3
192m*m 2mirg (x| 5 yslx) W™
[ ~
+ ———= [V, F glF o5+ O —) i
2872 el Vo FoplFap® Ol 1o =———0,R,, (24)
967°m?
(19)
h have i h B - (= E
vi/lere WFe ave introduced the common notatibn, Ry=d,trcFogFapt 4tV FolF L,
_28(1/,8315 2N (25)

2. The divergence of the axial vector current ~
The termfabCF; FP FC appearing falsely in the expansion

fof the axial current ir[8M,9] cannot be represented as a total
derivative of a local expressibrand therefore violates the
general argument given above.

The expectation value for the divergence of the axial vec-
Fa g2 (20)  tor current in the background of gluon fields finally reads up

1672 “7H to orderO(1/m*)

Instead of expanding the axial vector curre’yﬁ(x)

=QT(x) ¥, ¥sQ(X) separately, we can use the divergence o
the axial vector current given by

d,J5=2mQ"ysQ—

where the first term contains the axial current and the second
is the axial anomaly term which arises due to quantum ef- . i ~ ~
fects. The expansion of the divergence of the axial vector ] #(x)>zmaﬂ(&ﬂtrcFaﬁFaﬁ+4trc[Va,Fw]F,”)
current in terms of the inverse of the heavy quark mass is
therefore reduced to the expansion of the axial current, which
we have already performed before. Further the axial anomaly +0
equation(20) has some general properties, which can be used
to check our result for the axial current:

First the right-hand sidérhs) of Eq. (20) vanishes in the 3. The scalar current
limit of infinite quark mass. This can be understood by the  Following the steps outlined in the introduction to this
fact that the regulator mass cancels the physical mass in thgxction the expansion of a scalar current in series of the
infinite mass limit because of the different sign in the defi-inverse heavy quark mass yields up to ord¥t/mq):
nition of the regulator. Therefore we expect the order
O(1/m) term in the expectation value of the axial current

multiplied by 2m to cancel exactly the anomaly term. Indeed _ _ . )
Eq. (19) gives A straightforward calculation for the instanton field shows that

Jd*xfabeEa FP FC #0. But for dimensional reasons this nonvan-

i ishing contribution can be excluded from being generated by a sur-
>O(1/m):Ftrc|:WﬁW_ (21 face term if the instanton field is taken in the regular gauge. There-
v

fore the integrand cannot be a total derivative.

1
W) . (26)

1
2mtrg (x| By5|x
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n

g
1 ¢k 1 o | VP pFraiky
trC’Y<X|5|X>:tr°"f (2m)* k2+m2n§0 k2+m? (iV—k=im)-1
i 1\1-@2 d
prma mr'| 1-2]dtrcl
i 1 | ;
— —24772mtrc|:aﬁl:aﬁ+ —2_36077 m3trCFaﬁFa7Fﬁ7_ —2880772m3a trcFaﬁFaﬁ
1
_m(lltrc[Va,[VB,FBY]]FW—UC[V&,Faﬂ][Vy,FyB])+(9 ). (27)

The infinite constant term can be cancelled by substracting 1
the expectation value of the scalar current for vanishing glu-  tr; (x| D 0 lX) =
onic background fields. Our result ER7) coincides with
that obtained if11] if we neglect the total derivative terms
which were ignored if11].
Actually the result Eq(27) with the total derivative terms
neglected(and hence that of11]) can be easily obtained —FouFpFapl+O
from the expansion of the determinant of the Dirac operator

Eq. (11), since We note that the rhs of the above equation vanishes in the
case of the S(2) gauge group. Actually one can show that
1 d the left hand sidélhs) of Eq. (30) is identically zero in the
f d*x trc,y<X| —|x)=——[—iIn(detD)] case of the S(2) gauge group. Therefore the fact that the rhs
D dm of Eq. (30) vanishes for the S(2) gauge group is a powerful
check of our calculations.

i1
247 m3

Xtrc[FaBFaBF”V-F FooFguFag

1
ﬁ) . (30

d
=d—( —iTrinD). (28) In order to prove that the Ihs of E€R0) is zero in the case
m of the SU?2) gauge group we use the following transforma-
tion:
Our expansion of the scalar current Eg7) is in agreement 5
with the result for the determinat in E¢L1). G=Cr,

whereC is charge conjugation matrix in Dirac spinor space

and 72 is the color SW2) matrix. Under this transformation
The heavy quark expansion of the vector current up towve have:

order 1m? gives exactly zero

4. The vector current

GTaG71: _ TaT,

%)_ (29) Go-le71=—o'T

1
trc,7<x| 57,u|x>=0+0 m Hv?

