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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 latgesummation effects, we extract the remaining power correc-
tions up to order 1p2. 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 Q? 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 tering process can determine the structure of the final state.
In fact, as prescribed by the factorization property of QCD,
The structure of hadrons and their interactions can be dewe visualize hard scattering processes happening in two
scribed within two different but complementary approachestages, one dominated by short times and distances and in-
based on either partonic or hadronic degrees of freedom. Theplving only parton jets, followed by hadron formation at a
first one is expected to be valid at high energy, while themuch larger scale. Duality is intrinsic to the factorization
second one is applicable at low energy where the effects gsroperty. Violations of duality might signal violations of fac-
confinement become large. In some specific cases wheretarization in that, for instance, the probe-parton interaction
description in terms of nonpartonic degrees of freedommight occur at larger time scales than required in order to
seems more natural, the quark-gluon description can be alsexclude partor{re)interactions.
successfully used. This observation is called parton-hadron With the advent of both more detailed studies of soft
duality. It was introduced for deep inelastic scatteribgS) scales and confinemefi2], and higher precision measure-
by Bloom and Gilmar{1] who reported an equivalence be- ments covering a wide range of reactions, it is now becoming
tween the smootlx dependence of the inclusive structure possible to investigate the role of duality in QCD as a subject
function at largeQ? and the average ov&¥? of the nucleon per se. For example, recent studies of local parton-hadron
resonancefx=Q?/2M v, Q? is the four-momentum transfer duality and its violations in semileptonic decays, ande-
squaredM is the nucleon mass; is the energy transfer, and cays illustrate how the possible impact of these experiments
W2=Q?(1/x— 1)+ M? is the final state invariant mas®©ne on the extraction of the Cabibbo-Kobayashi-Maskawa
refers toglobal duality if the average, defined, e.g., as the(CKM) matrix elements, depends on the size of violations of
integral of the structure functions, is taken over the wholelocal duality [3]. A practical necessity to address duality
resonance regiondW?<4 Ge\~. If, however, the averag- quantitatively exists also for inclusivep scattering where
ing is performed over small&? ranges, extending e.g. over most of the currently available largedata lie in the reso-
single resonances, one can analyze the ondetafduality. ~ nance region. In fact, for>0.5 andQ?=5 Ge\?—a typical
More generally, the concept of duality is often assumed irstarting value for perturbative evolutiond2<5 Ge\~.
QCD-based interpretations of most hard scattering experitherefore, the behavior of the nucleon structure functions in
ments, such as DISe™e™ annihilation into hadrons, and the resonance region needs to be addressed in detail in order
hadron-hadron collisions. Its usage appears whenever hatb be able to discuss theoretical predictions in the lirit
ronic observablegmostly averaged over a given energy —1.
range are replaced by calculable partonic ones with little  The first QCD-based studies of Bloom and Gilman duality
more going into the hadronic formation phase of eaclreinterpreted the “averaging” procedure in terms of Mellin
process—from partons to hadrons or vice versa. In a phenoments of the structure function. The moments taken in the
nomenological context, duality studies are aimed at estadlow Q? and in the DIS regime, respectively, were shown to
lishing to what extent a partonic description of the hard scatbe equivalent to one another within the given range and pre-
cision of the data, modulo perturbative corrections and rela-
tively small power correction$4]. It was conjectured that
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adopted, particularly in the more recent studies in Rgf.In
Ref. [6] a new analysis was performed, using the recent in- L~ — — x/x (Q%=20 GeV?)
clusive unpolarized electron-nucleon scattering data on hy- SN — Yx(Q=20GeV)
drogen and deuterium targets from Jefferson [@b It was 12 o 2 2
shown in particular that, because of the increased precision ! . o X QE20GeV)
of the data, one is now able to unravel different sources of [ .
scaling violations affecting the structure functions, namely \
target mass correctiondMC), largex resummation effects [ \
(LxR), and dynamical higher twist$1Ts), in addition to the 1+ el
standard next-to-leading-ordéMLO) perturbative evolution. Fe TN T TS s s o
As a result, contrary to what was originally deduced in e.g. L T,
Ref.[7], a more pronounced role of the HT terms is obtained, 09 - RN
pointing to the fact that duality, defined on the basis of a [
Egmmance of single parton scattering, could indeed be bro 08 Lo x“/x(?z=2Ge‘:z)“"‘-u.,‘.‘
In contrast to the extensive study of duality for the unpo- A Yx(@Q ;"2 GeV Z
larized, i.e. spin averaged, photoabsorption cross section, the o XRQ=2GeV) e
validity of duality has not been investigated until very re- 0.7 0 01 02 03 04 05 06 07 08 09 1
cently for the spin structure functiog,, which is propor- X
tional to the spirdependenphotoabsorption cross section.
Evidence of duality for the spin asymmet#y was reported

in Ref. [8]. A phenomenological study addressing parton-
- - . 2
duality was performed iff] using the lowQ" data from Ref. etrizations based on these variables have been proposed that

[10]. Studies of duality forg, are of particular interest be- . . .
. . . reproduce in an effective way some of the corrections to the
cause they might help understanding the transition from the

large Q2 regime described by pQCD, and tRE—0 limit, perturbative QCD calculations that we study in this paper.

