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Twist-2 heavy flavor contributions to the structure function g2„x,Q2
…
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The twist-2 heavy flavor contributions to the polarized structure functiong2(x,Q2) are calculated in the
covariant parton. We show that this part ofg2(x,Q2) is related to the heavy flavor contribution tog1(x,Q2) by
the Wandzura-Wilczek relation, neglecting power corrections, to all orders in the strong coupling constant.
Numerical results are presented.
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I. INTRODUCTION

Heavy flavor contributions to polarized and unpolariz
deep inelastic structure functions due to charm- and bott
quark production cause different scaling violations if co
pared to those due to massless partons. Moreover it is kn
that in certain phase space regions ofx andQ2 these contri-
butions can be large@1#. Reliable determinations of the QCD
scaleLQCD therefore require a careful account of the hea
flavor contributions. In the case of the unpolarized struct
functions F2,L(x,Q2) and xF3(x,Q2) the twist-2 contribu-
tions withQQ̄ final states,Q5c,b, were calculated to next
to-leading order~NLO! @2,3#. For polarized deep-inelasti
scattering only the leading order corrections are known
the structure functiong1(x,Q2) at present@4#. All correc-
tions mentioned above have been calculated using mass
torization. As shown in@5–8# this method fails in the case o
the polarized structure functions which already emerge
transverse polarization in the massless quark limit. The
son for this lies in a violation of covariance due to the om
sion of contributions proportional toS•k, whereS denotes
the spin vector of the nucleon andk the parton 4-momentum

In Refs. @6,7# it was shown that the quarkonic contribu
tions to the transverse structure functions can be corre
obtained using the covariant parton model. The results in
approach are identical to those derived in the local light-c
expansion, cf.@9,8#, for massless quarks on the level of th
twist-2 contributions. In particular the twist-2 part o
g2(x,Q2) is obtained by the Wandzura-Wilczek relation. T
effect of quark masses for quarkonic matrix elements w
further investigated in Ref.@10# using the method of@11#.
Also in this case the Wandzura-Wilczek relation was fou
to hold, irrespective of the values of the quark masses c
sen. In@10,12# the target mass corrections to the quarko
contributions tog2(x,Q2) and the other four polarized struc
ture functions @10# were studied. Again the Wandzura
Wilczek relation was found to hold relating the twist-2 co
tributions of g1(x,Q2) and g2(x,Q2). In a more genera
approach the amplitudes which contribute to the quarko
0556-2821/2003/68~11!/114004~9!/$20.00 68 1140
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matrix elements in the Bjorken limit for deeply inelastic sca
tering were investigated in@13#. The forward Compton am-
plitude is expressed by operator matrix elements of vec
operators. However, one usually parameterizes it in term
scalar operator matrix elements to which the parton distri
tions correspond. Therefore relations between the oper
matrix elements of the vector and scalar operators are
plied, which form the origin of the Wandzura-Wilczek rela
tion and other integral relations@8,10#. The absence of the
typical integral terms e.g. in the Callan-Gross@14# relation is
merely the exception and caused by a cancellation of
former. Also semi-inclusive processes such as diffract
scattering have been investigated with respect to the em
gence of Callan-Gross and Wandzura-Wilczek relations@15#.
Although the variables change, the Wandzura-Wilczek re
tion relates the twist-2 contributions ofg1

diffr(x,xP ,Q2) to
g2

diffr(x,xP ,Q2) independently of the value forxP . For for-
ward scattering integral relations of a similar kind were a
established for other structure functions and matrix eleme
@16# and for the fermionic twist-3 contributions in@10#.

In the present paper we calculate the heavy flavor twis
contribution to the structure functiong2(x,Q2). We show
that the Wandzura-Wilczek relation holds in this case a
and present numerical predictions.

II. LONGITUDINAL GLUON POLARIZATION

The hadronic tensor of the polarized part of theeN-
scattering cross section in the case of pure photon excha1

reads

Wmn
(A)5 i«mnls

qlSs

p•q
g1~x,Q2!

1 i«mnls

ql~p•qSs2S•qps!

~p•q!2
g2~x,Q2!. ~1!

