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Parton-hadron duality in unpolarized and polarized structure functions
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We study the phenomenon of parton-hadron duality in both polarized and unpolarized electron proton
scattering using the HERMES and the Jefferson Lab data, respectively. In both cases we extend a systematic
perturbative QCD based analysis to the integrals of the structure functions in the resonance region. After
subtracting target mass corrections and largex resummation effects, we extract the remaining power correc-
tions up to order 1/Q2. We find a sizable suppression of these terms with respect to analyses using deep
inelastic scattering data. The suppression appears consistently in both polarized and unpolarized data, except
for the low Q2 polarized data, where a large negative higher twist contribution remains. A similar trend is
found by using phenomenological parametrizations of the data, which include nonperturbative type corrections.
Possible scenarios generating this behavior are discussed.
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I. INTRODUCTION

The structure of hadrons and their interactions can be
scribed within two different but complementary approach
based on either partonic or hadronic degrees of freedom.
first one is expected to be valid at high energy, while
second one is applicable at low energy where the effect
confinement become large. In some specific cases whe
description in terms of nonpartonic degrees of freed
seems more natural, the quark-gluon description can be
successfully used. This observation is called parton-had
duality. It was introduced for deep inelastic scattering~DIS!
by Bloom and Gilman@1# who reported an equivalence b
tween the smoothx dependence of the inclusive structu
function at largeQ2 and the average overW2 of the nucleon
resonances@x5Q2/2Mn, Q2 is the four-momentum transfe
squared,M is the nucleon mass,n is the energy transfer, an
W25Q2(1/x21)1M2 is the final state invariant mass#. One
refers toglobal duality if the average, defined, e.g., as t
integral of the structure functions, is taken over the wh
resonance region 1<W2<4 GeV2. If, however, the averag
ing is performed over smallerW2 ranges, extending e.g. ove
single resonances, one can analyze the onset oflocal duality.

More generally, the concept of duality is often assumed
QCD-based interpretations of most hard scattering exp
ments, such as DIS,e1e2 annihilation into hadrons, and
hadron-hadron collisions. Its usage appears whenever
ronic observables~mostly averaged over a given energ
range! are replaced by calculable partonic ones with lit
more going into the hadronic formation phase of ea
process—from partons to hadrons or vice versa. In a p
nomenological context, duality studies are aimed at es
lishing to what extent a partonic description of the hard sc

*Email address: bianchi@lnf.infn.it
†Email address: fantoni@lnf.infn.it
‡Email address: sl4y@virginia.edu
0556-2821/2004/69~1!/014505~11!/$22.50 69 0145
e-
s
he
e
of

a

lso
n

e

n
ri-

d-

h
e-
b-
t-

tering process can determine the structure of the final st
In fact, as prescribed by the factorization property of QC
we visualize hard scattering processes happening in
stages, one dominated by short times and distances an
volving only parton jets, followed by hadron formation at
much larger scale. Duality is intrinsic to the factorizatio
property. Violations of duality might signal violations of fac
torization in that, for instance, the probe-parton interact
might occur at larger time scales than required in order
exclude parton~re!interactions.

With the advent of both more detailed studies of s
scales and confinement@2#, and higher precision measure
ments covering a wide range of reactions, it is now becom
possible to investigate the role of duality in QCD as a subj
per se. For example, recent studies of local parton-had
duality and its violations in semileptonic decays, andt de-
cays illustrate how the possible impact of these experime
on the extraction of the Cabibbo-Kobayashi-Maska
~CKM! matrix elements, depends on the size of violations
local duality @3#. A practical necessity to address duali
quantitatively exists also for inclusiveep scattering where
most of the currently available largex data lie in the reso-
nance region. In fact, forx.0.5 andQ2*5 GeV2—a typical
starting value for perturbative evolution—W2<5 GeV2.
Therefore, the behavior of the nucleon structure functions
the resonance region needs to be addressed in detail in o
to be able to discuss theoretical predictions in the limitx
→1.

The first QCD-based studies of Bloom and Gilman dua
reinterpreted the ‘‘averaging’’ procedure in terms of Mell
moments of the structure function. The moments taken in
low Q2 and in the DIS regime, respectively, were shown
be equivalent to one another within the given range and p
cision of the data, modulo perturbative corrections and re
tively small power corrections@4#. It was conjectured tha
duality resulted from a cancellation of higher order terms
the twist expansion that would otherwise be expected
dominate the cross section atx→1. This view has since bee
©2004 The American Physical Society05-1
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adopted, particularly in the more recent studies in Ref.@5#. In
Ref. @6# a new analysis was performed, using the recent
clusive unpolarized electron-nucleon scattering data on
drogen and deuterium targets from Jefferson Lab@7#. It was
shown in particular that, because of the increased preci
of the data, one is now able to unravel different sources
scaling violations affecting the structure functions, nam
target mass corrections~TMC!, largex resummation effects
~LxR!, and dynamical higher twists~HTs!, in addition to the
standard next-to-leading-order~NLO! perturbative evolution.
As a result, contrary to what was originally deduced in e
Ref. @7#, a more pronounced role of the HT terms is obtain
pointing to the fact that duality, defined on the basis o
dominance of single parton scattering, could indeed be b
ken.