. : The most extensively used variables ar'e=1/w’, where
where the Gerasimov-Drell-Hearn sum rule is expected to '~ 1+ M2Q2 (x’ was originally introduced by Bloom

apply[11]. They may also lead to a complementary method™ : . :
topgtﬁ([jy 'ghe sp?/n strﬁcture of the nucleonpat Iaxgwh)i/ch is and Gilman in order to obtain a better agreement between

L . . IR L DIS and the resonance regipn &=2x/[1+(1
difficult to measure in the DIS region with high statistics. In o0 121~ DN 1 . . X
particular, they might provide additional information on the +4x2M?/Q?)*] [13], originally introduced to take into ac-

. — N2 2 2_n2
transition from single parton scattering, to the dominance oﬁozm Athe dtaBr%et. m?;s deffectzW;Q +B/ EjQ +RWﬂs4 i/l
processes where several partons are invold]. In this H ). 33'{ elmg § bel paratmdeégeésd use dm ch,taﬁ
respect, it is important to perform an analysis aimed at dis- ese additional variables inclu epencence that phe-

entangling the different contributions to t@ dependence nomenologically absorbs some of the scaling violations that

of g, in the resonance region. The aim of this paper is to2re important at lovQ?. In Fig. 1 we compare their behavior

. 2 .
carry out such an analysis by investigating quantitatively thé’hS X Lor dn;ferlen't valqes o d. ,From th; flg.urel °{‘e Ca? s?e
onset of duality and its violations both for the unpolarizedt at by calcu at'ng:.Z in £ andx’, one e ?C“Vegf rescales
and polarized structure functions. the structure function to lower valuesxfin aQ“ dependent

In Sec. Il we define the concept of duality and we illus- W&y, namely the rescaling is larger at lowg?. 5
trate the role of different kinematical regions; in Sec. Ill we N this paper we present results in termsxaind Q” and
present our analysis and we describe our results. In particl’€ illustrate the contributions of scaling violations of differ-
lar, we compare the data with perturbative-QCD prediction€Nt 0rigin on a case by case basis.
and we discuss in detail the contribution of different types of _ _
corrections in both the unpolarized and polarized case. Fi- B. Unpolarized structure function
nally, in Sec. IV we draw our conclusions. The inclusive DIS cross section of unpolarized electrons
off an unpolarized proton is written in terms of the two struc-
ture functionsF, andF,

( o (Mxy)?

Q2

Ratio

FIG. 1. Ratio between the three different variabtés& andxy,
defined in the text and the Bjorken variabl@s a function of.

II. DEFINITIONS AND KINEMATICS

Parton-hadron duality in DIS was first observed more than d’c  4ma?

three decades ago. Since then it has been necessary to give de: Qz—xy
new definitions of the quantities involved which can be de-

scribed within QCD-based approaches. In what follows weyherey=1/E, E being the initial electron energy. The struc-
st all such definitions. ture functions are related by the equation

FotyxFi|, (1)

_ 2
A. Kinematical variables Fi=Fa(1+y9)/[2x(1+R)], (2

Besides the scaling variable other variables have been wherey?=4M?x?/Q?, andRis the ratio of the longitudinal
used in the literature to study duality. A number of param-to the transverse virtual photo-absorption cross sections.
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In QCD, F, is expanded in series of inverse powers of
Q?, obtained by ordering the matrix elements in the DIS IHT(QZ):f
process by increasing twist which is equal to their dimen-
sion minus spin,

2
F5T(x,Q%) + % dx. (6)

Xmax

Xmin
Duality is attained strictly only if the ratio

H(Xle) res
2y _pLT 2 |
Fa(x,Q)=F5"(x,Q) + o +0(1/Q%.  (3) RteroFI? @)

The first term is the leading twi¢LT), with 7=2. The terms s ynity. However, one can extend this definition to the ratio
of order 1Q7" 2, 7=4, in Eq.(3) are the higher order terms,

generally referred to as higher twists. Additional corrections |res

to the LT part due to the finite mass of the initial nucleon— Rinpo™ 77 8
the target mass correctiofiEMC)—are included directly in '

F5T. For Q? larger than~1 Ge\?, TMC are taken into

account through the following expansiGis]; assuming that the HT contribution tq is small, in accor-

dance with the twist expansion, E@®).
) Perturbative QCD analyses use the Mellin moments of the
FLT(TMC)(X Q%)= X FZ(£,02) structure function, which allow for a direct comparison with
2 : 3 2% theoretical predictions. These are defined as

X3M2 1d§/ L - 1 . ,
+6Q2‘y4,f§ ?Fz(g !Qz): Mn(Q )_fo dxx’ Fz(X,Q ), (9

whereF3 is the structure function in the absence of TMC. and by

Following the original suggestion ¢f.7], only terms up to 1 Fo(x,Q%) ¢
orderM?/Q?, i.e. of the same order of the HT term extracted MIMC(QZ):f dx&" 1—"""p, —), (10)
from Eq. (3), are kept in the expansion, so as to minimize 0 X X
ambiguities in the behavior d¥, atx~1.

