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A phenomenological parametrization of the proton polarized structure functiong1
p(x,Q2) is developed for

x*0.02 using deep inelastic data up to;50 (GeV/c)2 as well as available experimental results on both
photo- and electroproduction of proton resonances. According to the new parametrization the generalized
Drell-Hearn-Gerasimov sum rule is predicted to have a zero-crossing point atQ250.1660.04 (GeV/c)2.
Then, low-order polarized Nachtmann moments are estimated and theirQ2 behavior is investigated in terms of
leading and higher twists forQ2*1 (GeV/c)2. The leading twist is treated at NLO in the strong coupling
constant and the effects of higher orders of the perturbative series are estimated using soft-gluon resummation
techniques. In the case of the first moment, higher-twist effects are found to be quite small forQ2

*1 (GeV/c)2, and the singlet axial charge has been determined to bea0@10 (GeV/c)2#50.1660.09. In the
case of higher order moments, which are sensitive to the large-x region, higher-twist effects are significantly
reduced by the introduction of soft gluon contributions, but they are still relevant atQ2; few (GeV/c)2 at
variance with the case of the unpolarized transverse structure function of the proton. Our finding suggests that
spin-dependent correlations among partons may have more impact than spin-independent ones. As a by-
product, it is also shown that the Bloom-Gilman local duality is strongly violated in the region of polarized
electroproduction of theD(1232) resonance.
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I. INTRODUCTION

The experimental investigation of lepton deep-inelas
scattering~DIS! off proton and deuteron targets has provid
a wealth of information on parton distributions in th
nucleon, leading to a nice confirmation of the leading~LO!
and next-to-leading order~NLO! predictions of the perturba
tive quantum chromodynamics~QCD!. In the past few years
some selected issues in the kinematical regions corresp
ing to large values of the Bjorken variablex have attracted a
lot of theoretical and phenomenological interest; amo
them one should mention~i! the flavor decomposition of the
parton distributions, with particular emphasis on the ratio
d to u quark asx→1 ~see Refs.@1,2#!, and~ii ! the occurrence
of power corrections associated withdynamicalhigher-twist
operators measuring the correlations among partons~see
Refs.@1–5#!. The extraction of the latter is of particular re
evance since the comparison with theoretical predictions
ther based on first-principle calculations~like lattice QCD
simulations! or obtained from models of the nucleon stru
ture may represent an important test of the nonperturba
QCD regime.

Various analyses of power-suppressed terms in the w
data on the unpolarized nucleon structure functio
F2

N(x,Q2) and FL
N(x,Q2) have been carried out in the pa

years. They are based either on the choice of a phenom
logical ansatz@3# or on renormalon-inspired models@1,2,5#,
adopting for the leading twist the LO or NLO approxim
tions. The effects of the next-to-next-to-leading ord
0556-2821/2002/65~3!/034017~17!/$20.00 65 0340
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~NNLO! corrections have been investigated onF2
N(x,Q2)

andRL/T
N (x,Q2) in Ref. @2#, and on the parity-violating struc

ture functionxF3
N(x,Q2) in Ref. @4#. Very recently@6# the

effects of high-order radiative corrections on the extract
of leading and higher twists in the transverse structure fu
tion F2

N(x,Q2) have been considered adopting soft-gluon
summation techniques@7#. It has been shown@6# that the
extraction of higher twists at largex is remarkably sensitive
to soft gluon effects as well as to the updated Particle D
Group ~PDG! value of as(MZ

2) @8#. Existing analyses indi-
cate that for x*0.7 dynamical power corrections i
F2

N(x,Q2),RL/T
N (x,Q2) and xF3

N(x,Q2) are not very large.
We want to point out that only in Refs.@1# and @6# the Q2

range of the analyses has been extended down toQ2

;1 (GeV/c)2 thanks to the use of Nachtmann momen
including in this way the contributions of both the nucleo
resonance regions and the nucleon elastic peak. Thi
clearly worthwhile not only in order to enhance the sensit
ity to power-suppressed terms, but also because of par
hadron duality arguments@9#.

The aim of this paper is to extend the twist analysis ma
in Refs.@1# and@6# to the case of the polarized proton stru
ture functiong1

p(x,Q2). As in Ref. @1#, we make use of the
formalism of the operator product expansion~OPE! @10# and
of the ~polarized! Nachtmann moments@11#, as defined in
Refs.@12,13#, in order to disentangle the kinematical targe
mass corrections from the dynamical higher-twist effects
are interested in. The evaluation of the Nachtmann mome
©2002 The American Physical Society17-1
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requires, however, the knowledge of the polarized struc
functions in the wholex range for fixed values ofQ2. There-
fore, we have developed a new parametrization ofg1

p(x,Q2),
which describes the DIS proton data up toQ2

;50 (GeV/c)2 and includes a phenomenological Bre
Wigner ansatz able to reproduce the existing electroprod
tion data in the proton-resonance regions. Our interpola
formula for g1

p(x,Q2) has been successfully extended do
to the photon point, showing that it nicely reproduces
very recent data@14# on the energy dependence of the asy
metry of the transverse photoproduction cross section as
as the experimental value of the proton Drell-Hea
Gerasimov~DHG! sum rule@15#. According to our param-
etrization ofg1

p(x,Q2) the generalized DHG sum rule is pre
dicted to have a zero-crossing point atQ250.16
60.04 (GeV/c)2.

Then, low-order polarized Nachtmann moments ha
been evaluated and theirQ2 behavior has been investigate
in terms of leading and higher twists forQ2*1 (GeV/c)2.
The leading twist is treated at NLO in the strong coupli
constant and it is extracted simultaneously with phenome
logical higher-twist terms from our pseudo-data. The effe
of higher orders of the perturbative series are estimated u
the same soft-gluon resummation technique adopted in
case of the analyses of the unpolarized data made in Ref@6#.
The main results of our power correction analysis are
follows. As far as the first moment is concerned, the effe
of higher twists are found to be quite small forQ2

*1 (GeV/c)2. Moreover, the singlet axial charge is dete
mined to bea0@10 (GeV/c)2#50.1660.09; our extracted
value is significantly below the naive quark-model expec
tion ~i.e., compatible with the well-known ‘‘proton spin cri
sis’’!, but it does not exclude completely a value of the s
glet axial charge as large as.0.25, in nice agreement with
recent estimates~see, e.g., Ref.@16#!. In the case of higher
order moments, which are more sensitive to the large-x re-
gion, higher-twist effects are significantly reduced by the
troduction of soft gluon contributions, but they are still re
evant atQ2; few (GeV/c)2, at variance with the case of th
unpolarized transverse structure function of the proton~see
Ref. @6#!. Our finding suggests that spin-dependent corre
tions among partons may have more impact than s
independent ones. As a byproduct, it is also shown that
Bloom-Gilman~BG! local duality@17# is strongly violated in
the region of polarized electroproduction of theD(1232)
resonance.

The paper is organized as follows. In Sec. II the Nac
mann definition of the moments and the NLO approximat
for the leading twist are briefly reviewed. In Sec. III a ne
parametrization ofg1

p(x,Q2), which describes the DIS re
gime as well as the photo- and electroproduction prot
resonance regions is presented and adopted for the ev
tion of the Nachtmann moments. Moreover, the issue o
possible local BG duality among the DIS behavior
g1

p(x,Q2) and suitable local averages in the resonance
gions is addressed. Section IV is devoted to a twist anal
of our pseudo-data at NLO, while the inclusion of the effe
of high-order radiative corrections is presented in Sec.
03401
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Finally, our main conclusions are summarized in Sec. VI

II. THE NACHTMANN MOMENTS AND THE LEADING
TWIST AT NLO

The completeQ2 evolution of the structure functions ca
be obtained using the OPE@10# of the time-ordered produc
of the two currents entering the virtual-photon nucleon f
ward Compton scattering amplitude, viz.

T@J~z!J~0!#5(
n,a

f n
a~2z2!zm1zm2 . . . zmnOm1m2 . . . mn

a

~1!

where Om1m2 . . . mn

a are symmetric traceless operators of d

mensiondn
a and twisttn

a[dn
a2n, with a labeling different

operators of spinn. In Eq. ~1! f n
a(2z2) are coefficient func-

tions, which are calculable in perturbative QCD at short d
tance. Since the imaginary part of the forward Compton sc
tering amplitude is simply the hadronic tensor containing
structure functions measured in DIS experiments, Eq.~1!
leads to the well-known twist expansion for the Cornwa
Norton ~CN! moments of the nucleon polarized structu
function g1

N(x,Q2) ~see Refs.@12,13#!, viz.

M̄n
(1)~Q2![E

0

1

dxxn21g1
N~x,Q2!