In contrast to the extensive study of duality for the unp
larized, i.e. spin averaged, photoabsorption cross section
validity of duality has not been investigated until very r
cently for the spin structure functiong1, which is propor-
tional to the spin-dependentphotoabsorption cross sectio
Evidence of duality for the spin asymmetryA1 was reported
in Ref. @8#. A phenomenological study addressing parto
duality was performed in@9# using the lowQ2 data from Ref.
@10#. Studies of duality forg1 are of particular interest be
cause they might help understanding the transition from
largeQ2 regime described by pQCD, and theQ2→0 limit,
where the Gerasimov-Drell-Hearn sum rule is expected
apply @11#. They may also lead to a complementary meth
to study the spin structure of the nucleon at largex, which is
difficult to measure in the DIS region with high statistics.
particular, they might provide additional information on th
transition from single parton scattering, to the dominance
processes where several partons are involved@12#. In this
respect, it is important to perform an analysis aimed at d
entangling the different contributions to theQ2 dependence
of g1 in the resonance region. The aim of this paper is
carry out such an analysis by investigating quantitatively
onset of duality and its violations both for the unpolariz
and polarized structure functions.

In Sec. II we define the concept of duality and we illu
trate the role of different kinematical regions; in Sec. III w
present our analysis and we describe our results. In par
lar, we compare the data with perturbative-QCD predictio
and we discuss in detail the contribution of different types
corrections in both the unpolarized and polarized case.
nally, in Sec. IV we draw our conclusions.

II. DEFINITIONS AND KINEMATICS

Parton-hadron duality in DIS was first observed more th
three decades ago. Since then it has been necessary to
new definitions of the quantities involved which can be d
scribed within QCD-based approaches. In what follows
list all such definitions.

A. Kinematical variables

Besides the scaling variablex, other variables have bee
used in the literature to study duality. A number of para
01450
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etrizations based on these variables have been proposed
reproduce in an effective way some of the corrections to
perturbative QCD calculations that we study in this pap
The most extensively used variables arex851/v8, where
v851/x1M2/Q2 (x8 was originally introduced by Bloom
and Gilman in order to obtain a better agreement betw
DIS and the resonance region!; j52x/@11(1
14x2M2/Q2)1/2# @13#, originally introduced to take into ac
count the target mass effects;xw5Q21B/(Q21W22M2

1A), A andB being fitted parameters, used in Refs.@14,15#.
These additional variables include aQ2 dependence that phe
nomenologically absorbs some of the scaling violations t
are important at lowQ2. In Fig. 1 we compare their behavio
vs x for different values ofQ2. From the figure one can se
that by calculatingF2 in j andx8, one effectively ‘‘rescales’’
the structure function to lower values ofx, in aQ2 dependent
way, namely the rescaling is larger at lowerQ2.

In this paper we present results in terms ofx andQ2 and
we illustrate the contributions of scaling violations of diffe
ent origin on a case by case basis.

B. Unpolarized structure function

The inclusive DIS cross section of unpolarized electro
off an unpolarized proton is written in terms of the two stru
ture functionsF2 andF1,

d2s

dxdy
5

4pa2

Q2xy
F S 12y2

~Mxy!2

Q2 D F21y2xF1G , ~1!

wherey5n/E, E being the initial electron energy. The stru
ture functions are related by the equation

F15F2~11g2!/@2x~11R!#, ~2!

whereg254M2x2/Q2, andR is the ratio of the longitudinal
to the transverse virtual photo-absorption cross sections.

FIG. 1. Ratio between the three different variablesx8, j andxW

defined in the text and the Bjorken variablex as a function ofx.
5-2
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In QCD, F2 is expanded in series of inverse powers
Q2, obtained by ordering the matrix elements in the D
process by increasing twistt, which is equal to their dimen
sion minus spin,

F2~x,Q2!5F2
LT~x,Q2!1

H~x,Q2!

Q2
1O~1/Q4!. ~3!

The first term is the leading twist~LT!, with t52. The terms
of order 1/Qt22, t>4, in Eq.~3! are the higher order terms
generally referred to as higher twists. Additional correctio
to the LT part due to the finite mass of the initial nucleon
the target mass corrections~TMC!—are included directly in
F2

LT . For Q2 larger than'1 GeV2, TMC are taken into
account through the following expansion@16#:

F2
LT(TMC)~x,Q2!5

x2

j2g3
F2

` ~j,Q2!

16
x3M2

Q2g4Ej

1 dj8

j82
F2

` ~j8,Q2!,

whereF2
` is the structure function in the absence of TM

Following the original suggestion of@17#, only terms up to
orderM2/Q2, i.e. of the same order of the HT term extract
from Eq. ~3!, are kept in the expansion, so as to minimi
ambiguities in the behavior ofF2 at x'1.