1The corresponding expressions in the case of additional w
boson exchange are given in@10#.
©2003 The American Physical Society04-1
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Ss denotes the nucleon spin vector,p the nucleon momen
tum, andq the vector of the 4-momentum transfer, withQ2

52q2 and x5Q2/(2p•q). The polarized part of the sca
tering cross section for longitudinal nucleon polarizationSL ,
integrated over the azimuthal anglef, is

d2s~l,6SL!

dxdy
562pS

a2

Q4 F22lyS 22y2
2xyM2

S D
3xg1~x,Q2!18l

yx2M2

S
g2~x,Q2!G .

~2!

Correspondingly, for transversely polarized nucleons one
tains

d3s~l,6ST!

dxdydf
56S

a2

Q4
2AM2

S
AxyF12y2

xyM2

S G
3cos~x2f!@22lyxg1~x,Q2!

24lxg2~x,Q2!#. ~3!

Here M is the nucleon mass,S the cms energy,a the fine
structure constant,y52p•q/S, l is the degree of lepton
polarization andST the degree of hadronic transverse pol
ization, x denotes the azimuthal angle associated withST

m

@Eq. ~10!#, and g1(x,Q2) and g2(x,Q2) are the polarized
structure functions which contribute in this case.

The heavy flavor contributions to the longitudinal a
transverse differential scattering cross sections are obta
in calculating the corresponding contributions to the pol
ized structure functionsg1(x,Q2) andg2(x,Q2).

Let us consider the sub-system hadronic tensor for pho
interactions with on-shell initial state partons

wmn
(A)5

i

q•k
«mnrsH qrssg1

parton~z,Q2!

1S qrss2
s•q

q•k
qrksDg2

parton~z,Q2!J . ~4!

In assuming that the gluon is longitudinally polarized, i
parallel to the protonand parton 4-momentum

sm5j1Sm5j2km , ~5!

with k5zp, the sub-system hadronic tensor of the polari
tion asymmetry~4! receives purely longitudinal contribu
tions, since the term proportional tog2

partonvanishes. Clearly,
Eq. ~5! is a special model assumption which does not
scribe the general case being discussed in Sec. III. Howe
it is possible to derive in this approximation the correct e

pression for the coefficient functionCg1

QQ̄ at twist 2 which

contributes to the structure functiong1
QQ̄(x,Q2). At leading

order in as the structure functiong1
QQ̄(x,Q2) receives only

gluonic contributions and is obtained as@4#
11400
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g1
QQ̄~x,Q2!52eQ

2 as~Q2!

2p E
ax

1 dy

y

3Cg1

QQ̄S x

y
,MQ

2 ,Q2DDG~y,Q2! ~6!

with

Cg1

QQ̄~z,Q2!5
1

2 Fb~324z!2~122z!lnU11b

12bUG ~7!

and DG(x,Q2) the polarized gluon distribution. Herea de-
notes the thresholda5114MQ

2 /Q2, eQ the charge of the
produced heavy quarks, andb is the cms velocity

b5A12
4MQ

2

Q2

z

12z
~8!

of the final state quarks, with
be$0,A124MQ

2 x/@Q2(12x)#%. Equation~6! defines the LO

twist-2 contribution tog1
QQ̄(x,Q2).2 Note that

E
0

1/a

dzCg1

QQ̄~z,MQ
2 ,Q2!50, ~9!

cf. @17#, which leads to a positive and a negative branch

the structure functiong1
QQ̄(x,Q2) in leading order for a posi-

tive definite polarized gluon densityDG(x,Q2) ~see Fig. 2a

below!. In this order also the first moment ofg1
QQ̄(x,Q2)

vanishes, since the right-hand side~RHS! of Eq. ~6! is a
Mellin convolution of two functions with the support o

Cg1

QQ̄(z,MQ
2 ,Q2), whereze@0,1/a#. Equation~9! also holds

for the gluonic contribution toCg1

QQ̄(z,MQ
2 ,Q2) in the

asymptotic limitQ2@MQ
2 in NLO @3#. For quarkonic initial

states this relation does not hold~see@18#!.
The choice of the collinear factorization leads to difficu

ties in deriving the correct twist-2 terms in the case of str
ture functions which also contain twist-3 contributions in t
limit of vanishing mass scales, such asg2(x,Q2) and
g3(x,Q2) in the case of electroweak currents. This was e
tensively studied in the past@7,8,10# using the light-cone
expansion and comparing the results to those being obta
in parton-model approaches.3 In Refs. @5–7# it was shown
that for fermionic contributions to the polarized structu
functions the well-known results coming from the light-co
expansion~see e.g.@8#! can be obtained if one refers to th
covariant parton model~cf. @19#!. This is due to the fact tha
the kinematic assumption~5! which neglects all parton mo
menta in the transverse direction is in conflict with the fa
that the nucleon spin vector has both transverse and long

