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We extract the power corrections to the “scaling” proton structure funcfigx,Q?) by using QCD
moments obtained from the world’s inclusive lepton-proton scattering data. As opposed to previous analyses,
we take particular account of data at large Bjorkéx>0.75) which are dominated by nucleon resonances and
which make up most of the structure function at IQ%( Q%<4 Ge\?). We discuss possible improvements on
the determination of the magnitude of the higher twist coefficients that could be obtained from a new set of
measurements of the nucleon structure functions at l@ed moderat€?. [S0556-282099)07913-9

PACS numbd(s): 13.60.Hb

[. INTRODUCTION ployed in the QCD evolution equations which give predic-
tions at the values aD? of interest Q>=10* Ge\?) to the

In this paper, we address the question of the extraction oflebate. In other words, a more detailed knowledge of the
parton distributions and higher twiseffects from lepton-  structure functions at large but low Q? is needed in order
proton scattering at large BjorkenHerex=Q?/2M v, Q?is  to ensure unambiguous tests of this potential physics beyond
the four-momentum transfel) is the nucleon mass, ands  the standard model.
the energy transfer. This question can now be investigated in Current parametrizations are constrained very little by in-
more detail than in previous analyses both because of th@lusive data at large, (see, e.g.[9] and[10]), the main
abundance and precision of the experimental data at lofgason _bem_g.th_at the analyges of such data run into potential
Q%(0.5 Ge\P=Q?<10 Ge\?) recently obtained at SLAC pitfalls implicit in the handling of nonperturbative effects

[1,2] and at Jefferson Laf8], and because of the accessibil- i'.e" thef resonance spec)traThg question that natura!ly
ity of a much widerQ? regime Q2 up to 4x 10* Ge\?) at arises is: is it possible to establish an unbiased constraint by

the DEJY electron-proton collider HERP]. It is now pos- direct exgmingtion of the v, high x proton structure
sible to determine accurately ti@* dependence of the pro- functlc_)ns. A first answer has been proposed by and BOStEd

. ) N 5 Rock in Ref.[8]. However, the behavior of the parton distri-
ton structure function at large in a wide interval ofQ~, butions that they suggest for highassumesduality (dis-
thereby enabling a quantitative comparison with the predict,sseq helowto hold in this kinematic region where it need
tions of perturbative QCPQCD. , _ not necessarily11] due to higher twist contributions.

As opposed to the lower kinematic regions which have  the approach that we develop here for the analysis of the
provided the grounds for earlier accurate tests of PQOD  ,4t0n structure function in the resonance-dominated large
reviews see, e.g[5,6)), Iargezx physics is characterized by region is aimed at disentangling the contribution of power
the fact that, for probes witQ“ of a few G_e\?, the invariant  orrections up to the first few coefficients of the twist expan-
mass,W, of the final hadronic system is smaM—M).  gjon in order to determine accurately the detai@and x
Therefore, nonperturbative effects are expected to dom'”af&ependence of thE, structure function at large.
the.cross section. The kinematics[_d;f—S] c_orrespond tq the A long debate began over two decades ago regarding the
region of lowW. In terms of the kinematic variables intro- jnerpretation of the resonance region and its possible con-
duced aboveW=\M?+Q(L/x—1) ranges from the elastic pection with the DI data. In an initial phase, a number of
(W=M) to just overlapping the deep inelasti®l, W  papers were devoted to extendidgality ideas, which suc-
=2 GeV) region. Only recently have largeexperimental  cessfully explained hadron-hadron scattefihg], to electro-
data[4] at the high end of th&V and Q® spectrum, i.e, far  production[13]. Bloom and Gilmar{13] showed that it was
into the DI region, been available. possible to write a finite energy sum rulEESR for the

These latter data have been at the center of an intensfectron-nucleon structure functions. The FESR equates the
debate about the possibility of detecting physics beyond thgytegral overw of the structure function'W,(»,Q?), evalu-
depends on the choice of theput parton distributions em-  f,nction in the DI regior(i.e., at some “high” value ofQ?).

The resonance structure functioWW,(»,Q?), which ap-
proaches=,(x) or Fo(w") in the scaling limit, was predicted
We use here the tertist, 7, according to its rigorous definition t0 be equivalent in average to the DI one, provided the av-
in QCD r=(dimension-(spin), at variance with a quite commonly erages were taken over the same intervabin Bloom and
used meaning of spuriou@? dependence of nonperturbative origin. Gilman’s duality explained rather successfully the data in the
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range 1 GeV¥< ng 10 Ge\Z. Scattered electron
The Bloom-Gilman duality picture found a natural expla-
nation within QCD, where predictions of the higf behav-
ior of the nucleon structure functions from their |@¢ val- Incident electron
ues are understood in terms of QCD evolutid6]. An
analysis of the resonance region within QCD was first pre- Undetected hadron state
sented in[14] where Bloom and Gilman’s approach was
critically reinterpreted 14]: the integrals in the FESR were
replaced by the moments of the structure functions and th&""9:
fall of the resonances along a background curve with increas-__ . . .
ing Q2 was explained in terms of the QCD twist expansionrecuons fromhworldeIDI an<f:l dre?o_nanche data, W'g.] pz_ibmc_ular
of the structure functions. The conclusion of REf4] was attention to the problem of defining the parton distributions