H, then, represents the ‘‘genuine’’ HT correction that i
volves interactions between the struck parton and the s
tators or, formally, multiparton correlation functions,F2.

Parton-hadron duality in DIS is studied by consideri
integrals of the structure function defined as

I res~Q2!5E
xmin

xmax
F2

res~x,Q2!dx ~4!

where F2
res is evaluated using the experimental data in

resonance region. For eachQ2 value,xmin5Q2/(Q21Wmax
2

2M2), andxmax5Q2/(Q21Wmin
2 2M2). Wmin andWmax de-

limit the resonance region. The same expression is then
culated in the same range ofx and for the same value ofQ2,
using parametrizations ofF2 that reproduce the DIS behavio
of the data at largeQ2. These parametrizations are very we
constrained in the region of interest (x.0.3) although they
do not correspond directly to measured data. Here in facF2
is dominated by the valence contribution. On the contrary,
using the same procedure at lowx where the singlet and
gluon distributions governF2, one would find much large
uncertainties in the initial lowQ2 parametrizations becaus
of their strong correlation with the value ofaS . We present
two forms for the DIS integrals:

I LT~Q2!5E
xmin

xmax
F2

LT~x,Q2!dx, ~5!

and
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I HT~Q2!5E
xmin

xmaxS F2
LT~x,Q2!1

H~x,Q2!

Q2 D dx. ~6!

Duality is attained strictly only if the ratio

Runpol
LT 5

I res

I LT
~7!

is unity. However, one can extend this definition to the ra

Runpol
HT 5

I res

I HT
, ~8!

assuming that the HT contribution toI HT is small, in accor-
dance with the twist expansion, Eq.~3!.

Perturbative QCD analyses use the Mellin moments of
structure function, which allow for a direct comparison wi
theoretical predictions. These are defined as

Mn~Q2!5E
0

1

dxxn22F2~x,Q2!, ~9!

and by

Mn
TMC~Q2!5E

0

1

dxjn21
F2~x,Q2!

x
pnS j

xD , ~10!

pn511
6~n21!

~n12!~n13! S j

x
21D

1
n~n21!

~n12!~n13! S j

x
21D 2

, ~11!

which takes into account TMC@13#. However, one needs in
this case experimental values of the structure function in
nematics outside the resonance region. This procedure
ders the comparison between theory and experiment
straightforward. The difference between the Mellin mome
@Eqs.~9!, ~11!# and the integrals over the resonance region
I n5*xmin

xmaxxn22F2
LT(x,Q2) dx—is shown in Fig. 2. The drop

of the quantitiesI n with respect toMn at larger values ofQ2,
is due to the pQCD evolution ofF2, that moves strength to
lower values ofx, outside the range@xmax,xmin#. In our ap-
proach we use the integrals defined in Eqs.~5!, ~6!. As it can
be understood also from the trend shown in Fig. 2, th
effectively describe duality also as a function of the avera
value ofx in each interval@xmin(Q

2),xmax(Q
2)#. This corre-

sponds tô x&5x(W2[2.5 GeV2).
It is also possible to consider a third approach, namel

point by point comparison ofF2 both in the DIS and in the
resonance region@6#. The latter can in fact be fitted to
smooth curve tracing the resonances with a very high ac
racy given by the increased precision of the new Jeffer
Lab measurements. They are then compared directly to
parametrizationsF2 at the samex andQ2 values.

We notice that the approach using moments includes
contribution from elasticep scattering entering the integra
5-3
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in Eqs.~9!, ~11! at x51. Furthermore, as shown in Ref.@18#,
the elastic contribution governs the moments’ behavior
Q2&1 GeV2. In the procedure described here, as well as
the point by point comparison of Ref.@6#, the elastic contri-
bution is instead manifestly excluded by the kinematics. O
approach renders therefore a better description of the r
nances’ role at lowQ2. A combination of the three types o
analyses described in@6,18# and in the present paper, is ne
essary in order to obtain a quantitative interpretation of
Q2 dependence of duality and of its violation.

C. Polarized structure function

The spin-dependent part of the polarized deep inela
cross section is given by

d2s

dxdy
5

e4

2p2Q2
~2HeHN!

3F S 12
y

2
2

y2

4
g2Dg1~x,Q2!2

y

2
g2g2~x,Q2!G ,

~12!

whereHe andHN are the polarizations of the incident ele
tron and of the nucleon of the target, respectively.

Because of the mixing ofg1 andg2, a precise determina
tion of g1 from a longitudinally polarized target alone is n
possible. The experimentally measured cross section as
metries are the longitudinalAi and the transverseA' ones,
formed from combining data with opposite beam helicity:

Ai5
s↓↑2s↑↑

s↓↑1s↑↑ , A'5
s↓→2s↑→

s↓→1s↑→ . ~13!