2Note that mass-scale effects may introduce twist-3 contributi
to the structure functiong1(x,Q2) as well, as has been shown fo
target mass corrections in Ref.@10#.

3For a review of earlier results see the comparison given in R
@8#.
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dinal components. This may have impact on predictions
relations between the moments of polarized structure fu
tions, the Burkhardt-Cottingham sum rule@20–22# or inte-
gral relations between these functions. In the following
will therefore refer to a general orientation of the parton s
vector and use the covariant parton model instead of t
collinear approach.

III. THE GENERAL CASE

We now consider the polarization asymmetry of the h
ronic tensorWmn

(A) for a general nucleon spin vectorSm and
general gluon spin vectorsm , respectively. The nucleon spi
vector obeys

SmPm50, Sm5Si
m1S'

m ,

Si
m5~0;0,0,M !,

S'
m5M ~0;cosx,sinx,0!. ~10!

The latter two relations hold in the nucleon rest frame.
The polarization asymmetry of the hadronic tensor rea

Wmn
(A)~q,p,S!5E d4k@ f 1~p,k,S!

2 f 2~p,k,S!#wmn
(A)~p,q,k,s!. ~11!

The nucleon spinS is assumed to enter~11! linearly as is
usually the case in single photon-fermion interactions@23#.
Here,k denotes the gluon 4-momentum. The gluon distrib
tion functionsf 6(p,k,S) refer to opposite proton spin direc
tions and are supposed to be twist-2 parton distribution fu
tions in the present paper. The sub-system hadronic te
asymmetrywmn

(A)(p,q,k,s) depends in addition on the virtua
photon momentum exchanged,q, and the gluonic momentum
and spin vectorssm obeys

sm5
p•k

A~p•k!2k22M2k4
Fkm2

k2

p•k
pmG ~12!

with s•k50, k•k52k2. For the construction of the gluo
spin vector we refer tohadronicvectors only and not to any
leptonic vector. This appears to us as the natural choice
scribing properties of hadronic amplitudes in thecovariant
parton model. Here the nucleon spin vectorSm cannot be
used since the hadronic tensor should depend onSm linearly
@see Eq.~15!#. Other authors@24# refer to a leptonic vector
qm , instead of the nucleon momentum,pm .4

We consider general values of the gluon virtualityk2,
which is assumed to be sufficiently damped by the differe
of the distribution functionsf 6(p,k,S) ask2→`,0 in order
to keep~11! a well defined relation. Let us denote

4The objective in@24# is to calculate the coefficient function
under this assumption. One can show using their results tha
coefficient function of the structure functiong1 is in agreement with
Eq. ~7! in the limit k2→0.
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A~p•k!2k22M2k45N. ~13!

The following relations are obtained:

S•s5
1

N
p•kS•k,

S•q

q•k
5

1

N
p•kS 12

k2p•q

p•kq•kD . ~14!

We now define

D f 5
Mp•k

N
~ f 12 f 2![

S•k

M2
f̃ ~p2,p•k,k2! ~15!

and construct the sub-system hadronic tensorwmn
(A)(p,q,k,s)

for single photon exchange and general values of the vi
ality k2. The Lorentz structure is determined by the Lev
Civita symbol contracted with two 4-vectors of the proble
wmn

(A)(p,q,k,s) obeys the representation

wmn
(A)~p,q,k,s!5 i«mnab

Mp•k

Nq•k H qaFkb2
k2pb

p•k G@ ĝ11ĝ2#

2qakbF12
k2p•q

p•kq•kG ĝ2

1kaFkb2
k2

p•k
pbG v̂J . ~16!