o . in the kinematic region of low invariant mass. In Sec. IV, we
that duality is equivalent to the statement that the moment§ esent and discuss the results. Conclusions are drawn in
of the full proton structure function at some finitew) Q? Sec. V.
are equal to the moments of the scafipart of the structure
function, differing only byO(1/Q?) or higher inverse power
violations coming from the twist expansion. In this interpre-
tation, duality persists as long as these violations are small In this section, after presenting kinematics and definitions,
or, as we will explain in more detail later, as long as onewe summarize what is presently known on @& depen-
calculates the moments at large enough valued“énd not  dence of the proton structure functions from the elastic, reso-
exceedingly high h” ( n being the conjugate variable in the nant, and deep inelastic regions. We discuss our choice of
Mellin transform. global parametrization spanning the whole range of mea-

Our study of higher twist coefficients by including the suredx andQ? values including the low final state invariant
resonance region contribution to the QCD moments is conmass region which is disregarded in current extractions of
sistent with the approach introduced|[it4] (see also more higher twist corrections. Finally, we examine possible pre-
recent papers, e.d11]) in that it is equivalent to looking for  scriptions for subtracting target mass correcti6hgIC) and
violations to Bloom-Gilman(BG) duality in the region we present the seemingly best prescription for treating the
where these violations are expected to be small. A fundalow final state invariant mass region which again is a prob-
mental point is that our analysis includes PQCD correctionsem specifically addressed in this paper and disregarded in
guantitatively, making use of the newly available wide andmost recent analyses.
accurate set of data in the regior>0.75 and Q?
=20 Ge\?[1,2]. Our analysis should be viewed as an initial A. Kinematics and definitions
feasibility study for an extracting higher twist corrections
using QCD moments. This study differs from current analy-
ses performed directly i space[15] with kinematic cuts . ; . .

tic scattering, a nucleon resonance state, or a larger invariant

eliminating the lowW region which might underestimate the f hadrone elasti haTh |
values of the higher twist coefficients. Our approach will peMass set of ha rorigleep inelastic scatteringThe relevant

of particular relevance to the kinematic regime which will be "varnants for this process are
probed at Jefferson Lali6-18. 0

In summary, we analyze th@? dependence of the proton Q?=(k,— k2)2=4elezsinzz, (1)
structure functions paying particular attention to data at low
Q? and largex, i.e., in a region dominated by nucleon reso-
nances. This type of analysis is now possible because more y= @: €—e (1b)
accurate data at largeand relatively lowQ? are becoming M o
available. It is in this way possible both to determine more
accurately the coefficients of ord€(1/Q?) contributions

FIG. 1. Schematic diagram of inclusive electron-nucleon scat-

Il. RESONANCES, SCALING CURVES, AND QCD

Inclusive charged lepton-proton scattering is described in
Fig. 1 where the undetected final state can be a pr@tas-

2

and to provide stronger constraints on parameterizations of X oMy’ (19
the parton distributions in this region.
This paper is organized as follows: in Sec. I, we examine W2=(P+q)?=M?—Q?+2M, (1d)

in detail the problems that have characterized the large

region, since the early analyses, concerning the role of resavhere the momentum components in the laboratory frame

nances in QCD, the choice of appropriate scaling variablesare ky;)=(€1(2),K1(2) for the incident and outgoing elec-

and the prescription for target mass corrections. In Sec. lllrons; P=(M,0) for the proton target; and=Kk;-k is the

we describe our prOCEdUre for the extraction of power Corscattering ang|e shown in F|g 1. The measured electron-
nucleon differential cross section can be expressed as