FIG. 2. The integralI n defined in the text plotted vsQ2 ~dashed
line!, compared to the Mellin moments defined in Eq.~9! ~full
lines!. All quantities have been calculated for illustration using t
parton distributions function parametrization from Ref.@25#.
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The polarized structure functions are determined fr
these asymmetries:

g1~x,Q2!5
F1~x,Q2!

d8
@Ai1tanu/2•A'#,

g2~x,Q2!5
yF1~x,Q2!

2d8
FE1E8cosu

E8sinu
A'2AiG

~14!

whereE8 is the scattered lepton energy,u is the scattering
angle,d85@(12e)(22y)#/@y(11eR(x,Q2)#, with e being
the degree of transverse polarization of the virtual pho
and defined ase215112(11g22)tan2(u/2).

The virtual photon-absorption asymmetriesA1 andA2 are
related to the measured asymmetries by

Ai5D~A11hA2!

A'5d~A22zA1!, ~15!

where D is the depolarization factorD5y(22y)(1
1g2y/2) / @y2(11g2)(122me

2/Q2) 1 2(12y 2g2y2/ 4)(1
1R)#, andd5DA2e/(11e), h52g(12y)/(22y) and z
5h(11e)/2e are kinematic factors.

From the measured asymmetriesAi and A' , the virtual
photon asymmetries can be related to the photon absorp
cross section of the nucleon for a givenx andQ2:

A15
s1/22s3/2

s1/21s3/2
5

sTT

sT
5

g12g2g2

F1

A25
2sLT

s1/21s3/2
5

sLT

sT
5

g~g11g2!

F1
. ~16!

Heres1/2 ands3/2 are the virtual photoabsorption cross se
tion when the projection of the angular momentum of t
photon-nucleon system along the incident photon directio
1/2 or 3/2 respectively,sLT is the interference term betwee
the transverse and longitudinal photon-nucleon amplitud
respectively given bysT5(s1/21s3/2)/2 and sTT5(s1/2
2s3/2)/2. If only the longitudinal asymmetry is measured,
is necessary to make an assumption for the asymmetryA2.

From the measured asymmetry it is possible to evalu
the polarized structure functiong1:

g1~x,Q2!'A1~x!F1~x,Q2!. ~17!

Equation~17! was obtained by neglecting the termg2g2 in
Eq. ~16!. This is an adequate approximation for describi
the data within their given accuracy. In fact,g2g2 vanishes in
the DIS limit. In the range of data considered,g2 is larger—
g2'0.44 at Q250.5 GeV2, and g2'0.36 at Q2

55.4 GeV2. However, the Burkhardt-Cottingham sum rul
*0

1g2(x,Q2)dx50 @19#, is believed to hold. This ensures th
smallness of the neglected term, barring a strong oscilla
behavior inx of g2.

As for the unpolarized case, the twist expansion reads
5-4
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g1~x,Q2!5g1
LT~x,Q2!1

H̃~x,Q2!

Q2
1O~1/Q4!, ~18!

where, using Eqs.~2!, ~4!, ~17!,

g1
LT~x,Q2!5F2

LT~x,Q2!A1
exp~x!~11g2!/

@2x~11Rexp!#, ~19!

the superscript ‘‘exp’’ emphasizing that we have used
experimental values for the quantities under considerat
Notice that HT contributions that could in principle appe
on the r.h.s. of Eq.~19! throughA1

exp and Rexp, are negli-
gible. In fact, the asymmetryA1

exp was found not to depend
on Q2 ~see@8# and discussion below!. Moreover, the impact
of Rexp on the evaluation ofg1 is of the order of a few
percent, well below the accuracy of current polarized da

We study parton-hadron duality by defining the integra

G̃1
res5E

xmin

xmax
g1

res~x,Q2!dx, ~20!

whereg1
res is obtained from the data in the resonance regi

and

G̃1
LT5E

xmin

xmax
g1

LT~x,Q2!dx ~21a!

G̃1
HT5E

xmin

xmaxS g1
LT~x,Q2!1

H̃~x,Q2!

Q2 D dx. ~21b!

The ratios are given by

Rpol
LT5

G̃1
res

G̃1
LT

, Rpol
HT5

G̃1
res

G̃1
HT

. ~22!

As for the unpolarized case, duality is verified if either ra
is unity.

III. ANALYSIS AND INTERPRETATION OF DATA

In this section we present a quantitative analysis of theQ2

dependence of parton-hadron duality in both polarized
unpolarizedep scattering. We take into account all curre
data in the resonance region, 1<W2<4 GeV2. For the un-
polarized case we used data obtained at Jefferson Lab in
range 0.3<Q2<5 GeV2 @7#, and data from SLAC~@20# and
references therein! for Q2>4 GeV2. For the polarized case
there are only a few experimental data in the resonance
gion. One set is part of the E143 data@10#, and it corre-
sponds toQ250.5 and 1.2 GeV2. Another set is the one
from HERMES@8,21# in the range 1.2<Q2<12 GeV2.