5 (
t52,even

`

Ent@m,as~Q2!#Ont~m!S m2

Q2D (t22)/2

~2!

wheren51,3,5, . . . ,m is the renormalization scale,Ont(m)
are the~reduced! matrix elements of operators with definit
spinn and twistt, containing the information about the non
perturbative structure of the target, andEnt(m,Q2) are di-
mensionless coefficient functions, which can be expres
perturbatively as a power series of the running coupling c
stantas(Q

2).
For massless nucleons only operators with spinn contrib-

ute to thenth CN moment~2!. When the nucleon massM is
taken into account, operators with different spins can c
tribute and consequently the higher-twist terms in the exp
sion of the CN momentM̄n

(1)(Q2) contain now also target
mass terms, which are of pure kinematical origin a
therefore of no physical interest. It has been shown
Nachtmann@11# in the unpolarized case and subsequen
generalized to the polarized structure functions in Re
@12,13# that even whenMÞ0 the moments can be redefine
in such a way that only spin-n operators contribute in thenth
moment, namely,

Mn
(1)~Q2![E

0

1

dx
jn11

x2 H g1
N~x,Q2!Fx

j
2

n2

~n12!2

M2x2

Q2

j

xG
2g2

N~x,Q2!
M2x2

Q2

4n

n12J ~3!
7-2
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LEADING AND HIGHER TWISTS IN THE PROTON . . . PHYSICAL REVIEW D65 034017
wheren51,3,5, . . . and

j5
2x

11A114M2x2/Q2
~4!

is the Nachtmann variable. Note that at variance with
unpolarized case, where the transverse Nachtmann mom
involve only the transverse structure functionF2

N(x,Q2) ~see,
e.g., Ref. @1#!, in the polarized caseMn

(1)(Q2) has to be
constructed using the two polarized structure functio
g1

N(x,Q2) andg2
N(x,Q2). Using theexperimentaldata for the

latter ones on the right hand side~RHS! of Eq. ~3!, the target-
mass corrections are exactly canceled out; therefore,
twist expansions of the experimental Nachtmann mome
Mn

(1)(Q2) contain onlydynamicalhigher twists, which are
the only ones related to the correlations among partons,

Mn
(1)~Q2!5dmn

(1)~Q2!1dynamical higher twists ~5!

wheredmn
(1)(Q2) stands for thenth CN moment of the lead

ing twist contribution. The latter can be written in the fo
lowing form:

dmn
(1)~Q2!5dmn

NS~Q2!1dmn
S~Q2! ~6!

where at NLO@18#,

dmn
NS~Q2!5

^e2&
2

dqn
NS~m2!S as~Q2!

as~m2! D
gn

NS

3F11
as~Q2!

2p
dCn

(q)G
3F11

as~Q2!2as~m2!

4p S gn
1,NS2

b1

b0
gn

NSD G
~7!

and

dmn
S~Q2!5

^e2&
2 H dSn~Q2!F11

as~Q2!

2p
dCn

(q)G
12Nf

as~Q2!

2p
dGn~Q2!dCn

(g)J . ~8!

In Eq. ~7! dqn
NS(m2) is the nth moment of the nonsingle

~NS! polarized quark distribution in the~modified! minimal
subtraction (MS) or Adler-Bardeen~AB! scheme evaluated
at the renormalization scalem2,gn

NS and gn
1,NS are the non-

singlet~unpolarized! anomalous dimensions at one- and tw
loop levels, respectively,dCn

(q) is the nth moment of the
quark coefficient function, b051122Nf /3, b15102
238Nf /3 and eventuallŷe2&[(1/Nf)( i 51

Nf ei
2 , with Nf be-

ing the number of active flavors. In Eq.~8! dSn(Q2) and
dGn(Q2) are thenth moments of the singlet-quark and gluo
polarized distributions, respectively, anddCn

(g) is thenth mo-
ment of the gluon coefficient function.
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As it is well known, the evolutions of the singlet-quar
and gluon distributions are coupled in general; however, a
happens in the unpolarized case~cf., e.g.,@1#!, the moments
of ordern.1 are sensitive to the large-x regions, where the
evolution of gluons and quarks are approximately decoup
Therefore, in what follows we will assume the followin
NLO evolution fordmn>3

(1) :

dmn>3
(1) ~Q2!5dAn~m2!S as~Q2!

as~m2! D
gn

NSF11
as~Q2!

2p
dCn

(q)G
3F11

as~Q2!2as~m2!

4p S gn
1,NS2

b1

b0
gn

NSD G
~9!

wheredAn(m2)[dmn
(1)(m2)/@11as(m

2)dCn
(q)/2p#.

In case of the first moment (n51), adopting theAB
scheme as defined in Ref.@19# and introducing the simplified
notationDm (1)[dmn51

(1) , one gets

Dm (1)~Q2!5
^e2&

2
@DqNS1a0~Q2!#F12

as~Q2!

p G ~10!

wherea0(Q2) is the ~scale dependent! singlet axial charge,
given by

a0~Q2!5DS2Nf

as~Q2!

2p
DG~Q2!. ~11!

In Eqs. ~10! and ~11! both the non-singletDqNS and the
quark singletDS are conserved quantities, while the pola
ized gluon momentDG is scale dependent@at NLO one has
DG(Q2);1/as(Q

2), so that the axial singlet chargea0 be-
comes only slightly scale dependent#. Below the charm
threshold~i.e. Nf53) one has

DqNS5
3

4
gA1

1

4
a8 ~12!

wheregA51.267060.0035@8# is the nucleon axial coupling
constant anda850.57960.025 @20# is the octect axial
charge@obtained from nucleon and hyperon beta decays
der the assumption ofSU(3)-flavor symmetry#. Thus, the
expected value forDqNS below the charm threshold i
DqNS51.09560.007.

III. CONSTRUCTION OF THE POLARIZED NACHTMANN
MOMENTS

For the evaluation of the Nachtmann momentsMn
(1)(Q2)

@Eq. ~3!# systematic measurements of the structure functi
g1

N(x,Q2) and g2
N(x,Q2) are in principle required in the

whole x range at fixed values ofQ2. The kinematical cover-
age of existing data ong1

p(x,Q2) is shown in Fig. 1. It can be
seen that the available data cover the kinematical range
&Q2 (GeV/c)2&60 with values of the produced invarian
massW25M21Q2(12x)/x up to;300 GeV2. While data
are scarce belowx;0.02, the coverage at intermediate a
high values ofx, but still in the DIS regions~i.e. for W
7-3
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*2 GeV), appears to be sufficient for developing an int
polation formula. On the contrary, in the nucleon resona
regions (W&2 GeV) only data for Q2;0.5 and
;1.2 (GeV/c)2 are presently available from theE143 ex-
periment @21#. The polarized proton structure function
g1(x,Q2) andg2(x,Q2) ~we omit the suffixp for simplicity!
are related to the measured helicity-dependent vir
photon-nucleon cross sections by

g1~x,Q2!5
MK

4p2aem

1

114M2x2/Q2 Fs1/22s3/2

2

1
2Mx

Q
sLTG ~13!

g2~x,Q2!5
MK

4p2aem

1

114M2x2/Q2 F2
s1/22s3/2

2

1
Q

2Mx
sLTG ~14!

wheres1/2 ands3/2 are the transverse absorption cross s
tions for total helicity 1/2 and 3/2, respectively, andsLT is
the longitudinal-transverse~LT! interference cross section. I
Eqs.~13! and~14! K is the incoming flux factor, which in the
Hand convention is explicitly given byK5n2Q2/2M
5(W22M2)/2M .

Let us write the polarized structure functions as the s
of three contributions, namely,

gi~x,Q2!5gi
(el.)~x,Q2!1gi

(res.)~x,Q2!1gi
(non-res.)~x,Q2!

~15!

where gi
(el.)(x,Q2), gi

(res.)(x,Q2) and gi
(non-res.)(x,Q2) are

the elastic, resonant and nonresonant contributions
gi(x,Q2), respectively, andi 51,2. In Eq.~15! possible in-

FIG. 1. Kinematical coverage of existing data ong1
p(x,Q2). The

dashed line corresponds to an invariant produced mass equalW
52 GeV. Full dots, open dots, full squares, open squares, full
monds, open and full triangles correspond to the experiment
Refs.@21–27#, respectively. Open diamonds are the existing data
the proton-resonance regions from Ref.@21#.
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terference terms between the resonant and nonresonant
tributions are neglected, since they are well beyond the sc
of our phenomenological fit. The Nachtmann moments~3!
can then be written as the sum of three corresponding c
tributions, viz.

Mn
(1)~Q2!5@Mn

(1)~Q2!# (el.)1@Mn
(1)~Q2!# (res.)

1@Mn
(1)~Q2!# (non-res.). ~16!

A. Elastic term

The contribution of the elastic process to the polariz
structure functions can be expressed in terms of the ele
and magnetic Sachs form factors as

g1
(el.)~x,Q2!5d~x21!

1

2
GM~Q2!

GE~Q2!1tGM~Q2!