GDG '=DT,

This result can be easily anticipated from the fact that the T . )
vector current isC parity odd. This implies that the first Where ' is the transposition operation. The Ihs of Eg0)
operator contributing to heavy quark mass expansion shouf@hould be zero since

contain at least three gluon fields, additionally the vector
current conservation requires that this operator has the fol-
lowing structureVG2. From counting of dimensions we see
that such an operator can contribute only anh*Lborder.

1

1
trC,y<X| BU,MV|X> = trc,y<x| G SO'M,,G_1|X>

1 T
_ T
_trC,7<X|(B) (_UMV)|X>
5. The tensor current

For the color singlet tensor current we find that the first

1
nonvanishing order of the expansion@1/m?), yielding =~ tre,{x] BU”V|X>' (3
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Nullification of the heavy quark mass expansion of the .
tensor current for the S) gauge group implies that the Ihs TH'==g""Loco— F*Fot 5 YNy, (32)
of Eq. (30) is zero if it is computed in the field of a single
instanton.

6. Expansion of{QV,7,Q) where (uv) denotes the symmetrization of the indices. The
The energy-momentum tensor of QCD can be written inlargem expansion of thénot symmetrizefllast term in Eq.
Minkowski space as (32) yields in Euclidean space

1 —-2i (1)@ [ 4
trc,y<x| BV”7V|X>:(—(_2) F( — E) 5MVU‘C1

47T)d/2 m
i 1\2°@2 1 4
+ (4ﬂ)d/2(ﬁ) F(Z— E) ( — §5MVtrCFaBF01B+ §trCFwa
7i ,
+ W EzéﬂvtrcFaBFﬁyFW— m Ezaw)(? trcFaBFaB

1
Rk 20,11V o [V 5. F gy I oy = [ Vi FapllV 5 Fop))

1 1

T 588072 mal 4 UeF arF puF ap= A U6F 0 F 5, F g 30 1V o F 111V 5, F gl

F T4tV [V, FplIF 4, + 14 tr [V, .[Vs,Fg,]1F .,
—26i tr[V, [V, FapllF 3, =260 tr [V, [V, FusllF s,
+22i A1 eF g, F 5, =310, 0,t0cF o gF ap— 260 tr[ V , ,F 0, 1V g Fupl =260 tr[ V. F o, [V 5, F gl

! ) 1
+400tr [V, ,F o, )V, Fpult4itr [V, ,FopllV, . Fopl)+O W) (33
|
and i
+———21t[V,.,[Vs,Fs,]IF
1 0, —2 1 ) 72072m? L' a BT By ay
tre (XI5 VWO D= tr (XY, =y, X)),
(34) —tr [V, FogllV,,Fopl), (36
The Lorentz trace of Eq(33) can be compared with the which exactly coincides with the rhs of E(Q7) multiplied
expansion of the scalar current in EgY) since by (—m). Equation(34) further agrees with the expansion of
1 1 the vector current being zero up @(1/m°) since
trc,y<x|5vvyv|x>: _mtrC,y<X| 5|X> (35)

1 1 1
trc,y<x|vu5 7V|X> - trc,y<xl EV/.L’yV|X> = a,utrc,y<x|5 7V|X>‘

For the trace of the rhs of E433) we find 37)

1 o(mP,m~2
trc'y<x|5V,,y,,|X> ( ) IIl. INTRINSIC HEAVY QUARKS IN LIGHT HADRONS

i 1 In light hadron processes heavy quarks may give contri-

= trFapFap— 360722 treF ogF oy F gy butions only through virtual effects which are suppressed by

24 the mass of the heavy quarks. Especially for the charm
quark, whose masm ~1.4 GeV is not too large, virtual

<92UcFagFag processes nevertheless may not give negligible contributions.