In the polarized case theQ2 dependence originates from
the structure functionF1 and from the ratioR. In the evalu-
ation of the denominators of Eqs.~22!, we used the SLAC
global analysis@22# parametrization forR and, for A1, a
power law fit to the world DIS data atx.0.3:A15x0.7, as
already shown in Ref.@8#. This parametrization ofA1 is con-
01450
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strained to 1 atx51 and it does not depend onQ2, as indi-
cated by experimental data in this range@23#.

A. Comparison with pQCD

The unpolarized structure functionF2 was first evaluated
from dynamical parametrizations, coming from the part
distribution functions ~PDFs!: MRST @24#, CTEQ @25#,
GRV94 @26# and GRV98@27#. The last two parametrization
have been evaluated at leading order~LO! and at next to
leading order~NLO!. All of them are pure DIS parametriza
tions and they were extended to the measuredx and Q2

ranges by pQCD evolution. TheQ2 evolution of the polar-
ized parton densities is governed by the Dokshitzer-Grib
Lipatov-Altarelli-Parisi~DGLAP! @28# equations. The results
are shown in Fig. 3, in the top panel for the unpolarized d
and in the bottom panel for the polarized data. The unc
tainty due to the use of different LO and NLO parametriz
tions is represented by a band labeled ‘‘PDF uncertainty.
potential theoretical error in the extrapolation of the ratios
low Q2 could be generated by the error inaS(MZ

2). How-
ever, because the structure functions are dominated by l
x kinematics, DGLAP evolution proceeds only through no
singlet ~NS! distributions. This explains why there is ver
little uncertainty in the extrapolation of the initial pQCD
distribution to the low values ofW2 considered, and also th
small difference between LO and NLO evolution. The oth
band in the figure represents the experimental error, ca
lated as the sum in quadrature of the statistical and syst
atic errors of the data in the resonance region.

Parton-hadron duality is not fulfilled by using solely th
PDFs up to NLO in both the unpolarized and polarized str
ture functionsF2 and g1. However it is possible to see
different behavior betweenRunpol and Rpol . In the unpolar-
ized case the ratio is increasing withQ2, but for the polar-
ized case the situation is different: while at lowQ2 the ratio
is significantly below unity and shows a strong increase w
Q2, at higherQ2 the ratio derived from HERMES is abov
unity and it appears to be weakly dependent onQ2 within
error bars.

In Fig. 4 we further illustrate the origin of this behavio
by plotting separately the numerator~data points! and the
denominator ~‘‘theoretical’’ curves representing a pQCD
based parametrization!, of the ratiosRunpol andRpol , respec-
tively. We also plot the integral ofF1 ~dotted line! in order to
show the effect of bothA1 and of theQ2-dependent factors
that come into play in the definition ofg1. All quantities are
plotted vsx[^x&, i.e. the average value of Bjorkenx for
each spectrum, defined in Sec. II. Notice that the value of^x&
increases withQ2. The trends in the figure suggest therefo
that similarly to what was observed in DIS, in the resonan
region there are corrections beyond DGLAP evolution t
are positive at largex, and negative at smallerx, the thresh-
old being defined byx'0.3320.43 andQ2'1 GeV2. How-
ever, while these corrections are comparable in size for b
the polarized and unpolarized case at largex, at low x there
seems to be a much larger nonperturbative effect for
polarized data. While possible explanations have been s
gested e.g. in@29#, it is clear that more data in this regio
5-5
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would help in disentangling theQ2 dependence and the po
sible size of the nonperturbative effects.

B. Comparison with phenomenological parametrizations

The unpolarized structure functionF2 has been evaluate
from three different phenomenological fits to DIS da
@15,30,31# and scaled to the sameQ2 values as forI res and
G̃1

res to take into account the large effect of scaling violati
at largex.

FIG. 3. Ratio between the integral of the structure function
measured in the resonance region and as parametrized in the
region, as a function ofQ2. The top panel refers to the unpolarize
case, while the bottom panel to the polarized one. One band re
sents the theoretical uncertainty due to the use of different LO
NLO parametrizations: MRST@24#, CTEQ @25#, GRV94 @26#,
GRV98 @27#. The other band represents the experimental un
tainty, that is the sum in quadrature of the statistical and system
uncertainties of the data in the resonance region.
01450
The parametrization from Ref.@15# is a modification of
the PDF @26# that purports to include target mass effec
through an effective change of variable, higher twist effe
at high x, and a factor that enables an extension of the
down to the photoproduction limit. The ALLM parametriza
tion @30# is based on a reggeon and pomeron exchange a
was constructed for the highW2 limit. We included it be-
cause it can be extended to very lowQ2 values. The NMC
parametrization@31# includes a fit ofHT terms using world
data withW2.10 GeV2.