11t
~17!

g2
(el.)~x,Q2!5d~x21!

t

2
GM~Q2!

GE~Q2!2GM~Q2!

11t
~18!

wheret[Q2/4M2. Therefore, one gets

@Mn
(1)~Q2!# (el.)5

jel
n

2
GM~Q2!H GE~Q2!1tGM~Q2!

11t

3F12
n2

~n12!2

M2

Q2 jel
2 G

1
GM~Q2!2GE~Q2!

11t

n

n12
jelJ ~19!

where jel[j(x51)52/@11A111/t#. For the explicit
evaluation of Eq.~19! we will make use of the parametriza
tion of Ref.@28# for the proton elastic form factors, assumin
a 5% uncertainty.

B. Nonresonant contribution

The nonresonant termsgi
(non-res.)(x,Q2) can be written in

the following form

g1
(non-res.)~x,Q2!5gDs~x,Q2!1

4M2x2

Q2 gLT~x,Q2!

g2
(non-res.)~x,Q2!52gDs~x,Q2!1gLT~x,Q2!

~20!

wheregDs(x,Q2) is the contribution arising from the trans
verse asymmetryA1(x,Q2) @proportional to (s1/22s3/2)#,
while gLT(x,Q2) is the LT contribution coming from the
asymmetryA2(x,Q2)~proportional tosLT), viz.

gDs~x,Q2!5
MK

4p2aem

1

114M2x2/Q2

s1/2
(non-res.)2s3/2

(non-res.)

2

-
of
n

7-4
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gLT~x,Q2!5
MK

4p2aem

1

114M2x2/Q2

Q

2Mx
sLT

(non-res.).

~21!

Quite recently@29#, a description of the transverse cross s
tion difference (s1/22s3/2) in DIS kinematics for both pro-
ton and neutron has been obtained in terms of a param
zation inspired by the work of Ref.@30#. There, a simple
Regge-type approach, based on one Pomeron and
Reggeon exchanges, has been shown to be phenomeno
cally successful in describing both the unpolarized photop
duction cross section and the unpolarized DIS data off
proton. The main result of Ref.@30# is that it is possible to
parameterize smoothly the transition from the Regge beh
ior, expected to be dominant at low values ofQ2, to the
partonic description valid at high values ofQ2. Thus, one
can try to use the same kind of parametrization to desc
gDs(x,Q2). That was the aim of Ref.@29#, but unfortunately
the explicit form of the parametrization adopted in@29# fails
just in the above-mentioned smooth transition, becaus
does not possess a well defined Bjorken limit. Therefore,
have developed a new interpolation formula, properly
spired by the work of Ref.@30#, viz.

gDs~x,Q2!5
W22M2

2W2 (
j 51

N

aj~ t !F11
W2

Q21QR
2 Ga j (t)

3F W22Wp
2

W22Wp
2 1Q21WT

2Gb j (t)

~22!

whereWp[M1mp is the pion production threshold andt is
a parameter aimed at describing the logarithmic scaling
lations in the DIS regime, which we define following Re
@30# as

t5 lnH ln@~Q21Q0
2!/L2#

ln~Q0
2/L2! J . ~23!

In Eq. ~22! the parameterQR
2 describes the transition from

the expected dominance of the Regge behavior atQ2&QR
2 to

the partonic regime atQ2@QR
2 . Indeed, on one hand, fo

Q2&QR
2 and at largeW2 ~i.e., low x) the right-hand side of

Eq. ~22! becomes proportional to( jajW
2a j , as expected

from the Regge approach. On the other hand, when
Bjorken limit ~fixed x and highQ2) is considered, one get
gDs(x,Q2)}( j 51

N aj (t) x2a j (t)(12x)b j (t). Finally, the
quantitiesaj , a j andb j are parameters which are assum
to depend linearly ont: namely,

aj~ t !5aj
(0)1aj

(1)
•t

a j~ t !5a j
(0)1a j

(1)
•t ~24!

b j~ t !5b j
(0)1b j

(1)
•t.

The parameters appearing in Eqs.~22! and~23! have been
determined by fitting existing measurements from Refs.@21–
03401
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27# on the asymmetryA1(x,Q2) in the DIS kinematics, i.e.
outside the resonance regions (W.2 GeV), through the re-
lation

A1~x,Q2!→
DISS 11

4M2x2

Q2 DgDs~x,Q2!

F1~x,Q2!
~25!

whereF1(x,Q2) is the unpolarized proton structure functio
calculated adopting the interpolation formula developed
Ref. @1#. Following Ref. @30# we have consideredN52 in
Eq. ~22! fixing the QCD parameterL at the valueL
50.250 GeV. It turns out that our fitting procedure of D
data is not very sensitive to the precise value of the par
eterWT , since it appears in Eq.~22! only in the combination
Q21WT

2 . Thus, the value of the parameterWT is relevant
only at low Q2 and, indeed, in Sec. III C it will be fixed by
requiring the reproduction of the experimental value of t
proton DHG sum rule@15#; thus, we anticipate here its fina
value equal toWT50.475 GeV. To sum up, we have use
14 parameters against a total number of experimental po
equal to 209, obtaining for thex2 variable divided by the
number of d.o.f. the minimum value of 0.66. The explic
values of our parameters are reported in Table I, where it
be seen that the transition point from the Reg
behavior to the partonic regime occurs aroundQ2.QR

2

.4 – 5 (GeV/c)2.
The quality of our fit is shown in Fig. 2. It can be see

that the differences between our fit and the data are appr
mately distributed as a Gaussian-like distribution and, mo
over, they almost do not exceed the statistical1 systematic
errors of the data~added in quadrature!. The uncertainty on
our parametrization ofgDs generated by the fitting procedur
has been estimated through the uncertainties obtained fo
values of the parameters reported in Table I from our lea
x2 procedure. Using different bins in the variablex we have
found that the uncertainty on ourgDs can be approximated
by the following simple formula: (120.5•x/xp)•15%,
wherexp5Q2/(Q21Wp

2 2M2) is the pion threshold inx.
We point out that in Eq.~22! gDs is assumed to behave i

the Bjorken limit as a power ofx at low values ofx. Since
there is no strong argument in favor of such an assump
~cf., e.g., the discussion of the limitx→0 in Refs.@16,31#!,
Eq. ~22! has to be considered as a simple approximat
valid in a limited x range. In this respect we have alrea

TABLE I. Values of the parameters appearing in Eqs.~22!–~24!,
obtained from the least-x2 procedure described in the text.

a1
(0) a1

(1) a1
(0) a1

(1) b1
(0) b1

(1)

1.325 20.01239 20.1927 0.2725 0.1250 3.938

a2
(0) a2

(1) a2
(0) a2

(1) b2
(0) b2

(1)

22.252 2.099 20.8718 0.9133 2.910 3.829

QR
2 (GeV/c)2 Q0

2 (GeV/c)2

4.498 1.062
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FIG. 2. ~a! Distribution of the differences be
tween our fit~25! and existing data@21–27# on
the asymmetryA1(x,Q2) in DIS kinematics only
(W.2 GeV). ~b! Ratio of the differences in~a!
with the statistical1 systematic errors of the dat
~added in quadrature! versus the final invariant
massW.
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observed from Fig. 1 that existing data are scarce belox
;0.02; thus, we considerx*0.02 as thex range of applica-
bility of our parametrization~22!, which is clearly well
enough for our main purpose to study leading and hig
twist effects at largex.

The contribution ofgLT(x,Q2) to Eq. ~20! is marginal in
DIS kinematics and, moreover, the whole effect ofg2(x,Q2)
in the Nachtmann moments~3! is power suppressed; there
fore, we do not need a very refined interpolation formula
g2(x,Q2). In this respect the analyses of the Spin Mu
Collaboration~SMC! @22#, E143 @21# and E155 @32# DIS
data onA2(x,Q2) suggest thatg2(x,Q2) is consistent with
the Wandzura-Wilczek relation@33#. Thus, we impose a
simple-minded generalization of the latter as a constrain
our parametrization forgLT(x,Q2); we simply assume that

gLT~x,Q2!5FthrE
x

xp
dx8

gDs~x8,Q2!

x8
~26!

where Fthr5A12Wp
2 /W2 is a threshold factor. Thus, ou

interpolation model for the nonresonant contributions
gi(x,Q2) reads as

g1
(non-res.)~x,Q2!5gDs~x,Q2!

1
4M2x2

Q2 FthrE
x

xp
dx8

gDs~x8,Q2!

x8

~27!

g2
(non-res.)~x,Q2!52gDs~x,Q2!

1FthrE
x

xp
dx8

gDs~x8,Q2!

x8
. ~28!