In this section we discuss the applications of heavy quark

. 7i
2880m°m?
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mass expansion obtained in the previous sections. Our estimated value fof(nc,) is consistent with the phe-
In the following sections we use thae “pegturbanve” nor- nomenological analysis ifil5] where the authors dervived
malization for the gluon field strengt®, ,=F,,/gs and ro-  the hound—65 Mevgf(”c,)gls MeV from the analysis of

Z:\tecall expressions to Minkowski spa¢see Appendices vy’ transition form factors. From the analysis of,&’, 7.)
0. mixing in [16] the small value‘(nc,)z —(6.3+=0.6) MeV was
derived. Taking into account off-shellness effects in tice

_ _ component ofy’ also, the valuéf?|~2.4 MeV was found
For the decay of th& meson intoy’ andK mesons irf 8] . © T .

. o in [17]. Further our value forf’ 7 is in agreement with the
a mechanism with virtual charm quarks Was_suggested. Inh logical b 7 btained i
this approach the Cabibbo favored procéssccs is fol- phenomenological bound 7' <12 MeV, obtained ir{18]

il ) e ;
lowed by the conversion of thec pair directly into#’. Its and correspor?dsd_to the resrﬁLff, h 2'.3 II\/IeV presented in
contribution to the decay amplitude is therefore direct dellg]' In [19] the divergence of the axial vector current was
pending on the “intrinsic charm” component of thg me- computed using the triangle graph for the axial anomaly with

son which is usually characterized by the matrix element mashsive fermions, neglecting possiblem}/ contributions
such as

A. Intrinsic charm in #» and »’

(Olcy,yseln' (@) =if%q, . (39)

Using the heavy mass expansion of the divergence of the

axial vector current Eq(26), the constamf(;,) can be ex- from higher order diagrams. Indeed our calculation shows
pressed up to the orderrﬂ@ by that such “truly nonabelean” operators do not contribute to

the order 1rfn§ and our result Eq(39) therefore is exactly
given by the first term of the expansion innf/ of the tri-
angle grapt20].

The small value Eq(40) for f(ﬂc,) implies that theb
We now can estimate the value of the CO”S‘ﬁ,ﬁt —ccs mechanism does not play a major role in tBe
—K#' decay mode.

Bigger values off(;,) due to the operator Eq43) in the
where we have used expansion of the axial current up to ordemi/have been
given in [8], Wheref(;,)w(SO— 180) MeV and in[9] with
f(n°,)~ —(12.3-18.4) MeV. These results have been used by
a number of authors for the analysis of the charm content in
] ) noncharmed hadronsee e.g.[21,10,22,23), but since the
obtained in[12]. _ operator Eq.(43) violates general properties of the axial

In Eq. (39 we neglected the term proportional to anomaly and it also does not appear in explicit calculations
[V..G7] of Eq. (26) which vanishes in pure Yang—Mills (see Sec. Il B ? results relying ori8,9] should be reconsid-
theory and hence is suppressed by the strong coupling colred.
stantas at the heavy quark mass scale. In QCD the omitted Analogously we can immediately estimate the constant
term can be related to the matrix element f(9 characterizing the intrinsic charm contribution to the

meson. Using

b ~b
fabeGs GG, (43

fo__ L

ﬁ a Auval, s

f(;,’~—2 MeV, (40)

o ~
(0| ﬁ G2,G#"a5')=0.056 GeV, (41)

s AU ’
E<0lgsq=§u:d . a7.G,al7") (42 .
- <o|ﬁezvéwa|n>:o.ozo GeV, (44)
using the equation of motion. Let us note that the expansion
parameter in the heavy quark mass expansiogs{3/m, ; in[12 fi
because the nonperturbative gluon field strerigthl/g (cf. obtained in[12] we find
instanton field. Therefor accompanied by gluon field (©) _
o9s(k) P y g ©~-0.7 MeV. (45)

strength is not counted as suppression. Additionally the ma-
trix element Eq(42) is 1N suppressed relative to the main
contribution Eq.(39)