The ratiosRunpol
DIS 5I res/I DIS and Rpol

DIS5G̃1
res/G̃1

DIS , where

I DIS andG̃1
DIS are the integrals calculated with these pheno

enological parametrizations, are shown in Fig. 5 in the
and bottom panel, respectively, for severalQ2-values.

In the unpolarized case the slope of the ratio is less e
dent compared to the previous method shown in Fig. 3
the ratio is well consistent with unity forQ2.2 GeV2. In
the polarized case, the ratio at higherQ2 derived from
HERMES data is consistent with unity inside the experime
tal errors and still independent ofQ2. However, at lowQ2

the uncertainty on the parametrization is bigger than w
was found from the PDFs.

Since these phenomenological parametrizations are
tained by fitting deep-inelastic data even in the lowQ2 re-
gion, they can implicitly include nonperturbative effects a
this may explain the ‘‘observation of duality.’’

C. Size of nonperturbative contributions

In order to understand the nature of the remainingQ2

dependence that cannot be described by NLO pQCD ev
tion, we studied the effect of TMC and LxR on the ratio
Runpol

HT andRpol
HT . The analysis was performed by usingx as

s
IS

re-
d

r-
tic

FIG. 4. The integralsI res, Eq. ~4!, andG̃1
res , Eq. ~4! plotted vs

the average value of Bjorken x defined in the text, obtained us
the data from Refs.@8,10#. Experimental data are compared to th
integrals of the valence component of the structure functionsg1

~full line!, F2 ~dashed line!, andF1 ~dotted line!, calculated using
NLO parametrizations.
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an integration variable, which avoids the ambiguities ass
ated to the usage of otherad hockinematical variables. We
used standard input parametrizations with initial scaleQo

2

51 GeV2. Once TMC and LxR have been subtracted fro
the data, and assuming the validity of the twist expans
Eqs.~3!, ~18! in this region, one can interpret any remainin
discrepancy in terms of HTs.

We notice that although we did not consider NNLO c
culations, these are not expected to alter substantially
extraction since, differently from what was seen originally
the case ofF3, these have been proven to give a relative
small contribution toF2 @32#.

The value ofaS(MZ
2) that was used in our calculation

corresponds to the one given for the DIS parametrization

FIG. 5. Ratio between the integral of the structure function m
sured in the resonance region and as parametrized in the DIS re
@15,30,31#, as a function ofQ2. The top panel refers to the unpo
larized case, while the bottom panel to the polarized one. Notat
are the same as in Fig. 3.
01450
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It

has been long noticed that a correlation exists betweenaS
and the extracted values of the HTs~see@33# and references
therein and the recent highly accurate determination in R
@34#!. It is exactly because of this correlation that we keep
value fixed from evaluations in a region where the HTs co
tribution is negligible. This statement is equivalent to sayi
that aS cannot be extracted reliably from largex data.

TMC have been evaluated using Eq.~4! for the unpolar-
ized case, and Eqs.~4!, ~19! for the polarized data. Although
this procedure disregards parton off-shell effects that mi
be important in the resonance region~see Refs.@35,36#!, we
emphasize here its power expansion character, and we s
a limiting condition for its validity, that the inequality
x2M2/Q2,1 be verified@6#. Therefore, current treatments o
TMC in the resonance region are uncertain for values
Q2&1.5 GeV2.

LxR effects arise formally from terms containing powe
of ln(12z), z being the longitudinal variable in the evolutio
equations, that are present in the Wilson coefficient functi
C(z). The latter relate the parton distributions to e.g. t
structure functionF2, according to

F2
NS~x,Q2!5

as

2p (
q
E

x

1

dzCNS~z!qNS~x/z,Q2!, ~23!

where we have considered only the nonsinglet~NS! contri-
bution toF2 since only valence quarks distributions are r
evant in our kinematics. The logarithmic terms inCNS(z)
become very large at largex, and they need to be resumme
to all orders inaS . This can be accomplished by noticin
that the correct kinematical variable that determines
phase space for the radiation of gluons at largex, is W̃2

5Q2(12z)/z, instead ofQ2 @37,38#. As a result, the argu-
ment of the strong coupling constant becomesz-dependent:
aS(Q2)→aS@Q2(12z)/z# ~see@39# and references therein!.
In this procedure, however, an ambiguity is introduced,
lated to the need of continuing the value ofaS for low values
of its argument, i.e. forz very close to 1@40#. The size of this
ambiguity could be of the same order of the HT correctio
Nevertheless, our evaluation is largely free from this pro
lem because of the particular kinematical conditions in
resonance region. We are in fact studying the structure fu
tions at fixed W2, in between 1<W2<4 GeV2. Conse-
quently Q2 increases withx. This softens the ambiguity in
aS , and renders our procedure reliable for the extraction
HT terms. We illustrate this situation in Fig. 6 where we p
the value ofaS at Q2510 GeV2, and we compare it with the
resummed value in the resonance region, atQ2(12z)/z for a
fixed averageQ2, and at Q2(x)(12z)/z, with Q2(x)
5W2^x&/(12^x&), and^x&50.83.