H, then, represents the “genuine” HT correction that in- D= 6(n—1) §_ 1)
volves interactions between the struck parton and the spec- " (n+2)(n+3)\x
tators or, formally, multiparton correlation functiorts,. 2

Parton-hadron duality in DIS is studied by considering n(n——l) 5—1) (11)
integrals of the structure function defined as (n+2)(n+3) | x '

Xmax which takes into account TMCL3]. However, one needs in
IreS(Qz)zf FIx,Q?)dx (4)  this case experimental values of the structure function in ki-

Xmin nematics outside the resonance region. This procedure ren-
res - _ ) _ ders the comparison between theory and experiment less
where P is evaluated using the experimental data in thestraightforward. The difference between the Mellin moments
reso;]ance region. EOT gaﬂivame,zxmin:Q (Q°+Wha  [Egs.(9), (11)] and the integrals over the resonance region—
—M?), andXma= Q(Q%+ Wijn = M?). Wisin andWigde- | = f¥maxn=2pET(x,Q?) dx—is shown in Fig. 2. The drop
limit the resonance region. The same expression is then cal- ™" .. , 2
. 2 of the quantities , with respect taV, at larger values o®~,
culated in the same range »fnd for the same value ), . )
. R . is due to the pQCD evolution d¥,, that moves strength to
using parametrizations &, that reproduce the DIS behavior lower values of, outside the rangEX,.o. X1, In our ap-
of the data at larg®?. These parametrizations are very well proach we use tr’1e integrals defined 'i‘;]a"é@g'”(é) As it can
constrained in the region of interest*$0.3) although they T

do not correspond directly to measured data. Here inFact be understood also from the trend shown in Fig. 2, these
. . P Y - ' 2 effectively describe duality also as a function of the average
is dominated by the valence contribution. On the contrary, b

; ; (D2 2 i ;
using the same procedure at lowwhere the singlet and Value ofx in each Interval Xmin(Q%), Xmax( Q%) ]. This corre

e : sponds ta(x) =x(W?=2.5 Ge\).
gluon d_|st_r|bufuons g_oyt_arrin, OQe would f!nd .much larger It is also possible to consider a third approach, namely a
uncertainties in the initial lowQ~ parametrizations because

X . : point by point comparison of, both in the DIS and in the
of therr strong correlatl_on with Fhe value afs. We present resonance regiofi6]. The latter can in fact be fitted to a
two forms for the DIS integrals:

smooth curve tracing the resonances with a very high accu-
racy given by the increased precision of the new Jefferson

Xmax :
|LT(Q2)=J F5T(x,Q?)dx, (5)  Lab measurements. They are then cozmpared directly to DIS
Xmin parametrization§, at the samex and Q< values.
We notice that the approach using moments includes the
and contribution from elasti@ p scattering entering the integrals

014505-3



BIANCHI, FANTONI, AND LIUTI PHYSICAL REVIEW D 69, 014505 (2004

The polarized structure functions are determined from

E, 1 these asymmetries:
=
—-10
F1(x,Q?
0:1(x,Q%) = %[Aﬁtan&/ZAl],
yF1(x,Q%) | E+E’cosé
x,Q%) = -
2 9x.Q 2d’ E'sing =
10 (14
whereE’ is the scattered lepton energy,is the scattering
angle,d’=[(1-€)(2—y)/[y(1+ eR(x,Q?)], with € being
the degree of transverse polarization of the virtual photon
R and defined ag 1=1+2(1+y ?)tarf(6/2).
ns8 T The virtual photon-absorption asymmetri#gsandA, are
Y i I A v related to the measured asymmetries by
1 10
Q? [GeVH) Aj=D(A;+ 7A,)
FIG. 2. The integral, defined in the text plotted v®? (dashed A =d(A,—A), (15)

line), compared to the Mellin moments defined in EQ) (full
lines). All quantities have been calculated for illustration using thewhere D is the depolarization factorD=y(2—y)(1

parton distributions function parametrization from Ref5). + yzy/Z) /[y2(1+ 7/2)(1_ ngle) +2(1-y — y2y2/ (1
_ _ +R)], andd=D+2€e/(1+¢€), n=2y(1—y)/(2—y) and !
in Egs.(9), (11) atx=1. Furthermore, as shown in R§¢L8], = 5(1+ €)/2¢ are kinematic factors.

the elastic contribution governs the moments’ behavior at Erom the measured asymmetrias and A, , the virtual

2 . .
Q sl_GeV?. In_ the proceplure described here, as well as IMhoton asymmetries can be related to the photon absorption
the point by point comparison of R€f], the elastic contri-  ~oss section of the nucleon for a giverand Q2:
bution is instead manifestly excluded by the kinematics. Our

approach renders therefore a better description of the reso-
nances’ role at lowQ?. A combination of the three types of
analyses described [16,18] and in the present paper, is nec-
essary in order to obtain a quantitative interpretation of the
Q? dependence of duality and of its violation.