A rough order of magnitude estimate for the contribution
of the omitted term Eq(42) to f(nc,) using the results df13]
indicates a deviation at the level of 0.3 MeV to the value Eq.
(40). A more careful analysis of the omitted matrix element
Eq. (42) can be done by using the instanton methods devel- Another application of our result for the heavy quark
oped in[14] which already have been applied b%3] to  mass expansion of the divergence of axial vector current Eq.
calculations of higher twist corrections to deep-inelastic scatf26) has been given ifi20]. In this paper the authors have
tering. shown that the intrinsic charm contribution to the first mo-

Since in the case of thg meson the contribution of the
omitted term Eq(42) can be of the same order &9 itself,
the estimate Eq45) must be considered as poor.

B. Intrinsic charm contribution to the proton spin

074024-7



M. FRANZ, M. V. POLYAKOQOV, AND K. GOEKE PHYSICAL REVIEW D 62 074024

ment of the spin structure functiany (x,Q?) of the nucleon © 1 N 5
is small contrary to the result $21,22,14Q. 9 = 9672 MM’ D, SAN(P, S)|tregs[ G ,sG*#G,,
c'''N

In [20] it was proven that the forward matrix element of
the axial current in the leading order of heavy quark mass
expansion can be computed as +ZGWGBMG“’3]|N(p,S)>+O

1
—) . (50)

mg
(N(p,S)[cy,¥5c(0)[N(p,S))

as The matrix element on the rhs of the above equation can be
4&7mg(N(p,S)|RM(O)|N(p,S)>. (46)  roughly estimated in the instanton vacuum using the method
of [14]. As discussed in Sec. Il B 5 the gluonic operator on
Here the currenR,(0) is given by Eq.(25). Note that the the rhs of Eq.(50) is identically zero on one instanton.
first term inR, does not contribute to the forward matrix Therefore it is the first nontrivial contribution one can get
element because of its gradient form, while the contributiorfrom an instanton—anti-instanton pair. If we compare the ex-

of the second one is rewritten, by making use of the equatiopression for the charm contribution to the nucleon charge

of motion, as matrix element of the operator with that for axial charge we see that the charm contribution
o to the tensor charge is suppressed by the additional power of
(N(p,S)|cy,vsc(0)IN(p,S)) my/m; and one power of instanton packing fraction

(wz?‘/ﬁ“), however the tensor charge is enhanced by one

%s -~ & v ower of ag(m.).2 This allows us to make a rough estimate
= N(p,S G N(p,S P stMc). 11NIS ¢
127-rm§< (P )|gsf:§,d,s V%G, WiINGR.S) for the charm contribution of the tensor charge
_ s 3c (2)
= 2wyS, f<. 4 _
127m2 = M @ go ™ (Ne—2)72p*

(s 09~10% (51

as(Me)m N.R*
The parametef?) was determined before in calculations of ¢

the power corrections to the first moment of the singlet part

. y_ ; . .
of g;. QCD sum rule calculations gavg’=0.09[24], esti-  Eactors ofN,, are written in a way to reproduce the larye
mates using the renormalon approach ledf=+0.02  pehavior of the matrix element and to account for the fact

[25] and calculations in the instanton model of the QCDthat the operator on the rhs of E@O) is identically zero at
vacuum give a result very close to that of the QCD sum ruley =2,

[13].
Inserting these numbers for the charm axial constant of
the nucleon we get finally the estimate D. Intrinsic charm contribution to the nucleon momentum
2 The charm contribution to the nucleon momentum can be
gO=— 2 (@ N 5104 (48)  defined as
A 127T s m(Z:

1
(©), 2y — Py
with probably a 100% uncertainty. Note that this contribu- M2"(u )_fo dxgXs[ C(Xa) +C(Xg) ]
tion is of nonperturbative origiftherefore we call it intrin-
sic), so that it is sensitive to large distances, as soon as the i

factorization scale is of orden,. )2<N(P)|Em(n~V)c(O)lN(P)),

2(P-n
C. Intrinsic charm contribution to the nucleon tensor charge (52

Using the results of Sec. Il B 5 we can estimate the intrin-
sic charm contribution to the tensor charge of the nucleo

The tensor charge of the nucleon is defined as nWherec(xB) is the charm parton distribution normalized at

the scaleu, which is assumed to be~m,. The light cone

— — 0 ~(0) _ vectorn is arbitrarily noncollinear to nucleon momentun
(N(p,9)[co,,y5c(0)[N(p,9))=2i g¥”(p,S, pVS/‘)('Afg) Now we can use the result of E@3) in order to estimate
the charm contribution to the nucleon momentum carried by
Using the result of Sec. Il B 5 and the identity intrinsic charm quarks:
i oB
TurYs= " 5 EpvapT = AWe stress once more that the expansion parameter in the heavy

) o quark mass expansion G/m., because the non-perturbative
we obtain for the charm contribution to the nucleon tensorgluon field strengthG~ 1/g, (cf. instanton fielgl Thereforegy(u)

charge the following result: accompanied by gluon field strength is not counted as suppression.

074024-8
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MOy [lasw) 14 (N(P)[n*n"ig(u)trG,,, G G PIN(P)).
2 ()= 2
2(P-n)?| 4m (2_ 9) 3 One can easily see that this matrix element in the theory of
2 instanton vacuunjl14] is zero in one-instanton approxima-

X (N(P)|n#n"1r,G*, G N(P)) tion, the same as the matrix element

(N(P)[n*n"g2(u)treG,G . IN(P)).

1 93w
120m° 2 Keeping in mind that for instanton fiel&~1/gs we can
¢ write
X(N(P)[n“n"treG ., G s, G**IN(P)) (N(P)In“n"ig2(1) 1 G GINCP)) _ =6
(N(P)[n*n*g2( w)treG G ., IN(P)) ’
1 whereA is parameter of the dimension of mass whose value
+0 —4). (53 can be obtained using various nonperturbative methods in
Me QCD: lattice calculation, QCD sum rule, and theory of in-

o ] ) stanton vacuum. Generically we expect that this mass param-
In derivation of this expression we neglected terms that ar@ier is on the order of typical strong interaction scale 1
proportional to[V*,G,s] which are suppressed by one Gey. Now we can rewrite Eq55) in terms of this parameter

power ofgZ(x). The first term in Eq(53) is divergentand  and momentum fraction carried by gluons in the nucleon at
actually is related to the mixing of quark and gluon opera-scale~m, as
tors. We can rewrite Eq53) as follows:

2
(c), intrinsic - aS(’u) A_ G i
©, . 4adw © M3 (W)=—735— szz(,u)Jr(’) - (57)
M (W =3 7 g M2 (w) © ©
( - 5) If we assume that\?>=few Ge\? than we get the estimate
for the charm contribution to the nucleon momentum
i 1 gg(,u) M (2c), intrinsic(lu) =fewx 103, (58)

+
2(P-n)2 120m°  m2 _
We see that the heavy quark mass expansion of local currents

><(N(P)ln“n”trcGWGﬁMG“ﬂN(P)) allows us to reduce the problem of estimate of intrinsic
charm content of the nucleon to the calculation of the ratio

+O i4) (54) Eq. (56). The latter ratio can be computed using various
c methods of nonperturbative QCD; probably the most prom-

ising would be a calculation of this ratio in lattice QCD.
Here the first term, which is proportional to the momentum Recent analysis di26,27] gives forM ) "nS yalyes at
fraction carried by gluond®)(w), accounts for extrinsic the level of fraction of percent which are in agreement with
charm. Note that the coefficient in front of this term is ex- our estimate Eq(58).
actly the leading anomalous dimensiggs=4/3 which ac- Let us note that, since we performed the heavy quark
counts for mixing quark and gluon twist-2 operators undermass expansion of the heavy quark part of the energy mo-
QCD evolution. The intrinsic charm contribution is given by mentum tensor, without neglecting total derivatives, one can
the second term, so that we have estimates of also compute its nonforward nucleon matrix element. From
the nonforward matrix element of energy momentum one
o i 1 g¥w can obtain the. total angular momentum carried by intrinsic
M {0). intrinsic )y — 5 — 5 heavy quarks in the nucleon using Ji's sum ryl28]. We
2(P-n)? 120m"  mg shall report the corresponding estimates elsewhere.