The hadronic tensor is thus given by

Wmn
(A)~q,p,S!5

i

M2
«mnabE d4k f̃~p2,p•k,k2!

3
S•k

q•k FqakbS ĝ11
k2p•q

q•kp•k
ĝ2D

2
qapbk2

p•k
~ ĝ11ĝ2!2

kapbk2

p•k
v̂G . ~17!

Hereĝi5ĝi(q
2,q•k,k2) andv̂5 v̂(q2,q•k,k2) denote the re-

spective sub-system structure functions. The functionv̂
emerges fork2Þ0.

For later use we rewrite Eq.~17! as

Wmn
(A)~q,p,S!5

i

M2
«mnabE d4kS•kH qakbF ]a1

]p•k

]b1

]q•k

1p•q
]a2

]p•k

]b2

]q•kG1qapbF ]a3

]p•k

]b3

]q•k

1
]a4

]p•k

]b4

]q•kG1kapb
]a5

]p•k

]b5

]q•kJ , ~18!

where

he
4-3
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]a1

]p•k
5 f̃ ~p2,p•k,k2!, ~19!

]ai

]p•k
5

k2

p•k
f̃ ~p2,p•k,k2! for i 52, . . . ,5, ~20!

]b1

]q•k
5

1

q•k
ĝ1~q2,q•k,k2!, ~21!

]b2

]q•k
5

1

~q•k!2
ĝ2~q2,q•k,k2!, ~22!

]b3

]q•k
52

1

q•k
ĝ1~q2,q•k,k2!, ~23!

]b4

]q•k
52

1

q•k
ĝ2~q2,q•k,k2!, ~24!

]b5

]q•k
52

1

q•k
v̂~q2,q•k,k2!. ~25!

The functions ai5ai(p2,p•k,k2) and bi5bi(q
2,q•k,k2)

will be used in Eq.~42!.
The tensor structure in Eq.~17! is yet different from that

in Eq. ~1!. To determine the structure functionsg1,2(x,Q2) a
tensor decomposition in terms of the outer variablesp,q and
S is performed:

Wmn
(A)~q,p,S!5

i

M2
«mnabqaSt@ I 1

bt1I 2
bt1pbJ1

t1pbJ2
t #

1
i

M2
«mnabStp

bKat, ~26!

with

I 1
bt5E d4k

kbkt

q•k
f̃ •ĝ15A1gbt1B1pbpt1C1qbqt

1D1~pbqt1ptqb!, ~27!

I 2
bt5E d4k

kbktk2p•q

~q•k!2p•k
f̃ •ĝ25A2gbt1B2pbpt

1C2qbqt1D2~pbqt1ptqb!, ~28!

J1
t52E d4k

k2kt

p•kq•k
f̃ •ĝ15E1pt1H1qt, ~29!

J2
t52E d4k

k2kt

p•kq•k
f̃ •ĝ25E2pt1H2qt, ~30!

Kat52E d4k
k2kakt

p•kq•k
f̃ • v̂5Avgat1Bvpapt1Cvqaqt

1Dv~paqt1qapt!. ~31!
11400
The contributions due toB1,2,C1,2,E1,2,Bv and Dv vanish.
Av has to vanish because of current conservation. There
Wmn

(A) is given by

Wmn
(A)~q,p,S!5

i

M2
«mnabqaSb@A11A2#

1
i

M2
«mnabqapbS•q@D11D21H1

1H21Cv#. ~32!

The coefficientsA1,2,D1,2,H1,2 andCv read

A15E d4kF k2

2~q•k!
1

q2~p•k!2

2~p•q!2~q•k!
2

~p•k!

~p•q!G f̃ •ĝ1 ,

~33!

A25E d4kF k4~p•q!

2~q•k!2~p•k!
1

q2k2~p•k!

2~p•q!~q•k!2

2
k2

~q•k!G f̃ •ĝ2 , ~34!

D15E d4kF2
k2

2~p•q!~q•k!
2

3q2~p•k!2

2~p•q!3~q•k!

1
2~p•k!

~p•q!2G f̃ •ĝ1 , ~35!

D25E d4kF2
k4

2~p•k!~q•k!2
2

3q2k2~p•k!

2~p•q!2~q•k!2

1
2k2

~p•q!~q•k!G f̃ •ĝ2 , ~36!