2

_O1p— 032 017 91— Y02

=1 %
o1t o3 o7 F1

2001 o Y(91102)

2 oyptoy,  op Fpo (19
C. Polarized structure function Here o), and o3, are the virtual photoabsorption cross sec-
The spin-dependent part of the polarized deep inelasti#on when the projection of the angular momentum of the
cross section is given by photon-nucleon system along the incident photon direction is
1/2 or 3/2 respectivelyy 1 is the interference term between
d?o et the transverse and longitudinal photon-nucleon amplitudes,
dxdy m(—HeHN) respectively given byor=(oy,+039)/2 and orr=(01;
—o39)/2. If only the longitudinal asymmetry is measured, it
y vy ) oY, ) is necessary to make an assumption for the asymnetry
X 1=5= 77701 Q) = 5792(xQ% |, From the measured asymmetry it is possible to evaluate
the polarized structure functiogy:
(12)
91(x,Q%)=A1(X)F1(x,Q?). 17)

whereH, andHy are the polarizations of the incident elec- ] ) ) .
tron and of the nucleon of the target, respectively. Equation(17) was obtained by neglecting the terpig, in -
Because of the mixing af; andg,, a precise determina- Eq. (16). Th|§ is an a_dequate approximation for _descr!blng
tion of g, from a longitudinally polarized target alone is not the data within their given accuracy. In fagfg, vanishes in
possible. The experimentally measured cross section asyrH?Ze DIS limit. In tr21e range of data Con5|giera&, is Iarger;
metries are the longitudina, and the transversa, ones, ¥°~0.44 at Q?=05GeV, and y°~036 at Q
formed from combining data with opposite beam helicity: = 5.4 GeVF. However, the Burkhardt-Cottingham sum rule,
1392(x,Q?)dx=0 [19], is believed to hold. This ensures the

11 [N smallness of the neglected term, barring a strong oscillating
g — 0 g — 0 . H
A=———, A=——. (13 behavior inx of g,.
all+oll o7 +ol™ As for the unpolarized case, the twist expansion reads
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A(x,0?) strained to 1 ak=1 and it does not depend @7, as indi-
9:(x, Q%) =g5"(x,Q%) + ?ﬂt(?( 1/Q%), (18 cated by experimental data in this rar{@s].

where, using Eqs2), (4), (17), A. Comparison with pQCD

LT 2\ _ LT 24 pex 2 The unpolarized structure functidn, was first evaluated
01’ (%.Q%) =F3 (X, QOATRX)(1+ y))/ from dynamical parametrizations, coming from the parton
[2x(1+Re*P)], (19)  distribution functions (PDF9: MRST [24], CTEQ [25],
GRV94[26] and GRV98[27]. The last two parametrizations
the superscript “exp” emphasizing that we have used theéhave been evaluated at leading orde®©) and at next to
experimental values for the quantities under considerationeading orde(NLO). All of them are pure DIS parametriza-
Notice that HT contributions that could in principle appeartions and they were extended to the measuxeand Q2
on the r.h.s. of Eq(19) throughA$*P and R®*P, are negli- ranges by pQCD evolution. Th@? evolution of the polar-
gible. In fact, the asymmetnx$*P was found not to depend ized parton densities is governed by the Dokshitzer-Gribov-
on Q2 (see[8] and discussion belowMoreover, the impact Lipatov-Altarelli-Parisi(DGLAP) [28] equations. The results
of R®*P on the evaluation ofy; is of the order of a few are shown in Fig. 3, in the top panel for the unpolarized data
percent, well below the accuracy of current polarized data.and in the bottom panel for the polarized data. The uncer-

We study parton-hadron duality by defining the integrals tainty due to the use of different LO and NLO parametriza-
tions is represented by a band labeled “PDF uncertainty.” A

Fres_ j %, Q%) dx 20 potential theoretical error in the extrapolation of the ratios to
Y 91X, : low Q? could be generated by the error irs(M3). How-
ever, because the structure functions are dominated by large
whereg **is obtained from the data in the resonance regionx kinematics, DGLAP evolution proceeds only through non-
and singlet (NS) distributions. This explains why there is very
little uncertainty in the extrapolzation of the initial pQCD
=T LT 9 distribution to the low values AV~ considered, and also the
= me g1 (x.Q7)dx (218 smal difference between LO and NLO evolution. The other
band in the figure represents the experimental error, calcu-
_ - F(x,Q2) Ia';ed as the sum in qu_adrature of the statis_tical and system-
FTT:J' (g&T(x,QZ)Jr _2> dx. (21b) atic errors of the data in the resonance region.
Q Parton-hadron duality is not fulfilled by using solely the
_ _ PDFs up to NLO in both the unpolarized and polarized struc-
The ratios are given by ture functionsF, and g;. However it is possible to see a