X(N(P)[n*n"tr.G,,G 3,G**IN(P))

IV. CONCLUSIONS

+0

%). (55) In this paper we have computed the heavy quark mass
expansion of various local heavy quark currents. The details

of the technique are illustrated on the example of heavy

We see that the momentum fraction carried by intrinsicquark mass expansion of the pseudoscalar der@inQ.

charm in the nucleon is related to the value of the nUC'eOfThis operator p|ays an important role in pr0b|ems related to

matrix element: intrinsic charm contribution to the proton spin and to intrin-

sic charm content of, " mesons.

We corrected the mistakes [8,9] for heavy quark mass

3We show only the most singular term. expansion of the operat(ﬁysQ. In these papers large in-

C
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TABLE |. Results for intrinsic charm contribution to various APPENDIX A: EUCLIDIZATION

observables. . . . .
In this appendix we present our conventions regarding the

Quantity Our estimate Euclidization as well as details of the heavy quark mass ex-

5 pansion of the fermion determinant and the pseudoscalar
c _ .

£ 2 MeV density. S _ _

f(© —-0.7 MeV For the Euclidization we use the follwing conventions:

g% -5x10*

g%.—C). ) ~10°* iX?A:X4E, XK/I:XK E—>d4XM:_id4XE,

M (2(:), intrinsic — 1073 ! ’

0 ; k
&M:|a4,E' (?M:_(?kyE’
trinsic charm contribution to the proton spin and to intrinsic
’ 1 1 .
chgrm content ofy, mesons:;vas obtalr.1ed due to corlwtrl- AY=iA4E, A = —Age. (A1)
bution of the operatofabCGZVGmG‘;M which appeared in
: =y The covariant derivative therefore reads in Minkowski and in
heavy quark mass expansion of the oper&losQ presented

in [8,9]. We showed that the coefficient in front of this op- Euclidean space-time:
erator is identically zerdthe result which actually follows

from general properties of the axial anomgdy), so that the Via=[o*=iA*(X)]u, (A2)
physical effects based on the presence of the above operator
discussed i118,9,21,10,22,2Bare absent. V,e=[d,— 1A, (X)]E. (A3)

For the first time we presented the full resfiltsr heavy
quark mass expansion of the operat@® (to the order The field strength, defined as
1/m?), QysQ (to the order Ih%), 3“Qy,ysQ (to the order
1/m?), Qv,Q (to the order Ih%), Qo,,Q (to the order FZV:%AV—ﬂyAwLfabcAzAizi[V,L,VV] (A4)
1/m?), andQvy,V,Q (to the order Ih?). ransforms as

The results obtained for heavy quark mass expansion af—
lowed us to estimate the intrinsic charm contentsgf » )
mesons as well as the charm contribution to the proton spin, Fim=Fije, Fom=IF4E. (A5)
nucleon tensor charge and to the fraction of nucleon momen-
tum carried by intrinsic charm. In the case of charm conten
of ', mesons and intrinsic charm contributions to the pro- 0 .
ton spin we reduce the calculations of these quantities to YMTYags  YMTIVKES (AB)
matrix elements which are already known either phenomeno- . i L
logically or were computed previously. In other cases, like@Nd 7s is defined within this paper as
intrinsic charm contribution to the nucleon tensor charge and
to energy momentum tensor, the problem is reduced to ma-  ysm=¥u=—1(Y* ¥ Y2¥ )= (Y1Y273Y4)e= Vs -
trix elements of gluon operators which can be estimated us- (A7)
ing various nonperturbative methods in QCD: lattice calcu-
lation, QCD sum rule, and theory of instanton vacuum. With