H152E d4k
k2

~p•q!~q•k!
f̃ •ĝ1 , ~37!

H252E d4k
k2

~p•q!~q•k!
f̃ •ĝ2 , ~38!

Cv52E d4k
k2~p•k!

~p•q!2~q•k!
f̃ • v̂. ~39!

We finally obtain the following representations fo
g1(x,Q2) andg2(x,Q2):

g1~x,Q2!1g2~x,Q2!

5
p•q

M2
@A11A2#

5E d4k
p•q

M2 H F k2

2q•k
1

q2~p•k!2

2q•k~p•q!2
2

p•k

p•qG f̃ •ĝ1
4-4
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1F k4p•q

2~q•k!2p•k
1

q2k2p•k

2p•q~q•k!2
2

k2

q•kG f̃ •ĝ2J
5E d4kFq2~p•k!2

2q•kp•q
2p•kG f̃ •ĝ1

M2

1E d4kS k2

Q2D F1~k,p,q!, ~40!

g1~x,Q2!5
p•q

M2
@A11A2#1

~p•q!2

M2
@D11D21H1

1H21Cv#

5E d4k
p•q

M2 H F2
k2

q•k
2

q2~p•k!2

q•k~p•q!2
1

p•k

p•qG f̃ •ĝ1

2F q2k2p•k

~q•k!2p•q
G f̃ •ĝ22F p•kk2

q•kp•qG f̃ • v̂J
5E d4kF2

q2~p•k!2

q•kp•q
1p•kG f̃ •ĝ1

M2

1E d4kS k2

Q2D F2~k,p,q!. ~41!

Here the functionsF1,2(k,p,q) are finite ask2→0.

IV. REPRESENTATION OF THE STRUCTURE FUNCTIONS
IN TERMS OF A GENERATING FUNCTIONAL

Equivalently to the representation of the polarized str
ture functions in the previous section one may repres
them by referring to a generating functional.5 The hadronic
tensor can be written as functions of the form

Fi~p2,p•q,q2!5E d4kai~p2,p•k•k2!bi~q2,q•k,k2!,

~42!

where the functionsai represent the parts depending onp
andk andbi have a dependence onq andk only. As shown in
the foregoing this separation is possible by accounting
other factors that do not depend onk. Here f̃ belongs to the
former andĝ1 , ĝ2, and v̂ to the latter in addition to scala
products.

The partial derivatives ofF by q andp can be represente
by partial derivatives of the functionsa andb as follows:

5This case was studied before for polarized light quarks in
presence of an on-shell condition in Ref.@5#.
11400
-
nt

r

]F

]qs
5ps

]F

]p•q
12qs

]F

]q2

5E d4ka•Fks

]b

]q•k
12qs

]b

]q2G , ~43!

]F

]ps
5qs

]F

]p•q
12ps

]F

]p2

5E d4kb•Fks

]a

]p•k
12ps

]a

]p2G , ~44!

]2F

]pl]qs
5gls

]F

]p•q
12pspl

]2F

]p2]p•q
12qsql

]2F

]q2]p•q

1psql

]2F

]~p•q!2
14qspl

]2F

]q2]p2

5E d4kFklks

]a

]p•k

]b

]q•k
12klqs

]a

]p•k

]b

]q2

12plks

]a

]p2

]b

]q•k
14plqs

]a

]p2

]b

]q2G . ~45!

The following structures contribute to the polarized part
the hadronic tensor:

«mnasqaSlE d4kklks
]a

]p•k

]b

]q•k

5«mnabqaFSb
]F

]p•q
1S•qpb

]2F

]~p•q!2G , ~46!

«mnaspaSlE d4kklks
]a

]p•k

]b

]q•k

5«mnaspaFSs
]F

]p•q
12S•qqs

]2F

]~p•q!2

22qsSlE d4kkl
]a

]p•k

]b

]q2G ~47!

«mnasqapbSlE d4kkl
]a

]p•k
•b

5«mnabqapbS•q
]F

]p•q
, ~48!

which is given by
e

4-5
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Wmn
(A)~q,p,S!5

i

M2
«mnabqaH SbF ]F1

]~p•q!
1p•q

]F2

]~p•q!G
1S•qpbF ]2F1

]~p•q!2
1p•q

]2F2

]~p•q!2

1
]2~F31F4!