The corresponding predictions for A2(x,Q2)
[2Mx•@g1(x,Q2)1g2(x,Q2)#/@Q•F1(x,Q2)# compare
positively against available DIS data, as shown in Fig. 3

C. Resonant contribution and the DHG sum rule

In the nucleon-resonance regions (W&2 GeV) we fol-
low the approach of Refs.@34,35# by adopting a simple
Breit-Wigner shape to describe theW dependence of the con
tribution of an isolated resonanceR, while itsQ2 dependence
03401
r

r

n

can be conveniently expressed in terms of transverse hel
amplitudesA1/2

R andA3/2
R as well as the longitudinal helicity

amplitudeS1/2
R , viz.

g1
(res.)~x,Q2!5

MK

4p2aem

1

114M2x2/Q2 Fs1/2
(res.)2s3/2

(res.)

2

1
2Mx

Q
sLT

(res.)G ~29!

g2
(res.)~x,Q2!5

MK

4p2aem

1

114M2x2/Q2 F2
s1/2

(res.)2s3/2
(res.)

2

1
Q

2Mx
sLT

(res.)G ~30!

with

s1/2(3/2)
(res.) 5(

R

qR
2

qW
2

4MMRGR

~W22MR
2 !21MR

2GR
2 uA1/2(3/2)

R u2 ~31!

FIG. 3. Values of the asymmetryA2
p(x,^Q2&) for the proton

versus the Bjorken variablex in the case of DIS kinematics (W
.2 GeV). The open dots, squares and diamonds correspond t
data of the SMC@22#, E143 @21# and E155 @32# experiments, re-
spectively. The full dots are our predictions based on Eqs.~27!,~28!.
The values of̂ Q2& are those corresponding to the kinematics of t
various experiments for each value ofx.
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LEADING AND HIGHER TWISTS IN THE PROTON . . . PHYSICAL REVIEW D65 034017
sLT
(res.)5(

R

qR
2

qW
2

4MMRGR

~W22MR
2 !21MR

2GR
2

3
Q

A2qcm

~S1/2
R !* A1/2

R ~32!

GR5GR
(0)S qW

qR
D 2l R11S qR

21XR
2

qW
2 1XR

2 D l R

~33!

where MR and GR
(0)[GR(W5MR) are the mass and th

width of the resonanceR, respectively, and eventuallyqW

[A(W21M22mp
2 )/4W22M2, qR[qW(W5MR) and

qcm5AQ21(W22M22Q2)2/4W2. The parametersl R and
XR have the same meaning as in Ref.@34#.

We point out that theW-shape encoded in Eqs.~31!,~33!
is inspired by the results of Ref.@34#, and therefore it differs
from the one adopted in Ref.@35#, mainly because the width
parameterGR is assumed to be a constant independent onW
in @35# at variance with Eq.~33!. The use of the latter, how
ever, allows us to achieve a proper reproduction of the as
metric shape around the resonance bumps due toW depen-
dence of the available phase space for resonance de
Such a dependence produces an important shift of the l
tion of the resonance peaks with respect toW5MR , which
is neglected in Ref.@35#.

To develop our interpolation formula in the resonance
gions we have included in Eqs.~31! and ~32! all the ‘‘four-
star’’ resonances of the PDG@8# having a massMR

,2 GeV and a total transverse amplitudeAuA1/2
R u21uA3/2

R u2

larger than 0.050 GeV21/2 at the photon point. Following
Ref. @35# we have represented theQ2 behavior of the trans-
verse helicity amplitudes in the following form:

uA1/2,3/2
R u5A16A1

R~Q2!

2
CRe2BR•Q2

~34!

while for the LT cross section we have introduced the para
eterALT

R defined as

ALT
R [

S1/2
R

A1/2
R

~35!

so thatsLT
R 5ALT

R
•(Q/A2qcm)s1/2

R . Note that in Eq.~34! the
parameterCR represents just the total transverse amplitu
AuA1/2

R u21uA3/2
R u2 at the photon point. Finally, as for the bac

ground under the resonances we adopt directly Eq.~27! with-
out any adjustment of the parameters, thanks to the fact
the latter smoothly behaves forW,2 GeV.

Firstly we have taken the values of the widthsGR
(0) , of the

amplitudesCR and of the asymmetryA1
R at the photon point

from PDG@8#. We have then calculated the asymmetry of t
transverse cross sections3/22s1/2 as a function of the pho
ton energyEg5(W22M2)/2M , and compared our result
with the recent data from Mainz@14#. It turns out that an
adjustment of the widthsGD(1232)

(0) andGD13(1520)
(0) as well as of

the amplitudeCD13(1520) is needed. Instead of their PDG va
03401
-

ys.
a-

-

-

e

at

e

ues ~put in parentheses! we adopt: GD(1232)
(0)

50.10 (0.12) GeV,GD13(1520)
(0) 50.20 (0.13) GeV and

CD13(1520)50.200 (0.170) GeV21/2. Finally, as anticipated

in Sec. III B, the value of the parameterWT that appears in
Eq. ~22! is fixed at the valueWT50.475 GeV in order to
reproduce the experimental value of the proton DHG s
rule @15#, viz.

E
Ep

`

dEg

s3/22s1/2

Eg
5

2p2aemk2

M2
.204.5 mbarn ~36!

whereEp is the pion threshold in terms of the photon ener
Eg andk is the ~proton! anomalous magnetic moment. Ou
final results atQ250 are reported in Fig. 4 and positivel
compared with the Mainz data@14#. It can clearly be seen
that our parametrization of the nonresonant term~27!, ob-
tained from fitting DIS data, can be safely extended down
the photon point to describe a smooth background under
resonance bumps.

In Table II we have reported the contribution of vario
integration regions over the photon energyEg to the proton
DHG sum rule~36! and to the forward spin polarizabilityg0,
defined as

g052
1

4p2E
Ep

`

dEg

s3/22s1/2

Eg
3

. ~37!

FIG. 4. Asymmetry of the proton transverse cross secti
@s3/22s1/2# versus the photon energyEg . Full dots are the experi-
mental data from Ref.@14#. The shaded area is our prediction,
explained in the text, while the dashed line is our nonresonant c
tribution.

TABLE II. Contributions of various integration regions over th
photon energyEg ~in GeV! to the proton DHG sum rule~36! and to
the forward spin polarizabilityg0 ~37!, calculated using our inter-
polation formula.

Integration region DHG (mbarn) g0 (1026 fm4)

Eg<0.2 23765 133617
0.2<Eg<0.8 207620 2173610
0.8<Eg<1.6 4769 2561

Eg>1.6 21362 ,0.1
Total 204623 245620
7-7
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TABLE III. Values of the parameters appearing in Eqs.~31!–~33! and obtained as described in the text. Resonance masses are in
CR in GeV21/2, DCR in %, BR in GeV22, GR

(0) , XR andQ in GeV.

Resonance CR DCR A1
R BR GR

(0) ALT
R l R XR

D(1232) 0.290 5 20.56 0.7 0.10 20.1 1 0.16
P11(1440) 0.065 5 1.0 1.6 0.30 20.2 1 0.35
D13(1520) 0.200 10 12e0.6720.65Q 0.8 0.20 0.2 2 0.35
S11(1535) 0.090 35 1.0 0.6 0.15 0.2 1 0.35
S11* (1650) 0.055 30 1.0 1.0 0.15 20.3 1 0.35

D151F15(1680) 0.150 15 12e0.6920.98Q 0.6 0.13 20.3 3 0.35
D33(1700) 0.135 30 0.2 1.0 0.30 20.3 2 0.35
F35(1905) 0.055 60 20.50 0.6 0.25 20.3 3 0.35
F37(1950) 0.125 20 20.24 0.6 0.25 20.3 3 0.35
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It can be seen that an important contribution to both
DHG sum rule and the forward spin polarizability com
from the experimentally unobserved region belowEg
50.2 GeV in overall agreement with the prediction of t
unitarity isobar model of Ref.@36#, while the contribution of
our high-energy tail aboveEg51.6 GeV to the DHG sum
rule is just half of the prediction of Ref.@29#. Note that our
parametrization ofgDs ~22! implies that atQ250 the trans-
verse cross section asymmetry@s3/22s1/2# behaves as
Eg

a j (0)21 at high photon energies. The negative values
tained for the parametersa j

(0) ~see Table I! largely ensure
that the DHG integral~36! is convergent at high energies an
does not require subtractions.

TheQ2 dependence ofA1
R and the values of the paramet

BR andALT
R have been estimated using available electrop

duction data from Ref.@37#. The uncertainty on our param
etrization in the resonance regions has been estimate
assigning to the slope parameterBR an overall 25% uncer-
tainty and to the parameterCR the uncertaintyDCR arising
from the reported PDG uncertainties on the transverse h
ity amplitudes at the photon point. Table III collects the v
ues of all the relevant parameters necessary for evalua
Eqs. ~31!–~33!. We have to mention that~i! the values
adopted for the parametersALT

R fully satisfy the bounds im-
posed by the existing data on the unpolarized longitudina
transverse ratio~see Ref.@38#!, and ~ii ! our parametrization
of the full structure functiong2(x,Q2) is consistent with the
Burkhardt-Cottingham sum rule @39#, stating that
03401
e

-

-

by

c-
-
ng

o

*0
1dxg2(x,Q2)50, within 2s standard deviations at all val

ues ofQ2.
The quality of our interpolation formula in the resonan

electroproduction regions is illustrated in Fig. 5, where o
predictions are positively compared with the two sets of
isting data fromE143 @21# at Q2;0.5 and;1.2 (GeV/c)2.