We made here a rough order of magnitude estimate of
matrix elements of gluon operators appearing in heavy quark e B= —e010au= T 1=e10m¢, (A8)
mass expansion of tensor current and of energy momentum
tensor using the instanton model of QCD vacuum. Mordt Yields
guantitative estimates will be given elsewhere. The predic-
tions for intrinsic charm contribution to various observables L YsYaYpYyYsle=4€apysE - (A9)
are summarized in Table I.

or the Dirac matrices we choose the conventions

The fermionic fields transform as
ACKNOWLEDGMENTS

— -
=y, =—iyg, (A10)
We gratefully acknowledge useful discussions with F. m=ve Y ve
Araki, P. V. Pobylitsa, A. ScHar, E. Shuryak, and O. V. so the Dirac operator in Euclidean space-time reads

Teryaev. The work has been supported in part by DFG and
BMEB. D=iV+im. (Al

In Sec. Il A we have used the following transformation prop-

erties for the effective action and the appearing operators:
“Not neglecting total derivatives and terms proportional to

[VM’G;LV]' Sef‘f,M:iSeff,Ev (A12)
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(Fa FQB)M:(Fa Fa )E! d4k ”
B BT ap Tr[e*‘DTD]=trcyf d“Xf e (KM (g0
’ (2m)* n=0
n

(FaﬁFﬂvaa)M: ~(FapFpyF ya)e- (AL3)

X —

n
- —V2+5F—2ikv> 1 (B2)

2

APPENDIX B: THE EXPANSION OF Tr [e~°'P]
in the Euclidean space. The occurring integrations with re-
spect tok can be performed using

4
f d’k k k e—t(k2+m2)

(271_)4 Kyttt THon

In Sec. Il A we have shown that the normalized fermion
determinant is given by

detD 1 d M? (= L
=exg — = lim — dtts™
{—reg

detDg 2, ,dsTI(s))o

1 - —tm?
=222 MPertms, (B3)

Hon’

X Tr{e~'P'D—g~tDDo] |, (BD)

whereas integrals containing an odd numbeik'sf vanish.
Collecting then all terms which will contribute up to order
using the regularization, where the functional trace can be1/m? after thet integration and summing over the Lorentz

written as indices yields, for Eq(B2),
|
ot 1 ool 1 1 1
Trle™™® D]zmtrcj dix e ™ t—2+t° 5VaVsVaVs gVaV?Vat ZFapFap
1 1 1
T vlvly2_ 2 2 2y2 2 2 il 2 2
+t 180V vev 36(VC,V V., VetV VVay +VeV, Vv Va)+45(VaVﬁVaVBV +V.VgV, VoV,

1
TV VTV Y 5+ VT2V T Vgt V2V, V0V, V 4 VoV V2V 57 ) = (Vo VY,V Y,

1
TV Y VoVt Y, VgV, VT 5+ VoV gV, 0 Vo4 VoV a0, VT,V o) + o (F g V2

[
+FaﬁVZFaﬁ+VZFaBFa/B_V’yFaﬁvaafﬂ_v’yFalBFaﬁvy_FC(BV’)’FDK,BV)’)_gFaBF?’BFya +O(V8)
(B4)
—1tfd4 R = S AT Ly v
= 22" Xe 2 6 B ap 15' " a8y ya ﬁ)[ arFapllVy Fypl
11 7 8
+%[VQ,[VQ,FB,/]]FM+ ﬁ)[va,[va,FﬂyFﬁy]] +O(V®)|. (B5)

In the last step we have rearranged all terms into explicit gauge invariants using the cyclic property of the color trace and some
commutator algebra. From the Bianchi identity E&j7) we obtain the relatioh

[Vp ![Vp !Faﬁ]]: _2i[Fpa !Fpﬁ]+[va ![Vp!FpB]]_[Vﬁ Y[Vp lea]]' (BG)

Its application to Eq(B5) and reinsertion into EqB1) then yields the result Eq11) for the heavy quark mass expansion of
the fermion determinant.