]~p•q!2 G12S•qpbF ]2F5

]~p•q!]q2

2E d4k
S•k

S•q

]a5

]~p•q!

]b5

]q2G J . ~49!

Comparison with Eq.~1! yields the following expressions fo
the structure functions:

g1~x,Q2!1g2~x,Q2!5
p•q

M2 F ]F1

]p•q
1p•q

]F2

]p•qG , ~50!

g2~x,Q2!52
~p•q!2

M2 F ]2F1

]~p•q!2
1p•q

]2F2

]~p•q!2

1
]2~F31F4!

]~p•q!2
12

]2F5

]p•q]q2

22E d4k
S•k

S•q

]a5

]p•q

]b5

]q2G . ~51!

We now separate the finite contributions to the polariz
structure functions in the limitk2→0 from those that vanish
We consider

d

dx
$x@g1~x,Q2!1g2~x,Q2!#%

52
~p•q!2

M2 F ]2F1

]~p•q!2
1p•q

]2F2

]~p•q!2
1

]F2

]~p•q!G ,

~52!

wherex52q2/(2p•q). Likewise one obtains

2x
d

dx
$g1~x,Q2!1g2~x,Q2!%

5g1~x,Q2!1g2~x,Q2!1
~p•q!2

M2 F ]2F1

]~p•q!2

1p•q
]2F2

]~p•q!2
1

]F1

]~p•q!G . ~53!

On the RHS of Eq.~53! one may express the structure fun
tion g2(x,Q2) by inserting Eq.~51!, which yields

2x
d

dx
$g1~x,Q2!1g2~x,Q2!%5g1~x,Q2!2F~x,Q2!,

~54!
11400
d

with

F~x,Q2!5
~p•q!2

M2 F ]~F31F42F2!

]~p•q!
12

]2F5

]~p•q!]q2

22E d4k
S•k

S•q

]a5

]p•k

]b5

]q2G . ~55!

Let us investigate the structure of the functionF(x,Q2)
more closely. To do this we refer to Eqs.~46!–~48! from
which follows

]Fi

]p•q
5E d4k

S•k

S•q

]ai

]p•k
•b. ~56!

One notices that

]ai

]p•k
5

k2

p•k
• f̂ for k52, . . . ,5. ~57!

The remainder terms contributing toF(x,Q2) result from
Eq. ~48!. Using Eqs. ~56!, ~57! one thus concludes tha
F(x,Q2) obeys the representation

F~x,Q2!5E d4kS k2

Q2D f~p•k,q•k,p2,q2,k2!, ~58!

wheref(p•k,q•k,p2,q2,k2) is finite for k2→0.

V. THE RELATION BETWEEN g1„x,Q2
… AND g2„x,Q2

…

In Eqs. ~40!, ~41!, ~50!, ~51! the virtuality of the gluon
field is revealed by power corrections in (k2/Q2) l . These
functions are not yet projected onto the twist
contributions.6 Any kind of partonic approach is valid onlyif
the partonic virtualitiesk2 obey

uk2u!Q2. ~59!

This is an analogous condition to the requirement that
parton lifetime has to be much larger than the interact
time in the deeply inelastic scattering process for all ass
ated infinite momentum frames@26#. To project out the
twist-2 contributions we refer to the collinear basis~cf. @27#!
and expand these functions into a Taylor series inkm at km

5zpm. Here p•p50 and the lowest twist contribution i
obtained by settingk2→0 in ~40!, ~41!, ~50!, ~51!. Note,
however, that the corresponding expressions may contrib
at higher twist due to the associated derivatives inkm. We
denote the twist-2 contributions to the structure functio
gi(x,Q2) by gi

II(x,Q2).
Whereas the relation between the structure functionsg1

II

and g2
II is not easily seen from Eqs.~40!, ~41!,7 it can be

directly obtained from~54!:

6Plain consideration of off-shell contributions ink2 to hadronic
structure functions may introduce unphysical contributions. One
ample is wrong target mass corrections as noted in@25# a long time
ago.