All of the effects described in this section are summariz
in the upper panel of Fig. 7. In the figure we plot the ra
Runpol

LT , from Eq. ~7!, where the numerator is obtained fro
the experimental data, while the denominator includes
different components of our analysis, one by one. For un
larized scattering we find that TMC and LxR diminish co
siderably the space left for HT contributions. The contrib
tion of TMC is large at the largest values ofQ2 because these

-
ion

ns
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correspond also to largex values. Moreover, the effect o
TMC is larger than the one of LxR. We have excluded fro
our analysis the lowest data point atQ2'0.4 GeV2 because
of the high uncertainty in both the pQCD calculation and
subtraction of TMC. Also, the pQCD calculations atQ2

'1 GeV2 differ from the ones obtained by using the ava
able set of parametrizations perhaps because the latte
extrapolated well beyond their limit of validity.

Similarly, in polarized scattering the inclusion of TM
and LxR decreases the ratioRpol

LT ~Fig. 7, bottom panel!.
However, in this case these effects are included almost c
pletely within the error bars. We conclude that duality
strongly violated atQ2,1.7 GeV2.

The difference between unpolarized and polarized sca
ing at lowQ2 can be attributed e.g. to unmeasured, so far,Q2

dependent effects, both in the asymmetry,A1, and in g2.
Furthermore, a full treatment of theQ2 dependence would
require both a more accurate knowledge of the ratioR in the
resonance region, and a simultaneous evaluation ofg2. The
present mismatch between the unpolarized and polarized
Q2 behavior might indicate that factorization is broken d
ferently for the two processes, and that the universality
partonic descriptions no longer holds.

In Figs. 8 and 9 we address explicitly the question of
size of the HT corrections. We define them forF2 as

H~x,Q2!5Q2~F2
res~x,Q2!2F2

LT! ~24a!

CHT~x!5
H~x,Q2!

F2
pQCD~x/Q2!

[Q2
F2

res~x,Q2!2F2
LT

F2
LT

. ~24b!

FIG. 6. aS calculated to NLO for different forms of its argu
ment: at Q2510 GeV2 ~dashes!, at Q2→Q2(12z)/z ~full line!,
and Q2→W2x/(12x)(12z)/z ~dot-dashed line!. Calculations in-
cluding LxR in the resonance region use the latter form.
01450
e

are

-

r-

w

f

e
A similar expression is assumed forg1 . CHT is the so-called
factorized form obtained by assuming that theQ2 depen-
dences of the LT and of the HT parts are similar and the
fore they cancel out in the ratio. Although the anomalo
dimensions of the HT part could in principle be differen
such a discrepancy has not been found so far in accu
analyses of DIS data. The HT coefficient,CHT has been
evaluated for the three cases listed also in Fig. 7, nam
with respect to the NLO pQCD calculation, to NLO1TMC
and to NLO1TMC1LxR. The values of 11CHT /Q2 are
plotted in Fig. 8~upper panel! as a function of the averag
value of x for each spectrum. One can see that the N

FIG. 7. Ratio between the integrals of the measured struc
functions and the calculated ones plotted as a function ofQ2. The
calculation includes one by one the effects of NLO pQC
~squares!, TMC ~open circles! and LxR ~triangles!. The top panel
refers to the unpolarized case, while the bottom panel to the po
ized one.
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1TMC1LxR analysis yields very small values forCHT in
the whole range ofx. Furthermore, the extracted values a
consistent with the ones obtained in Ref.@6# using a different
method, however the present extraction method gives m
accurate results. Because of the increased precision of
analysis, we are able to disentangle the different effects f
both TMC and LxR.

In the polarized case~Fig. 8, lower panel! the HTs are
small within the given precision, forQ2.1.7 GeV2, but they

FIG. 8. HT coefficients extracted in the resonance region
cording to Eq. ~24a!. Shown in the figure is the quantity 1
1CHT(x)/Q2. The top panel refers to the unpolarized case, wh
we show the HT term obtained by considering only the NLO c
culation~squares!; the effect of subtracting TMC~open circles!; and
the effects of subtracting both TMC and LxR~triangles!. We show
for comparison the values obtained from the coefficientH obtained
in Ref. @32# using DIS data and including the effect of TMC. Th
bottom panel refers to the HT coefficient in the polarized ca
Notations are the same as in the upper panel.
01450
re
ur

m

appear to drop dramatically below zero for lowerQ2 values.
The inclusion of TMC and LxR renders these terms cons
tent with zero at the largerQ2 values, but it does not modify
substantially their behavior at lowerQ2. It should also be
noticed that, by parametrizing the structure functions as
Eqs.~18! and ~24a!, we are assuming that all of the nonpe

-

e
-

.