Before going on with the calculation of the Nachtma
moments~3!, our prediction for the generalized DHG inte
gral, defined as

I DHG~Q2!5
2M2

Q2 E
0

xp
dxg1~x,Q2!, ~38!

is presented in Fig. 6 and positively compared with availa
experimental data. Note that in Eq.~38! the upper limit of
integration excludes the elastic contribution and therefore
generalized DHG integralI DHG(Q2) cannot be analyzed in
terms of twists, because the OPE is fully inclusive.

As it is well known, at the photon point the~proton! gen-
eralized DHG integral

I DHG~Q250!5
M2

8p2aem
E

Ep

`

dEg

s1/22s3/2

Eg
52

k2

4
~39!

is negative (.20.80), while it becomes positive in the DI
regime. Therefore, it should cross zero at some value ofQ2

and according to the predictions of our parametrization~see
se
FIG. 5. Comparison of the proton transver
asymmetryA1

p(W,Q2) obtained through our in-
terpolation formula~full dots! with the existing
data from Ref.@21# ~open dots! in the resonance
regions. The average value ofQ2 is ;0.5 and
;1.2 (GeV/c)2 in ~a! and ~b!, respectively.
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LEADING AND HIGHER TWISTS IN THE PROTON . . . PHYSICAL REVIEW D65 034017
Fig. 6! the zero-crossing point is expected to occur atQ2

5QX
250.1660.04 (GeV/c)2. Such a value is significantly

below the predictionQX
2;0.8 (GeV/c)2 found in Ref.@40#,

where the dominance of theN2D(1232) transition in Eq.
~38! at low Q2 was assumed and a vector meson domina
picture was adopted for the nonresonant background.
difference is due to the significant contribution of nonres
nant processes present at lowQ2 in our parametrization~see
dashed curve in Fig. 6! at variance with the assumption
made in Ref.@40#. Our zero-crossing point is below the find
ing QX

2;0.3 (GeV/c)2 obtained in Ref.@41# within the con-
stituent quark model and characterized by the so-ca
dominance of low-lying resonances at lowQ2. Our result is
quite close to the predictionQX

2;0.2 (GeV/c)2 of Ref. @42#,
where the origin of the zero-crossing point is traced back
the strongQ2 dependence of the first moment of the inelas
part of the structure functiong2(x,Q2) implied by the
Burkhardt-Cottingham sum rule@39#. Therefore, our finding,
if confirmed by a direct measurement of theQ2 behavior of
the generalized DHG integral, should provide an import
constraint on hadronic models and on the physics of nucl
resonances.

FIG. 6. Generalized DHG integral~38! for the proton versusQ2.
Full dots and squares, open dots and triangles are the experim
results of Refs.@21,22,25,27#. The shaded area is the predictio
based on our parametrization ofg1

p(x,Q2), while the dashed line
corresponds to the non-resonant contribution only. The arrows i
cates the location of the value of the DHG sum rule (.20.80) at
the photon point.
03401
e
he
-

d

o

t
n

The Nachtmann momentsMn
(1)(Q2) @see Eq.~3!# can now

be evaluated through our interpolation formulas for the p
larized structure functionsg1(x,Q2) and g2(x,Q2), which
we stress have the following range of applicability:x*0.02
and Q2&50 (GeV/c)2. The separate contributions of th
elastic peak~17!,~18!, the resonances~29!–~32! and the in-
elastic contribution@i.e. the sum of the resonant and no
resonant parts~27!,~28!# are shown in Fig. 7 for 0.1
<Q2 (GeV/c)2<50. It can be seen that the elastic term
dominant forQ2&n/2 (GeV/c)2, while the inelastic contri-
bution exhausts the Nachtmann moment forQ2

*n(GeV/c)2. Note that, at variance with the generalize
DHG integral~38!, the first momentM1

(1)(Q2) does not be-
come negative at low values ofQ2 because of the elasti
contribution~19!, as first pointed out in Ref.@43#. Moreover,
the inelastic parts of the Nachtmann moments shown in F
7b–7d change their sign atQ2.0.4560.10, 0.7560.15,
1.160.2 (GeV/c)2 for n53, 5, 7, respectively.

Finally, we want to mention that quite recently@44# pre-
liminary photoabsorption data aboveEg.0.8 GeV have be-
come available from a GDH experiment at the Bonn Acc
erator ELSA. Such data cover a large kinematical reg
where theF15(1680) nucleon resonance contributes p
dominantly. It appears that our fit, based on the PDG val
for the helicity amplitudes at the photon point, overestima
the preliminary data. The agreement can be recovered sim
by imposing a.25% reduction of the strength paramet
CF15(1680) and an.10% reduction of the parameterWT in
order to keep the GDH sum rule fulfilled. We do not includ
these modifications in our present parametrization, leav
this issue to be fixed when final data from ELSA will b
available. Nevertheless, we have checked that the ab
mentioned changes do not modify within the quoted unc
tainties both the zero-crossing point of the generalized G
integral and the twist analysis of the next two sections.

D. Bloom-Gilman local duality

An important feature of the results shown in Fig. 7 is th
the resonant contribution is negative forQ2

;few (GeV/c)2. This is mainly due to the well establishe

tal

i-
ts

of

e

o-
tic
FIG. 7. Proton Nachtmann momen
Mn

(1)(Q2) @see Eq.~3!# versusQ2 for n51 ~a!,
n53 ~b!, n55 ~c! andn57 ~d!. Open diamonds
and triangles correspond to the contributions
the elastic peak@Eqs. ~17!,~18!# and the reso-
nances@Eqs. ~29!–~32!#, respectively. Open dots
are the inelastic contribution, i.e. the sum of th
resonant and non-resonant parts@Eqs. ~27!,~28!#.
Open squares represent the full Nachtmann m
ment given by the sum of the elastic and inelas
parts.
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FIG. 8. Polarized proton structure functio
g1

p(j,Q2) versus the Nachtmann variablej for
various values ofQ2. In ~a!–~d! the shaded area
are pseudodata generated through our interpo
tion formula atQ250.5, 1, 2 and 5 (GeV/c)2,
respectively. The solid line is the result of ou
parametrization evaluated atQ2520 (GeV/c)2.
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fact @37# that the proton transverse asymmetryA1
p in the re-

gions of theD(1232)-resonance electroproduction is neg
tive up to Q2;3 –4 (GeV/c)2. Thus, for Q2

;few (GeV/c)2 the resonant contribution to the polarize
proton structure function is opposite in sign with respect
the unpolarized case~see Ref.@1#!. In this respect we want to
note that the concept of parton-hadron local duality makes
important~and not yet fully understood! connection between
the physics in the nucleon-resonance and DIS regions.
deed, the parton-hadron local duality, observed empiric
@17# by Bloom and Gilman in the unpolarized transver
structure function of the proton, states that the smooth s
ing curve measured in the DIS region at highQ2 represents
an average over the resonance bumps seen in the sax
region at low Q2. More precisely, it occurs a precociou
scaling of the average of theF2

p(j,Q2) data in the resonanc
regions to the DIS structure functionF2

p(j), at corresponding
values of the improved scaling variablej @45#.

It is therefore legitimate to ask ourselves whether the
local duality holds as well in the polarized case. To this e
we have generated pseudodata in the resonance region
in the DIS regime via our interpolation formula fo
g1

p(x,Q2). Our results are reported in Fig. 8, where it c
clearly be seen that~i! at values of Q2 as low as
;0.5 (GeV/c)2 there is no evidence at all of an occurren
of the BG local duality, as in the case of the unpolariz
transverse structure function of the proton~see Ref.@9#!, and
~ii ! in the kinematical regions where theD(1232) resonance
is prominently produced, the BG local duality breaks do
at least forQ2 up to few (GeV/c)2, while in the higher
resonance regions forQ2*1 (GeV/c)2 it is not excluded by
our parametrization. Note that in the unpolarized case
onset of the BG local duality occurs atQ2

.1 – 2 (GeV/c)2 @17,9#, including also theD(1232) reso-
nance regions@46#. It should be mentioned that the usefu
ness of the concept of local duality relies mainly on the p
sibility to address the DIS curve at largej through
measurements at lowQ2 in the resonance regions. It is ther
fore clear that the breakdown of the local duality in the
gion of theD(1232) resonance forbid us to get informatio
03401
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n

n-
ly

l-

e

d
and

d

e
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-

from duality on the behavior of the scaling curve at the hig
est values ofj.