7For this the explicit dependence on (p•q) has to be known for
Eq. ~40!.
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2x
d

dx
@g1

II~x,Q2!1g2
II~x,Q2!#5g1

II~x,Q2!, ~60!

the differential form of the Wandzura-Wilczek relation~see
@9,10#!. The integral form can be obtained from Eq.~60!
using the condition

lim
x→1

gi
II~x,Q2!50, ~61!

which yields

g2
II~x,Q2!52g1

II~x,Q2!1E
x

1dy

y
g1

II~y,Q2!. ~62!

At the level of twist 2 all structure functions depend on t
same non-perturbative functionf̃ and sub-system structure

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

10
-4

10
-3

10
-2

10
-1

x

xg
1p (

x,
Q

2 )

-0.04

-0.02

0

0.02

0.04

0.06

10
-4

10
-3

10
-2

10
-1

x

xg
2p (

x,
Q

2 )

(a)

(b)

FIG. 1. ~a! The light flavor contributions to the polarized stru
ture functionxg1

p(x,Q2) in leading order~parametrizationISET=1
of @28#, LQCD5203 MeV) as a function ofx and Q2. Full line,
Q254 GeV2; dashed line, Q2510 GeV2; dotted line, Q2

5100 GeV2; dash-dotted line,Q251000 GeV2. ~b! The light fla-
vor contributions to the polarized structure functionxg2

p(x,Q2). All
conditions are the same as in~a!.
11400
function ĝ1
par. Since the Wandzura-Wilczek relation holds f

quarkonic initial states also@6,7#, all higher order radiative
corrections can be absorbed intoĝ1

par, with par5g,qi denot-
ing the quark species and the gluon, and it thus holds in
orders.

The validity of the Wandzura-Wilczek relation in the ca
of gluonic operator matrix elements is also in accordan
with the observation of the general nature of this relat
connecting vector operator matrix elements with the ass
ated scalar operator matrix elements on the light cone, wh
was shown for fermionic fields in@13#.

To compare the heavy flavor contributions tog1,2(x,Q2)
to the usual parametrizations of these structure functions
merically we show the light flavor contributions t

-0.002

0

0.002

0.004

0.006

0.008

0.01

10
-4

10
-3

10
-2

10
-1

x

xg
1Q

Q
(x

,Q
2 )

-0.1

-0.075

-0.05

-0.025

0

0.025

0.05

0.075

0.1

x 10
-2

10
-4

10
-3

10
-2

10
-1

x

xg
2Q

Q
(x

,Q
2 )

(a)

(b)

FIG. 2. ~a! Heavy flavor contributions to the polarized structu
function xg1(x,Q2) in leading order~parametrizationISET=1 of
@28#, LQCD5203 MeV) as a function ofx and Q2. Upper lines:

g1
cc̄(x,Q2) for mc51.5 GeV. Full line,Q254 GeV2; dashed line,

Q2510 GeV2; dotted line,Q25100 GeV2; dash-dotted line,Q2

51000 GeV2. Lower lines: g2
cc̄(x,Q2) for mb54.3 GeV. Dotted

line, Q25100 GeV2; dash-dotted line,Q251000 GeV2. ~b! Heavy
flavor contributions to the polarized structure functionxg2

p(x,Q2).
All conditions are the same as in~a!.
4-7



ar

ed
rg
a
e
a
n

on
s

ge

ile

r-

fi-
an

a
-
-
a
u
m

-
a
o

ns

a
er.

ons
of

uc-
-
s to
of

f
tain
urs

cal

d

the
l-
ns

si-
he
are
truc-
e-

ar-

oth
ns

in
f
evel
s

rs-

u

t
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xg1,2(x,Q2) in Figs. 1a and 1b at leading order. For the p
ton distributions we refer to the parametrization@28#. Other
recent parametrizations@29,30# are well in accordance with
@28# within the current experimental errors. The polariz
gluon and sea-quark distributions have still a rather la
uncertainty which can be lowered only by more precise d
from future experiments. The present parametrizations w
derived assuming three light quarks through a fit to the d
ignoring any heavy flavor contribution. Part of the prese
gluon distribution is thus corresponding to the contributi
due to heavy flavors and one cannot add the distribution
Figs. 1a and 2a or Figs. 1b and 2b in a simple way.