Xmin

~res ~res different behavior betweeR ;o and Ry. In the unpolar-
RLT__1 HT_ 'y 22 ized case the ratio is increasing W@#? but for the polar-
POl LT ROl T ized case the situation is different: while at |&@¥ the ratio

is significantly below unity and shows a strong increase with
As for the unpolarized case, duality is verified if either ratio Q?, at higherQ? the ratio derived from HERMES is above
is unity. unity and it appears to be weakly dependent@hnwithin
error bars.
lIl. ANALYSIS AND INTERPRETATION OF DATA In Fig. 4 we further illustrate the origin of_ this behavior
by plotting separately the numerat@ata pointy and the
In this section we present a quantitative analysis ofQRe  denominator (“theoretical” curves representing a pQCD
dependence of parton-hadron duality in both polarized anthased parametrizatigrof the ratiosRnpo1andR,,, respec-
unpolarizede p scattering. We take into account all current tively. We also plot the integral d¥, (dotted ling in order to
data in the resonance region=W?<4 Ge\?. For the un-  show the effect of bot; and of theQ?-dependent factors
polarized case we used data obtained at Jefferson Lab in theat come into play in the definition af;. All quantities are
range 0.3<Q?<5 Ge\? [7], and data from SLAG[20] and  plotted vsx=(x), i.e. the average value of Bjorken for
references therejrfor Q=4 Ge\?. For the polarized case each spectrum, defined in Sec. II. Notice that the valuepf
there are only a few experimental data in the resonance réncreases witfQ?. The trends in the figure suggest therefore
gion. One set is part of the E143 ddtt0], and it corre- that similarly to what was observed in DIS, in the resonance
sponds t0Q?=0.5 and 1.2 Ge¥. Another set is the one region there are corrections beyond DGLAP evolution that
from HERMES[8,21] in the range 1.2 Q?<12 Ge\~. are positive at large, and negative at smalleg the thresh-
In the polarized case th®? dependence originates from old being defined byx~0.33-0.43 andQ?~1 Ge\?. How-
the structure functiofr, and from the ratidR. In the evalu-  ever, while these corrections are comparable in size for both
ation of the denominators of Eq&22), we used the SLAC the polarized and unpolarized case at laxgat low x there
global analysis[22] parametrization folR and, forA;, a seems to be a much larger nonperturbative effect for the
power law fit to the world DIS data at>0.3:A;=x%7, as  polarized data. While possible explanations have been sug-
already shown in Ref8]. This parametrization oA, is con-  gested e.g. in29], it is clear that more data in this region
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& = -~ =LT
= < A — I
~ - B T
g -
—t L N —
U} S
g —g'l 5 10
o B
B
2
10
- ! A HERMES
10 PDF uncertainty e Jlab .
. I = SLAC
Exp. uncertainty
L R R N | 10‘3.1.‘1...1...|..L|..|,.4|..¢.
1 10 02 03 04 05 06 07 03 09
Q* [GeV?] x

. FIG. 4. The integrals"s, Eq. (4), andT'}*S, Eq. (4) plotted vs
= the average value of Bjorken x defined in the text, obtained using
'E the data from Refd.8,10]. Experimental data are compared to the
g integrals of the valence component of the structure functpns

e q k- L ’;-"' ______ 7 1 (full line), F, (dashed ling andF (dotted ling, calculated using
r Y NLO parametrizations.

The parametrization from Refl15] is a modification of
the PDF[26] that purports to include target mass effects
through an effective change of variable, higher twist effects
at highx, and a factor that enables an extension of the fit
down to the photoproduction limit. The ALLM parametriza-
tion [30] is based on a reggeon and pomeron exchange and it
was constructed for the hig/? limit. We included it be-
cause it can be extended to very |&@¥ values. The NMC
parametrizatio31] includes a fit ofHT terms using world
data withw?>10 Ge\~.

The ratios R~ 1"717'S and ROP=TTIT?'®, where

10
Q? [GeV?) IP1S andT'D' are the integrals calculated with these phenom-
enological parametrizations, are shown in Fig. 5 in the top
FIG. 3. _Ratio between the in_tegral of the structur_e fun_ction aSand bottom panel, respectively, for sevd@fl-values.
me«_e\sured in the resonance region and as parametrized in t_he DIS | the unpolarized case the slope of the ratio is less evi-
region, as a function d?. The top panel refers to the unpolarized dent compared to the previous method shown in Fig. 3 and

Cents the theoretical uneeriainty cu 1o he use of iferent LG and!® 1210 1S well consistent with unity {02 GeV%. In
y e polarized case, the ratio at highé® derived from

NLO parametrizations: MRST24], CTEQ [25], GRV94 [26], - . . L2 .
GRV98 [27]. The other band represents the experimental uncerHERNIES data is consistent with unity inside the experimen-

B . 2 2
tainty, that is the sum in quadrature of the statistical and systematiltﬁl errors ar.]d still mﬁependent Q : _Hovyevt()e_r, at |0k\]NQ h
uncertainties of the data in the resonance region. the uncertainty on the parametrization Is bigger than what

was found from the PDFs.

o . 5 Since these phenomenological parametrizations are ob-
would help in disentangling th@~ dependence and the pos- tained by fitting deep-inelastic data even in the IQ% re-

sible size of the nonperturbative effects. gion, they can implicitly include nonperturbative effects and
this may explain the “observation of duality.”