IV. NLO ANALYSIS OF THE POLARIZED NACHTMANN
MOMENTS

In this section we present our power correction analysis
the polarized Nachtmann moments~3!, adopting for the lead-
ing twist the NLO approximation. Following Refs.@1,6# a
phenomenological ansatz is introduced for describing po
corrections, viz.

Mn
(1)~Q2!5dmn

(1)~Q2!1dan
(4)Fas~Q2!

as~m2! G
dgn

(4)
m2

Q2

1dan
(6)Fas~Q2!

as~m2! G
dgn

(6)S m2

Q2D 2

~40!

where the leading twist termdmn
(1)(Q2) is given by Eqs.

~9!–~11!, while the logarithmic perturbative QCD~pQCD!
evolution of the twist-4~twist-6! contribution is accounted

for by the term @as(Q
2)/as(m

2)#dg1
(4)

(@as(Q
2)/

as(m
2)#dg1

(6)
) with an effective anomalous dimensiondg1

(4)

(dg1
(6)) and the parameterda1

(4) (da1
(6)) represents the over

all strength of the twist-4~twist-6! term at the renormaliza
tion scalem2. For the latter we consider hereafter the val
m51 GeV/c and, for fixing the running of the coupling
constantas(Q

2), the updated PDG valueas(MZ
2)50.118@8#

is adopted throughout this work.
In Eq. ~40! only twist-4 and twist-6 terms are included. I

this respect we want to point out that the number of high
twist terms to be considered is mainly governed by theQ2

range of the analysis. Indeed, as the latter is extended d
to lower and lower values ofQ2, more and more higher-twis
terms are expected to contribute equally well. We anticip
here that forQ2*1 (GeV/c)2: ~i! the inclusion of a twist-4
and a twist-6 term appears to work pretty well, as alrea
found in the case of the unpolarized moments@1,6#, and~ii !
our least-x2 fitting procedure turns out to be not sufficient
7-10
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TABLE IV. Values of the parameters appearing in Eq.~41! obtained by a least-x2 procedure in theQ2

range from 0.5 to 50 (GeV/c)2. The non-singlet moment is fixed at the valueDqNS51.095~see text!. The
last row reports the minimal value obtained for thex2 variable divided by the number of degrees of freedo
The errors on the parameters represent the uncertainty of the fitting procedure corresponding to o
increment of thex2/Nd.o. f . variable.

a0(10 GeV2) da1
(4) dg1

(4) da1
(6) dg1

(6) x2/Nd.o. f .

0.1460.09 0.03860.012 2.260.4 20.01760.006 1.960.6 0.053
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sensitive for a precise determination of power corrections
order higher than the twist-6. Thus, just because of phen
enological findings we limit ourselves to consider on
twist-4 and twist-6 terms in our analyses forQ2

*1 (GeV/c)2.
Let us start with the twist analysis of the first Nachtma

momentM1
(1)(Q2); from Eqs.~40! and ~10! one has

M1
(1)~Q2!5

^e2&
2

@DqNS1a0~Q2!#F12
as~Q2!

p G
1da1

(4)Fas~Q2!

as~m2! G
dg1

(4)
m2

Q2

1da1
(6)Fas~Q2!

as~m2! G
dg1

(6)S m2

Q2D 2

. ~41!

The non-singlet momentDqNS is taken fixed at the value
DqNS51.095, deduced from the experimental values of
triplet and octet axial vector coupling constants@see Eq.
~12!#, with the latter obtained under the assumption
SU(3)-flavor symmetry. The unknown parameters in E
~41! are the singlet axial chargea0(m2) at the renormaliza-
tion scale~or at any given value ofQ2) and the four higher-
twist quantitiesda1

(4) , dg1
(4) , da1

(6) anddg1
(6) . Their values,

reported in Table IV, have been determined by fitting t
pseudodata of Fig. 7~a!, adopting the least-x2 procedure in
the Q2 range between 0.5 and 50 (GeV/c)2. The twist de-
composition of the Q2 behavior of the first momen
M1

(1)(Q2) is illustrated in Fig. 9.
From Table IV and Fig. 9 it turns out that the total co

tribution of the higher twists is tiny forQ2*1 (GeV/c)2,
but it is comparable with the leading twist already atQ2

.0.5 (GeV/c)2. Since the first moment basically corre
sponds to the area under the structure functiong1

p ~as is the
case of the second moment of the unpolarized structure f
tion F2

p), the dominance of the leading twist inM1
(1)(Q2),

occurring forQ2*1 (GeV/c)2, reflects only the concept o
global duality andnot that of local duality~cf. Ref. @9#!. ~ii !
In our analysis, where the leading and the higher twists
simultaneously extracted, the singlet axial charge~in theAB
scheme! is determined to bea0(10 GeV2)50.1460.09~see
Table IV!, which nicely agrees with many recent estima
that appeared in the literature, such asa0(10 GeV2)
50.1020.11

10.17 from Ref. @16# and a0(10 GeV2)50.24
60.07~stat!60.19~syst! from Ref. @22~b!#. As a consistency
check, we have limited our analysis to the highQ2 range
from 10 to 50 (GeV/c)2, including only the twist-2 contri-
03401
f
-

e

f
.

e

c-

re

s

bution in Eq.~41! and obtaininga0(10 GeV2)50.1860.09.
Thus, possible higher-twist effects on the extraction ofa0 are
small and well within the uncertainties of the fitting proc
dure. We quotea0(10 GeV2)50.1660.09 as our final de-
termination of the singlet axial charge in theAB scheme.
Our value ofa0 is therefore significantly below the naiv
quark-model expectation~i.e. compatible with the well
known ‘‘proton spin crisis’’!, but it does not exclude com
pletely a singlet axial charge as large as.0.25.

As explained in Sec. II@see Eq.~9!#, for higher-order
moments (n>3) we make use of the following twist expan
sion:

Mn>3
(1) ~Q2!5dAn~m2!S as~Q2!

as~m2! D
gn

NSF11
as~Q2!

2p
dCn

(q)G
3F11

as~Q2!2as~m2!

4p S gn
1,NS2

b1

b0
gn

NSD G
1dan

(4)Fas~Q2!

as~m2! G
dgn

(4)
m2

Q2

1dan
(6)Fas~Q2!

as~m2! G
dgn

(6)S m2

Q2D 2

. ~42!

The five parametersdAn(m2), dan
(4) , dgn

(4) , dan
(6) anddgn

(6)

are simultaneously determined by the least-x2 procedure ap-
plied to the pseudodata of Fig. 7 in theQ2 range from 1 to

FIG. 9. Twist analysis of the first proton Nachtmann mome
M1

(1)(Q2). The solid line is the result of Eq.~41! fitted by the least-
x2 procedure to our pseudodata of Fig. 7~a! ~open squares! in the
Q2 range between 0.5 and 50 (GeV/c)2. The dotted and dashe
lines correspond to the contributions of the leading and total hig
twists, given by the sum of the twist-4 and twist-6 terms in Eq.~41!,
respectively.
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TABLE V. Values of the parameters appearing in Eq.~42! at m51 (GeV/c), obtained by a least-x2

procedure in theQ2 range from 1 to 50 (GeV/c)2. The errors on the parameters represent the uncertain
the fitting procedure corresponding to one-unit increment of thex2/Nd.o. f . variable.

Parameter n53 n55 n57 n59

dAn 0.13360.019 0.029760.0044 0.009860.0013 0.0034360.00037
dan

(4) 0.01560.005 0.01860.005 0.02660.003 0.03260.004
dgn

(4) 1.760.6 2.460.9 3.760.5 4.660.5
dan

(6) 20.00660.002 20.01460.005 20.02460.004 20.03160.005
dgn

(6) 1.760.6 1.760.5 2.660.5 3.360.5
x2/Nd.o. f . 0.14 0.39 0.60 0.82
V

at
s

he

ig
F

g

d
ed

ve
on
d
tu

e
fo
in

us
o
nd

ns

for

l

NLO
p-

get
ted
the
ies,
s

ton

ated
ns,
ve
50 (GeV/c)2; the obtained values are reported in Table
while the twist decomposition ofMn>3

(1) (Q2) is illustrated in
Fig. 10.

Our main results can be summarized as follows.
~i! The twist-2 term, extracted from our proton pseudod

simultaneously with the twist-4 and twist-6 contribution
differs only slightly from the predictions obtained using t
polarized parton distribution function~PDF! set of Ref.@47#
evolved at NLO~compare crosses and dotted lines in F
10!. A similar situation holds as well in the case of the PD
set of Ref.@48#. Moreover, we have checked that, by limitin
our analysis to theQ2 range from 10 to 50 (GeV/c)2 and
without including any higher-twist term, our extracte
twist-2 changes only within the fitting uncertainties report
in Table V.