As Fig. 2a shows, the effect ofxg1
cc̄(x,Q2) is small at low

scalesQ2 but rises rapidly withQ2 and should be taken into
account in future refined QCD analyses. Due to the lar
quark mass and charge suppression theb-quark contribution
to xg1(x,Q2) is smaller than that due to charm quarks. Wh
the distributions are positive forx.531023 they change
sign for lower values ofx. In the present example the pola
ized gluon distribution is positive. The Wilson coefficient~7!
changes sign, since

lim
z→0

Cg1

QQ̄~z,Q2!5
1

2 F32 lnS Q2

zMQ
2 D G , ~63!

lim
b→0

Cg1

QQ̄~z,Q2!5b.0, ~64!

and vanishes at thresholdz5Q2/(114MQ
2 ). Furthermore

Eq. ~9! holds. The oscillating behavior of the Wilson coef
cient implies lower relative heavy flavor contributions th
in the unpolarized case.

Figure 1b showsxg2(x,Q2) for the light flavors due to the
Wandzura-Wilczek relation.xg2(x,Q2) is positive for small
x values up tox;1021 and changes sign then. The integr
over thepositivefunction xg1(x,Q2) is larger than the sub
traction termxg1(x,Q2) in the former region while the sub
traction term dominates in the latter region. The function h
to have a positive and a negative branch since the Wandz
Wilczek relation formally covers the Burkhardt-Cottingha
relation8

E
0

1

dxg2~x,Q2!50. ~65!

Due to the additivity of twist-2 structure functions with re
spect to their parton contents the relation has to hold for e
flavor separately. We would like to add a comment here
Ref. @24#. In this paper the leading order coefficient functio

8Note that the Wandzura-Wilczek relation is the analytic contin
ation from thepositivemoments~cf., e.g.,@8,10#! in the local light
cone expansion, where the 0th moment, which corresponds to
Burkhardt-Cottingham sum rule, does not contribute.
11400
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for g1(x,Q2) and g2(x,Q2) have been calculated under
specific assumption on the gluon spin vector in leading ord
In the limit k2→0

Cg1

QQ̄~z,Q2!52Cg2

QQ̄~z,Q2! ~66!

is obtained. The reference to the hadronic structure functi
in this paper remains somewhat loose. Unlike in the case
the structure functiong1(x,Q2), where the collinear factor-
ization is applicable, one easily derives Eq.~6!. This is not
the case, however, for the twist-2 contributions to the str
ture function g2(x,Q2), since transverse momentum
transverse spin correlations are essential and correlation
the nucleon momentum and spin are non-trivial. Because
this, the results of@24# can be interpreted only on the level o
coefficient functions. These authors therefore cannot ob
the Wandzura-Wilczek relation, because this relation occ
on thehadronicand not on the partonic level.

Similar conclusions as forxg1
QQ̄(x,Q2) can be drawn for

xg2
QQ̄(x,Q2) shown in Fig. 2b.xg2

QQ̄(x,Q2) is widely posi-
tive for smaller values ofx&231022 and negative for larger
x. Again we would like to stress that the present numeri

results forxg1,2
QQ̄(x,Q2) are very sensitive to the polarize

gluon distribution.

VI. CONCLUSIONS

We calculated the heavy flavor contribution tog2(x,Q2)
at leading order in the strong coupling constant using
covariant parton model for finite values of the gluon virtua
ity k2. The representation of the polarized structure functio

g1,2
QQ̄(x,Q2) can be obtained applying a tensor decompo

tion. Furthermore, a generating functional in which t
k-dependent parton densities and coefficient functions
connected can be used to obtain a representation of the s
ture functions from which their possible relation can be d
rived. The twist-2 contributions are obtained in the limitk2

!Q2. The functions g1,2
QQ̄(x,Q2) obey the Wandzura-

Wilczek relation for a gluon induced process, similar to e
lier findings in fermion induced processes@5–10,12,13,15#.
The absolute value of the relative numerical effect on b
structure functions due to the LO heavy flavor contributio
is about the same and may reach values of up to 5–10 %
some kinematic ranges.9 To make future QCD analyses o
even more precise experimental data consistent at the l
of the twist-2 contributions the heavy flavor distribution
have to be taken into account.
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9Similar size effects have been reported before in@31# for g1
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