PDF uncertainty

Exp. uncertainty

P & L R S S R |

B. Comparison with phenomenological parametrizations

The unpolarized structure functidf, has been evaluated C. Size of nonperturbative contributions
from thl’ee dif‘fel’ent phenomen0|ogica| fItS to DIS data In Order to understand the nature Of the remain@@
[15,30,33 and scaled to the san@” values as fol™*and  gependence that cannot be described by NLO pQCD evolu-
I'?°to take into account the large effect of scaling violationtion, we studied the effect of TMC and LxR on the ratios

at largex. Rinpor @Ry, The analysis was performed by usik@gs
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has been long noticed that a correlation exists betwegn
and the extracted values of the HEee[33] and references
therein and the recent highly accurate determination in Ref.
[34]). It is exactly because of this correlation that we keep its
value fixed from evaluations in a region where the HTs con-
tribution is negligible. This statement is equivalent to saying
that ag cannot be extracted reliably from largedata.

TMC have been evaluated using Ed) for the unpolar-
ized case, and Eg#), (19) for the polarized data. Although
this procedure disregards parton off-shell effects that might
be important in the resonance regi@ee Refs[35,36]), we
emphasize here its power expansion character, and we set as
a limiting condition for its validity, that the inequality
10 1 Phen. Param. uncertainty x’M?/Q?< 1 be verified 6]. Therefore, current treatments of

[ TMC in the resonance region are uncertain for values of
Experimental uncertainty Q?<15 GeV.
LxR effects arise formally from terms containing powers
10 of In(1—2), z being the longitudinal variable in the evolution
Q* [GeV?] equations, that are present in the Wilson coefficient functions
C(2). The latter relate the parton distributions to e.g. the
- structure functiorf,, according to

-
T

unpol

R DlS=Il"5/IDlS

i1

1

DIS

1'f;l

1
FE Q)= 52 3 [ a2z, (@9

il

-F,

where we have considered only the nonsingh®) contri-
bution toF, since only valence quarks distributions are rel-
evant in our kinematics. The logarithmic terms @y g(2)
become very large at large and they need to be resummed
to all orders inag. This can be accomplished by noticing
that the correct kinematical variable that determines the

phase space for the radiation of gluons at laxges W?
XY Phen. Param. uncertainty =Q?(1—2)/z, instead ofQ? [37,39. As a result, the argu-
ment of the strong coupling constant becorzetependent:
Experimental uncertainty as(Q?) — ad Q%(1—2)/z] (see[39] and references thergin
‘ ) L In this procedure, however, an ambiguity is introduced, re-
1 10 lated to the need of continuing the value§ for low values
Q? [GeV?] of its argument, i.e. foz very close to 140]. The size of this
) ) _ ambiguity could be of the same order of the HT corrections.
FIQ. 5. Ratio between the integral of the stru_cturg function me"’_‘Nevertheless, our evaluation is largely free from this prob-
sured in the resonange reglozn and as parametrized in the DIS redi9fm pecause of the particular kinematical conditions in the
e e s o e et eplESEnaIE g, We ao n fctsucing the Siructure e
are the same as in Fig. 3 : fions at fixed W, in between XW <4 Ge\2. Conse-
o quently Q? increases withx. This softens the ambiguity in
an integration variable, which avoids the ambiguities associes, and renders our procedure reliable for the extraction of
ated to the usage of othad hockinematical variables. We HT terms. We illustrate this situation in Fig. 6 where we plot
used standard input parametrizations with initial sc@f  the value ofas atQ?=10 Ge\#, and we compare it with the
=1 Ge\2. Once TMC and LxR have been subtracted fromresummed value in the resonance regioQ#tL — z)/z for a
the data, and assuming the validity of the twist expansionfixed averageQ? and at Q%(x)(1—2z)/z, with Q?(x)
Egs.(3), (18) in this region, one can interpret any remaining = W(x)/(1—(x)), and(x)=0.83.
discrepancy in terms of HTs. All of the effects described in this section are summarized
We notice that although we did not consider NNLO cal-in the upper panel of Fig. 7. In the figure we plot the ratio
culations, these are not expected to alter substantially OlRtIpow from Eq.(7), where the numerator is obtained from
extraction since, differently from what was seen originally inthe experimental data, while the denominator includes the
the case of 3, these have been proven to give a relativelydifferent components of our analysis, one by one. For unpo-
small contribution ta~, [32]. larized scattering we find that TMC and LxR diminish con-
The value ofaS(Mi) that was used in our calculations siderably the space left for HT contributions. The contribu-
corresponds to the one given for the DIS parametrizations. ltion of TMC is large at the largest values@f because these