~ii ! The twist-4 and twist-6 contributions turn out to ha
opposite signs, making the total higher-twist contributi
smaller than its individual terms, as we have already foun
the case of the unpolarized proton and deuteron struc
functions~see Ref.@1#!. As n increases~i.e. asx increases!,
the total higher-twist contribution increases and becom
comparable or even larger than the leading twist term
Q2;few (GeV/c)2 ~compare dashed and dotted lines
Fig. 10!.

~iii ! For n53 –9 the values of the effective anomalo
dimensionsdgn

(4) ~and to a less extent also the values
dgn

(6)) result to be larger than the values of the correspo
03401
,

a
,

.

in
re

s
r

f
-

ing twist-2 anomalous dimensions (gn
NS.0.6–1.2 for n

53 –9 @49#!.
~iv! The uncertainties on the different twist contributio

due to our least-x2 procedure are within.40% for the
twist-4 and twist-6 terms, while they are about 10–15%
the leading twist~see Table V!.

~v! The twist expansion~42! appears to work quite wel
for values ofQ2 down to.1 (GeV/c)2.

V. SOFT GLUON RESUMMATION AND HIGHER TWISTS

So far the power corrections appearing in Eqs.~41!,~42!
have been extracted from our pseudodata assuming the
approximation for the leading twist, and therefore they re
resent the higher twists at NLO. Since our main aim is to
information on the dynamical power corrections genera
by multiparton correlations, it is necessary to estimate
possible effects of higher orders of the perturbative ser
which defines the twist-2 coefficient function
En2@m,as(Q

2)# appearing in Eq.~2!. Such a job has been
already been carried out in case of the unpolarized pro
structure functionF2

p(x,Q2) in Refs. @1# and @6#. In the
former the high-order perturbative terms have been estim
through the ambiguities introduced by infrared renormalo
while in the latter the effects of soft gluon emission ha
been taken into account at largex via well-established soft-
gluon resummation~SGR! techniques@7#. In both cases the
t-

the

e
n,
.
the
FIG. 10. Twist analysis of the proton Nach
mann momentsMn

(1)(Q2) with n53 ~a!, n55
~b!, n57 ~c! andn59 ~d!. The solid line is the
result of Eq.~42! fitted by the least-x2 procedure
to our pseudodata~open squares!. The dotted,
dot-dashed and triple-dot-dashed lines are
separate contribution in Eq.~42! of the twist-2,
twist-4 and twist-6 terms, respectively. Th
dashed line is the total higher-twist contributio
given by sum of the twist-4 and twist-6 terms
The crosses are the moments calculated using
NLO polarized PDF set of Ref.@47#, labeled va-
lence scenario.
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comparison of the results obtained adopting the NLO
proximation and those including high-order corrections h
clearly shown that the extraction of higher twists at largex is
remarkably sensitive to soft gluon effects. Therefore, in t
section we address the issue of high-order effects by ext
ing the calculations of Ref.@6# to the Nachtmann moments o
the polarized proton structure functiong1

p(x,Q2).
Let us start from Eq.~42! @see also Eq.~9!# wheredCn

(q)

is the NLO part of the quark coefficient function. In theMS
~or AB! scheme it reads explicitly as

dCn
(q)5CFH S1~n!FS1~n!1

3

2
2

1

n~n11!G2S2~n!1
1

2n

1
1

n11
1

1

n2 2
9

2J ~43!

where CF[(Nc
221)/(2Nc)→4/3 and Sk(n)[( j 51

n 1/ j k.
Note thatdCn

(q) differs from the corresponding quark coeffi
cient function of the unpolarized case@cf., e.g., Eq.~4! of
Ref. @6## only in the terms proportional to 1/n and 1/(n
11) in the rhs of Eq.~43!. Thus, the SGR effects can b
included in the polarized NS moments in a way complet

FIG. 11. Values of the ratior n(Q2) @see Eq.~51!# of the quark
coefficient function within the SGR technique and at NLO. T
dotted, dot-dashed, triple-dot-dashed, dashed and solid lines c
spond ton51, 3, 5, 7 and 9, respectively. Note thatr 1(Q2)51 and
r 3(Q2),1.
03401
-
s

s
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y

similar to the unpolarized NS case already carried out in R
@6#. For completeness here below we report the explicit
pressions of SGR effects in the polarized NS case.

For largen ~corresponding to the large-x region! the co-
efficient dCn

(q) is logarithmically divergent. Indeed, sinc
S1(n)5gE1 log(n)1O(1/n) and S2(n)5p2/61O(1/n)
~with gE being the Euler-Mascheroni constant!, one gets

dCn
(q)5dCDIS

(q) 1dCn,log
(q) 1O~1/n! ~44!

where

dCDIS
(q) 5CFFgE

21
3

2
gE2

9

2
2

p2

6 G ~45!

dCn,log
(q) 5CFln~n!F ln~n!12gE1

3

2G . ~46!

The physical origin of the logarithm and double logarith
terms in Eq.~46! is the mismatch among the singularitie
generated in the quark coefficient function by the virtu
gluon loops and the real gluon emissions, the latter be
suppressed as the elastic peak corresponding to the thre
x51 is approached. In other words at largex the relevant
scale is no longerQ2 but Q2(12x) @50#, and the usual
Altarelli-Parisi evolution equation should be according
modified @51#. The presence of the above-mentioned div
gent terms at largen would spoil the perturbative nature o
the NLO approximation~as well as of any fixed-order calcu
lation! and therefore the effects of soft gluon emissio
should be considered at all orders in the strong coup
constantas . To this end one can take advantage of resu
mation techniques, which show that in moment space
gluon effects exponentiate@7,52,53#. Thus, the moments o
the leading twist including SGR effects acquire the followi
form:

re-
t-

the

e
n,
FIG. 12. Twist analysis of the proton Nach
mann momentsMn

(1)(Q2) with n53 ~a!, n55
~b!, n57 ~c! andn59 ~d!. The solid line is the
result of Eq.~52! fitted by the least-x2 procedure
to our pseudodata~open squares!. The dotted,
dot-dashed and triple-dot-dashed lines are
separate contribution in Eq.~52! of the twist-2,
twist-4 and twist-6 terms, respectively. Th
dashed line is the total higher-twist contributio
given by sum of the twist-4 and twist-6 terms.
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dmn>3
(1,SGR)~Q2!5dĀn~m2!Fas~Q2!

as~m2! G
gn

NS

3H F11
as~Q2!

2p
CDIS

(q) GeGn(Q2)

1
as~Q2!

2p
@Cn

(q)2CDIS
(q) 2Cn,log

(q) #J
3H 11

as~Q2!2as~m2!

4p

3S gn
1,NS2

b1

b0
gn

NSD J ~47!

where the functionGn(Q2) is the key quantity of the sof
gluon resummation and reads as~cf. @52,53#!

Gn~Q2!5E
0

1

dz
zn2121

12z H 1

2
B$as@Q2~12z!#%

1E
Q2

Q2(12z)dq2

q2 A@as~q2!#J ~48!

where A@as#5CFas /p1CFK(as /p)2/2, B@as#5
23CFas /2p with K5CA(67/182p2/6)210TRNf /9, CA
5Nc→3 andTR51/2. Explicitly one has

Gn~Q2!5 ln~n!G1~ln!1G2~ln!1O@as
klnk21~n!#

~49!
t
ird

rs

a

03401
whereln[b0as(Q
2)ln(n)/4p and

G1~l!5CF

4

b0l
@l1~12l!ln~12l!#,

G2~l!52CF

4gE13

b0
ln~12l!2CF

8K

b0
2 @l

1 ln~12l!#1CF

4b1

b0
3 Fl1 ln~12l!

1
1

2
ln2~12l!G . ~50!

It is straightforward to check that in the limitln!1 one has
Gn(Q2)→as(Q

2)Cn,log
(q) /2p, so that at NLO Eq.~47! re-

duces to Eq.~9!. Note that the functionG2(l) is divergent
for l→1; this means that at largen ~i.e. largex) the soft
gluon resummation cannot be extended to arbitrarily low v
ues ofQ2. Therefore, for a safe use of present SGR te
niques we will work far from the above-mentioned diverge
cies by limiting our analyses of low-order moments (n<9)
to Q2>1 (GeV/c)2.1

The results obtained for the ratio of the quark coefficie
function calculated within the SGR technique and at NL
namely,
r n~Q2!5
@11as~Q2!CDIS

(q) /2p#eGn(Q2)1as~Q2!~Cn
(q)2CDIS

(q) 2Cn,log
(q) !/2p

11as~Q2!Cn
(q)/2p

, ~51!
the

st-
t-4
ith
on

ck
of
are reported in Fig. 11 atas(MZ
2)50.118. It can be seen tha

soft gluon effects are quite small for the first and the th
moments, while forn>5 they increase significantly asn
increases, particularly forQ2;few (GeV/c)2. Note that for
n51 one hasr 1(Q2)51 at any values ofQ2 andas(MZ

2);
therefore, no effect from soft gluons can occur in the fi
momentM1

(1)(Q2).
Thus, forn>3 our pseudodata of Fig. 7 have been an

lyzed in the Q2 range from 1 to 50 (GeV/c)2 including
soft-gluon effects, viz.,

Mn
(1)~Q2!5dmn

(1,SGR)~Q2!1dān
(4)Fas~Q2!

as~m2! G
dḡn

(4)
m2

Q2

1dān
(6)Fas~Q2!

as~m2! G
dḡn

(6)S m2

Q2D 2

~52!
t

-

where the leading twist termdmn
(1,SGR)(Q2) is given by Eq.