FIG. 9. Comparison of the HT coefficient displayed in Fig.
with other extractions~upper panel!. The triangles and squares a
the same as in Fig. 8 and they represent our determination in
resonance region. Our results are compared with extractions u
DIS data only. The striped hatched area corresponds to the e
extraction of Ref.@41#. The full dots are the central values of th
extractions in Refs.@42# and @43#. These are compared with th
more recent extraction of Ref.@32# which includes also TMC. Re-
sults obtained in the resonance region, in the fixedW2 analysis of
Ref. @6# are also shown~stars!. In the bottom panel we show th
comparison between the HTs in the resonance region, in the p
ized ~triangles! and in the unpolarized~stars! cases.
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turbative~np! contributions are included inO(1/Q2) twist-4
terms. These are in fact the largest type of deviations fro
pQCD behavior, to be expected atQ2 values of the order of
few GeV. Only from accurate analyses using a larger num
of more precise data would one be able to distinguish am
different np behaviors. From a comparison with Fig. 5, th
includes some of these extra np behaviors through the u
of phenomenological parametrizations, one can see, h
ever, that their effect seems not to be large.

In Fig. 9 ~upper panel! we compare our results in th
unpolarized case to other current extractions of the sa
quantity. These are~i! the extractions from DIS data, pe
formed with the cutW2.10 GeV2 @41–43#; ~ii ! the recent
DIS evaluation by Alekhin @32# using a cut on W2

.4 GeV2, and including both TMC and NNLO;~iii ! the
results obtained within a fixedW2 framework in Ref.@6#,
including both TMC and LxR. We notice that results o
tained in Ref.@44# in the deep inelastic region also includin
both TMC and LxR yield small HT coefficients, consiste
with the ones found in Ref.@6#. However, while most of the
suppression of the HT in the resonance region is attribute
TMC, in @44# the contribution of TMC is small and the sup
pression is dominated by LxR. In other words, theQ2 behav-
ior in the DIS and resonance regions seems to be domin
by different effects. In Fig. 9~lower panel! we compare the
HT coefficients in the unpolarized and polarized case. O
can notice a considerable discrepancy atQ2<1.7 GeV2.

Our detailed extraction of both theQ2 dependence and th
HTs in the resonance region establishes a background
understanding the transition between partonic and hadr
degrees of freedom. In particular, we seem to be detectin
region where the twist expansion breaks down, and at
same time, the data seem to be still far from theQ2→0 limit,
where theoretical predictions can be made@45#. This break-
point is marked, for instance, by the discrepancy betw
polarized and unpolarized scattering atQ2&1.7 GeV2. More
studies addressing this region will be pursued in the futu
some of which are also mentioned in@6,46#. In particular, a
breakdown of the twist expansion can be interpreted in te
of the dominance of multi-parton configurations over sin
parton contributions in the scattering process. In order
confirm this picture it will be necessary to both extend t
studies of the twist expansion, including the possibleQ2 de-
pendence of the HT coefficients and terms of orderO(1/Q4),
and to perform duality studies in semi-inclusive experimen
Finally, constituent quark models predict a change in sign
the asymmetry,A1, that is expected to become negative
Q2<0.5 GeV2, due to the dominance of electric multipo
excitations over the magnetic ones@47,48#. The onset of this
-
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mechanism might explain the departure from unity of t
ratios shown in Figs. 8~b! and 9~b!. A number of scenarios
were studied@29#, that considerSU(6) quark parton mode
breaking effects preserving duality in polarized scattering
Ref. @29#, however, predictions are made only for the larg
Q2 behavior of the data, whereas the question of dua
violations is not addressed explicitly.

IV. CONCLUSIONS

In summary, we presented a study of parton-hadron d
ity in both unpolarized and polarized scattering. The lat
was obtained by using the first experimental information
the resonance region for the polarized structure function
the proton g1

p(x), for Q2 values larger than 1.7 GeV2.
Parton-hadron duality was analyzed within a QCD contex
pQCD NLO analysis including target mass corrections a
largex resummation effects was extended to the integrals
both unpolarized and polarized structure functions in
resonance region. Within our context, duality is satisfied
the pQCD calculations agree with the data, modulo hig
twist contributions consistent with the twist expansion. A
though the latter are found to be very small for the unpol
ized structure function, we do not conclude that parto
hadron duality holds straightforwardly. On the contrary, o
findings seem to unveil a richerQ2 dynamics both atx→1
and at smallx. This observation is substantiated by the fa
that duality holds when comparing data in the resonance
gion with phenomenological fits which contain some ad
tional ‘‘nonconventional’’Q2 dependence, beyond that pr
dicted by the twist expansion. Most importantly, th
coefficient of the HTs extracted using data in the resona
region only, is smaller, and therefore not consistent with
one extracted in the DIS region. Finally, while the size of t
HT contributions is comparable in both polarized and unp
larized scattering at largerx andQ2 values, at lowx andQ2

we find large negative nonperturbative contributions only
the polarized case.
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