R DIS
pol

1 :
10 /
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FIG. 6. ag calculated to NLO for different forms of its argu- .
ment: atQ?=10 Ge\? (dashej at Q>—Q?(1—2)/z (full line), =

and Q?>—W?x/(1—x)(1—2z)/z (dot-dashed line Calculations in- _
cluding LXR in the resonance region use the latter form.
correspond also to large values. Moreover, the effect of T
TMC is larger than the one of LxR. We have excluded from & 3
our analysis the lowest data point@f~0.4 Ge\? because o
of the high uncertainty in both the pQCD calculation and the
subtraction of TMC. Also, the pQCD calculations @

~1 Ge\ differ from the ones obtained by using the avail-

able set of parametrizations perhaps because the latter are

» o

extrapolated well beyond their limit of validity. » Data/NLO
Similarly, in polarized scattLeTrlng.the inclusion of TMC 10 -1? o Data/NLO+TMC
and LxR Qecrgases the ratl®p0| (Fig. 7 bottom panel + Data/NLO+TMC+LxR
However, in this case these effects are included almost com-
pletely within the error bars. We conclude that duality is -
strongly violated aQ?< 1.7 Ge\~. ) """
The difference between unpolarized and polarized scatter- Q* [GeV?]
ing at lowQ? can be attributed e.g. to unmeasured, soQar,
dependent effects, both in the asymmethy, and ing». FIG. 7. Ratio between the integrals of the measured structure

Furthermore, a full treatment of th@z dependence would functions and the calculated ones plotted as a functioB®fThe
require both a more accurate knowledge of the rRtin the  calculation includes one by one the effects of NLO pQCD
resonance region, and a simultaneous evaluatiogyboffhe  (squares TMC (open circley and LxR (triangleg. The top panel
present mismatch between the unpolarized and polarized |0\_r,@fers to the unpolarized case, while the bottom panel to the polar-
Q2 behavior might indicate that factorization is broken dif- ized one.

ferently for the two processes, and that the universality of

partonic descriptions no longer holds. A similar expression is assumed fgr. Cyt is the so-called
- In FIgS 8 and 9 We address eXp|ICIt|y the question of thefactorized form obtained by assuming that t@ depen-
size of the HT corrections. We define them f&y as dences of the LT and of the HT parts are similar and there-
) 5 Cre ) T fore they cancel out in the ratio. Although the anomalous
H(x,Q%)=Q*(Fz1x,.Q%)~F3) (249 dimensions of the HT part could in principle be different,
such a discrepancy has not been found so far in accurate
H(x,Q?) analyses of DIS data. The HT coefficier@,+ has been
Cur(x)= FpQCD—(x/QZ) evaluated for the three cases listed also in Fig. 7, namely
2 with respect to the NLO pQCD calculation, to NEOMC
Fietx,Q%) — F5T and to NLO+TMC+LxR. The values of 3 Cy/Q? are
= ZT (24b) plotted in Fig. 8(upper panglas a function of the average
F2 value of x for each spectrum. One can see that the NLO
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FIG. 8. HT coefficients extracted in the resonance region ac- g 9. Comparison of the HT coefficient displayed in Fig. 8

cording to 2Eq.(24a). Shown in the figure is the quantity 1 it other extractiongupper pandl The triangles and squares are
+Cur(x)/Q*. The top panel refers to the unpolarized case, whergne same as in Fig. 8 and they represent our determination in the

we show the HT term obtained by considering only the NLO cal-yg5onance region. Our results are compared with extractions using
culation(square the effect of subtracting TMQopen circles and g gata only. The striped hatched area corresponds to the early
the effects of subtracting both TMC and LxRiangles. We show  gyiraction of Ref[41]. The full dots are the central values of the
for comparison the values obtamed frqm the coefficidrdbtained oy tractions in Refs[42] and [43]. These are compared with the

in Ref.[32] using DIS data and including the effect of TMC. The o6 recent extraction of Relf32] which includes also TMC. Re-
bottom panel refers to the_ HT coefficient in the polarized casegits obtained in the resonance region, in the fixédanalysis of
Notations are the same as in the upper panel. Ref. [6] are also showrstars. In the bottom panel we show the
comparison between the HTs in the resonance region, in the polar-

+ + i i i
TMCHLXR analysis yields very small values i@ in (triangles and in the unpolarize(stars cases.

the whole range ok. Furthermore, the extracted values are
consistent with the ones obtained in Ré&f using a different
method, however the present extraction method gives morappear to drop dramatically below zero for lov@f values.
accurate results. Because of the increased precision of odihe inclusion of TMC and LxR renders these terms consis-
analysis, we are able to disentangle the different effects frortent with zero at the large®? values, but it does not modify
both TMC and LxR. substantially their behavior at lowe&?. It should also be