~47!. The five parametersdĀn(m2), dān
(4) , dḡn

(4) , dān
(6) and

dḡn
(6) are simultaneously determined by the least-x2 proce-

dure; the obtained values are reported in Table VI, while
twist decomposition ofMn>3

(1) (Q2) is illustrated in Fig. 12. It
can be seen that the twist-2 parametersdĀn ~see Table VI!
almost coincide with the corresponding NLO quantitiesdAn
~see Table V! within the uncertainties generated by our lea
x2 procedure. As in the case of the NLO analysis, the twis
and twist-6 contributions are again well defined and w
opposite signs, making the total higher-twist contributi
smaller than its individual terms. The strengthsdān

(4) and

1We want to stress that, as in Refs.@1,6#, our main aim is not to
perform a full calculation of perturbative corrections, but to che
whether the NLO approximation can provide a safe extraction
higher twists.
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TABLE VI. Values of the parameters appearing in Eq.~52! at m51 (GeV/c), obtained by a least-x2

procedure in theQ2 range from 1 to 50 (GeV/c)2. The errors are as in Table V.

Parameters n53 n55 n57 n59

dĀn
0.13560.025 0.029760.0050 0.009260.0016 0.0035860.00064

dān
(4) 0.01560.005 0.008060.0025 0.006760.0008 0.008060.0009

dḡn
(4) 1.960.7 1.960.6 2.460.9 4.061.5

dān
(6) 20.006260.0022 20.005360.0019 20.007360.0007 20.001160.0002

dḡn
(6) 1.960.8 3.061.1 3.561.2 3.761.3

x2/Nd.o. f . 0.13 0.29 0.46 0.67
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dān
(6) ~see Table VI! differ remarkably from the correspond

ing NLO quantitiesdan
(4) anddan

(6) ~see Table V!, while the

effective anomalous dimensionsdḡn
(4) and dḡn

(6) do not
change significantly. We point out that at largen ~i.e. at large
x), the total higher-twist contribution is reduced by so
gluon effects, but it is still a significant fraction of the lea
ing twist term forQ2;few (GeV/c)2 ~compare dashed an
dotted lines in Fig. 12!.

The comparison of our twist analyses at NLO and with
the SGR technique is reported in Fig. 13, where it can
seen that, except for the third moment@which is the only one
characterized byr 3(Q2),1#, the contribution of the twist-2
is enhanced by soft gluon effects, while the total higher-tw
term decreases significantly after the resummation of
gluons. Thus, as already observed in the unpolarized cas
Ref. @6#, also in the polarized one it is mandatory to g
beyond the NLO approximation and to include soft glu
effects in order to achieve a safer extraction of higher tw
at largex, particularly forQ2;few (GeV/c)2.

In Fig. 14 we have compared the twist decomposition
the polarized Nachtmann momentsMn

(1)(Q2) ~with n53, 5,
03401
e

t
ft
in

s

f

7! obtained in this work and the corresponding decompo
tion of the unpolarized~transverse! Nachtmann moments
Mn

(T)(Q2) ~with n54, 6, 8! obtained in Ref.@6# adopting the
same SGR technique. It can clearly be seen that our extra
higher-twist contribution appears to be a larger fraction
the leading twist in case of the polarized moments. This fi
ing suggests that spin-dependent multiparton correlati
may have more impact than spin-independent ones.

VI. CONCLUSIONS

In conclusion, we have extended the twist analysis m
in Refs.@1# and@6# to the case of the polarized proton stru
ture functiong1

p(x,Q2). Within the framework of the opera
tor product expansion we have used the Nachtmann
ments in order to disentangle the kinematical target-m
corrections from the dynamical higher-twist effects related
correlations among partons. Since the evaluation of
Nachtmann moments requires the knowledge of the po
ized structure functions in the wholex range for fixed values
of
ts

he

as
e

FIG. 13. Comparison of the twist analyses
the proton polarized Nachtmann momen
Mn>3

(1) (Q2) at NLO @see Eq.~42!# and within the
SGR technique@see Eq.~52!# for n53 ~a,b!, n
55 ~c,d! and n57 ~e,f!. Dotted lines are the
twist-2 term, while dashed lines correspond to t
total higher-twist contribution, given by the sum
of the twist-4 and twist-6 terms. The shaded are
help to identify the separate contributions of th
leading and higher twists.
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FIG. 14. Comparison of the twist analyses
the proton polarizedMn

(1)(Q2) ~a,c,e! and unpo-
larized Mn

(T)(Q2) ~b,d,f! Nachtmann moments
adopting the SGR technique resulting from th
work and from Ref.@6#, respectively. The mean
ing of the lines and shaded areas is the same a
Fig. 13. Note that the scale of the vertical axis
different for polarized and unpolarized moment
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of Q2, we have developed a new parametrization
g1

p(x,Q2), which describes the DIS proton data up toQ2

;50 (GeV/c)2 and includes a phenomenological Bre
Wigner ansatz able to reproduce the existing electroprod
tion data in the proton-resonance regions. Our interpola
formula for g1

p(x,Q2) has been successfully extended do
to the photon point, showing that it can nicely reproduce
very recent data@14# on the energy dependence of the asy
metry of the transverse photoproduction cross section as
as the experimental value of the proton Drell-Hea
Gerasimov sum rule. According to our parametrization
g1

p(x,Q2) the generalized Drell-Hearn-Gerasimov sum ru
is predicted to have a zero-crossing point atQ250.16
60.04 (GeV/c)2.

Low-order polarized Nachtmann moments have be
evaluated and theirQ2 behavior has been investigated
terms of leading and higher twists forQ2*1 (GeV/c)2. In
our analyses the leading twist is extracted simultaneou
with a phenomenological higher-twist term from our pseud
data. We have reported results obtained both at NLO
adopting the same soft-gluon resummation technique app
to the analyses of the unpolarized data made in Ref.@6# in
order to take into account the effects of higher orders of
perturbative series. As far as the first moment is concern
the effects of higher twists are found to be quite small
Q2*1 (GeV/c)2. Moreover, the singlet axial charge is d
termined to bea0@10 (GeV/c)2#50.1660.09; our extracted
value is significantly below the naive quark-model expec
tion ~i.e., compatible with the well-known ‘‘proton spin cri
sis’’!, but it does not exclude completely a value of the s
glet axial charge as large as.0.25. In case of higher orde
moments, which are more sensitive to the large-x region,
higher-twist effects are significantly reduced by the introd
tion of soft gluon contributions, but they are still relevant f
Q2;few (GeV/c)2 at variance with the case of the unp
03401
f
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e
-
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f
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larized transverse structure function of the proton exami
in Ref. @6#. Our finding suggests that spin-dependent cor
lations among partons may have more impact than s
independent ones. As a byproduct, it has also been sh
that the Bloom-Gilman local duality is strongly violated
the region of polarized electroproduction of theD(1232)
resonance.

The analysis of deuteron data, aimed at the determina
of the flavor dependence of leading and higher twists, is
progress and the results will be presented elsewhere.

The results presented in this work and those already
ported in Refs.@1# and@6# demonstrate that power correctio
terms can be safely extracted from a proper analysis of
clusive data. In particular, our extracted values of the eff
tive strengths of the twist-4 and twist-6 terms may be
rectly compared with theoretical results obtained from fir
principle calculations~such as lattice QCD simulations! or
from models of the nucleon structure. In this way the no
perturbative regime of QCD may be tested.

Let us finally stress that our present analysis is mai
limited by the use of phenomenological fits of existing da
~i.e. pseudodata!, which are required for interpolating
smoothly the nucleon structure functions in the wholex
range for fixed values ofQ2. Therefore, polarized inclusive
data with better quality atx*0.5 andQ2&10 (GeV/c)2,
which may be collected at planned facilities like, e.g., JLA
@ 12 GeV, could greatly help to improve our understand
of the non-perturbative structure of the nucleon. Finally,
want to point out that, since in inclusive polarized and unp
larized processes multiparton correlations appear to gene
power-like terms with opposite signs, semi-inclusive or e
clusive experiments might offer the possibility to achieve
better sensitivity to individual non-perturbative power co
rections.
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