SIn the calculation of9] the factor of 2 was missing in this identity, which led to the wrong result of the heavy quark mass expansion of
the pseudoscalar density.
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1
APPENDIX C: THE EXPANSION OF Tr ¢ (x| 5 ¥s|x)

The heavy quark mass expansion of the pseudoscalar density up to ardereads in detail:

n

(o
2__ .
I fd4k L g V- 2 F+2ikV 1 N
fe\ X\ p7¥s|X/) = ~1Mllcy (277)4k2+m2n=0 I Vs (CY
imt f )t FoF
=—1mtr, —orFo
1) 2w ae+mep a7
1

1 1 1 1
ZVZO'FO'F+ —0FV20F+ —oFoFV?— —ogFoFoF | ys

ke ) 4 2 8

1
— W(UFUFKVKV-FO'FkVUFkV+0'FkaV0'F+kVO'FkVO'F
+m

+0

1
—5) (C2

+kVkVoFoF+kVaFoFkV) ys m

i
327°m SapyoleF apFys™ 4872m3° apystlcFpaF ppF ys

i
2 2
+m8a’375trc[|:al;|:ygv _FQEVPF75VP+ FD'BV F75

=V F gV Frst V2F 4gF 15—V FugF sV, 1+ O

1
5/ (C3
Here we have used EL5) for the integration ovek and the following results for Dirac traces:

FaBF yé‘try[ Uaﬁ07575] == FaBF 'y&tr'y[ 70{7[37'}/7575]
= _48aﬁ75Fa,8F75' (C4)

FaBF yzSF qutry[ O-aﬁo-yﬁa-ecp 75] =—iF a,BF y5F e<ptr7[ ')’a’yﬁ’)’y')’ﬁ')/e’)ﬂp ')/5]

=160 € upy5F paF psF 55 (C5)
Using the identities
[V, FapllV, . Fysl=V FupV FostFugV F sV, =V, FusF sV ,—FapVZF,s, (C6)
[V, [V, . FusllF,s= V2F ogF 5+ F ogVZF 5= 2V F o5V ,F 5, (C7
FuplV, [V, Fysll=FagV2F st F osF ,sV2—2F .5V F sV, (C9

Eq. (C3) can be written as

i
mgaﬁyﬁtrc[z[vp 1[Vp1Fa,8]]Fy§

1 i
tre (| 575|X> :%Saﬁyétrclzaﬁlz yot 19

+[V, . FapllV,,F sl +4iF , ,F 5F 51+ O

1
-5 (C9
Further we can use the relatioB6) ande . z,tr[V,.F,51[V,.F,s]=0 obtained from the Bianchi identity so that
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saﬁy,gtl’c[Vp '[Vp 'FQ’B]]FV‘S: -2 isalgy&trc[FpanﬁFya_ Fp,BFpaFyﬁ]
+8aﬁyﬁtrc[[va ![Vp !Fpﬁ]]Fyé_[Vﬁ i[Vp lea]]Fyﬁ]
:Saﬁ.},gtrc[_4inanﬁF,y§+ Z[Va ’[Vp ’FPB]]F'}’&]

On the other hands it yields

8aﬁyﬁtrc[[vp 1[Vp 1Faﬁ]]F'y§+[Vp vFaﬁ][Vp vaﬁ]]zsaﬁyﬁtrc[Vp v[vp vFaﬁ]Fyﬁ]zsaﬁyﬁap trc[vp vFa,B]Fy5

So we finally end up with the result EQL9)

1 i i
tre,,(X| 575|X> =327T—2m8aﬁyatrcFaﬁF yot

- 2
384723 - 677’

:saﬁ'yﬁ(_4i trCFpan’BF,yﬁ“l‘ ZﬁatrC[VP,FpB]Fyg). (ClO)
:Saﬁ'yé‘&ptrc[[vpaFaﬁFy(‘i]_FaB[Vpva[S]]
=38 0pys9ptel V1 FagF 151 = 38 apys0 treF o5F s (C1y
i
trcFaﬁF,/5+ msaﬁﬁaatrc[vp ,Fpﬁ]F75+O F .
(C12)
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