In the polarized caséFig. 8, lower panelthe HTs are noticed that, by parametrizing the structure functions as in
small within the given precision, f@?>1.7 GeV, butthey  Egs.(18) and (248, we are assuming that all of the nonper-
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turbative(np) contributions are included i(1/Q?) twist-4 ~ mechanism might explain the departure from unity of the
terms. These are in fact the largest type of deviations from &atios shown in Figs. @) and 9b). A number of scenarios
pQCD behavior, to be expected @f values of the order of were studied29], that consideSU(6) quark parton model
few GeV. Only from accurate analyses using a larger numbepreaking effects preserving duality in polarized scattering. In
of more precise data would one be able to distinguish amonRef. [29], however, predictions are made only for the larger
different np behaviors. From a comparison with Fig. 5, thatQ? behavior of the data, whereas the question of duality
includes some of these extra np behaviors through the usagéolations is not addressed explicitly.
of phenomenological parametrizations, one can see, how-
ever, that their effect seems not to be large. _ IV. CONCLUSIONS

In Fig. 9 (upper panel we compare our results in the
unpolarized case to other current extractions of the same In summary, we presented a study of parton-hadron dual-
guantity. These argi) the extractions from DIS data, per- ity in both unpolarized and polarized scattering. The latter
formed with the cutW?>10 Ge\? [41-43; (ii) the recent was obtained by using the first experimental information in
DIS evaluation by Alekhin[32] using a cut onW? the resonance region for the polarized structure function of
>4 Ge\?, and including both TMC and NNLOiii) the the protongf(x), for Q? values larger than 1.7 G&Y
results obtained within a fixetlv® framework in Ref.[6], Parton-hadron duality was analyzed within a QCD context. A
including both TMC and LxR. We notice that results ob- pQCD NLO analysis including target mass corrections and
tained in Ref[44] in the deep inelastic region also including largex resummation effects was extended to the integrals of
both TMC and LxR yield small HT coefficients, consistent both unpolarized and polarized structure functions in the
with the ones found in Ref6]. However, while most of the resonance region. Within our context, duality is satisfied if
suppression of the HT in the resonance region is attributed tthe pQCD calculations agree with the data, modulo higher
TMC, in [44] the contribution of TMC is small and the sup- twist contributions consistent with the twist expansion. Al-
pression is dominated by LxR. In other words, @&behav-  though the latter are found to be very small for the unpolar-
ior in the DIS and resonance regions seems to be dominatdded structure function, we do not conclude that parton-
by different effects. In Fig. 9lower panel we compare the hadron duality holds straightforwardly. On the contrary, our
HT coefficients in the unpolarized and polarized case. Ondindings seem to unveil a rich&? dynamics both ak— 1
can notice a considerable discrepancyRat 1.7 Ge\t. and at smallk. This observation is substantiated by the fact

Our detailed extraction of both th@? dependence and the that duality holds when comparing data in the resonance re-
HTs in the resonance region establishes a background fgion with phenomenological fits which contain some addi-
understanding the transition between partonic and hadronitonal “nonconventional’Q? dependence, beyond that pre-
degrees of freedom. In particular, we seem to be detecting dicted by the twist expansion. Most importantly, the
region where the twist expansion breaks down, and at theoefficient of the HTs extracted using data in the resonance
same time, the data seem to be still far from @fe—0 limit, region only, is smaller, and therefore not consistent with the
where theoretical predictions can be m4dg]. This break- one extracted in the DIS region. Finally, while the size of the
point is marked, for instance, by the discrepancy betweemT contributions is comparable in both polarized and unpo-
polarized and unpolarized scattering@ft<1.7 Ge\?. More larized scattering at largerand Q? values, at lowx and Q?
studies addressing this region will be pursued in the futureywe find large negative nonperturbative contributions only in
some of which are also mentioned[i§,46]. In particular, a the polarized case.
breakdown of the twist expansion can be interpreted in terms
of the dominance of multi-parton configurations over single
parton contributions in the scattering process. In order to
confirm this picture it will be necessary to both extend the We are indebted to S. Alekhin for discussions and for
studies of the twist expansion, including the possi@fede-  communications on his calculations prior to publication. We
pendence of the HT coefficients and terms of or@t/Q*), thank W. Melnitchouk and O. Rondon for discussions. S.L.
and to perform duality studies in semi-inclusive experimentsthanks the Gruppo Il of INFN at the Laboratori Nazionali di
Finally, constituent quark models predict a change in sign irFrascati where this paper was completed, for their warm hos-
the asymmetryA,, that is expected to become negative atpitality, and for the many lively discussions. This work was
Q2<0.5 GeV, due to the dominance of electric multipole completed under the U.S. Department of Energy grant no.
excitations over the magnetic ongt,48. The onset of this DE-FG02-01ER41200.
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