2
2Scaling is defined ifi14] modulo the leading twist PCQD cor- d“o

0
rections. dQde, om| Wa(v,Q )+2'[al’122W1(v,Q )| 2

094001-2



EXTRACTION OF HIGHER TWISTS FROM ELECTRON .. PHYSICAL REVIEW D 60 094001

whereoy = (4a?e5c0S6/2) (62Q%) is the Mott cross section 30 %
for pointlike scattering. In this paper, we concentrate on the / /
structure functionF,= »W,(»,Q?). This quantity may be 25 D
written as
14 d20' 1 20
2 7 .
vWo(v,Q%) o (dﬂdez) 1 g 3 -
-
where Ng 15
o
1+Q%/4M*x? 10 \
B=2 tan’-( Q/Z)T (4)
B A
In this paper,R=0 /o, the ratio of the longitudinal to 5
transverse cross sections, has been parametrized ®8liRk [ __—" e
has not been measured with precision better thdi00% at i = o 01&"" oS T
. 2 . . . . ». ' o o
high x and moderat®“, which introduces an uncertainty in x
Fﬂ;]analyas' This quantity will be measured at Jefferson Lab FIG. 2. Kinematical regions covered by the fixed target experi-

ments discussed in the text. Notice that data are available up to
Q?~200 Ge\f in region C and that the maximum value @2
=30 Ge\ is chosen in the figure for the purpose of better eviden-
Q2 tiating the resonance region and of keeping at the same time an
oM’ () sensemble” picture of the data.

The elasticF, may be expressed as

GPX(Q?)+ QY4M3GRA(Q?)
1+ Q?/4M?

14

PWE'=

will be discussed, andrg. is parametrized as a sum of
Breit-Wigner terms to which a smooth nonresonant back-
ground is added:

where the electric and magnetic form factors of the proton
GE and G{,=uGE, have been shown to obey basically a
dipole behavior

-2 Fred W,Q%) =Fgw(W,Q?) + Fgya(W,Q?). 8
, (6)

Fera(W,Q?) depends only oW in most parametrizations,
but not in the newest ond&,24]. The Q? behavior of reso-
with M§~0.71 Ge\. This behavior approaches an nances, except for the anomalous case oftfi23], follows

0(1/Q?®) dependence &?>20 Ge\? [20,21. a 1Q* decrease of the resonance peak aboR@é
~2 Ge\?, in agreement with early dimensional scaling pre-

dictions (see, e.g., Ref25]). Early literature on the subject
_ _ _ _ is focused on the integrals @iy’ over well-defined inter-

In this section we describe our choice of “global param-ya|s of 7. These integrals have been found to decrease with
etrization,” spanning through the kinematical regions whereq? at the same rate as their correspondent quantities in the
relevant data offr, are availablgFig. 2. The elastic region pj regjon, thus satisfying a FESR consistent with the duality
is denoted(E) in Fig. 2 and is represented by a linexat jdeas of Bloom and GilmaBG) [12]. This behavior is re-
=1. produced by parameterizations of the type of Ef}.where

The contribution of resonances to the inelastic structurgne Q2 dependences of both the resonance peaks and of the
function is conventionally associated with the regi  quality integrals are consistent with ti@? dependence of
<2 GeV. This is denoted regiom] in Fig. 2. Parametri- Fs(¢), oncel is calculated at a fixeW (e.g., W=W,z)). In
zations that include resonand@?,10,2,23,2}tare generally  this paper, part of this observation is utilized in that, as ex-
of the forn? plained in detail below, the power corrections to the DI

i structure function are extracted as small scale deviations
W= Fo({)Fred W,Q%), (D from the FESR. It will be shown quantitatively how the in-

] ] ] ) tegrals defining the FESR are numerically close to the inte-
whereF s depends only on a dimensionless invariahtep-  grals defining the moments of the structure function in QCD.
resenting different choices of scaling varlable§:(1/w’ At W~2 GeV, the resonance region parametrizations
[13], {= 1w, [22], {~£[14]). In all cases{—x at highQ?, typically connect smoothly with the DI ones. DI parametri-

zations[9] reproduce accurately th@? behavior ofF, pre-
dicted by next-to-leading orddNLO) QCD evolution. We

30nly the most recent parametrizations are quoted, and their maifave classified the corresponding kinematic domains in Fig.
features highlighted. For details, we refer the reader to the refer2 as region B) for W=2 GeV andQ?<10 Ge\? and re-
enced papers. gion (C) for W=2 GeV andQ?=10 Ge\?, according to

B. Parametrization of F, in the resonance region
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FIG. 5. Proton structure function in regio). The NMC data

i i ; 2
FIG. 3. Proton structure function in regiorA). Q“ for the are forx—0.35.

SLAC data is between 4 and 5 G&¥ndx is between 0.55 and
0.95.
are from older SLAC experimentdor example,[22,27)
the availability of parametrizations from different sets of which have no better than 5% precision. However, there do
data, as explained below. Here, K@) is dominated by the exist a few newer and higher precision daf&2,3,24,28,29
smooth functionFg and ¢ is identified withx. Figure 2 also  sets in this region. In regionsAj and B), several param-
shows the kinematic domairDj which corresponds to the etrizations are available. In Figs. 3 and 4, four models are
very lowx (x<0.2) region. The region on the largeside of  compared with data obtained from SLAC: two parametriza-
the dashed line in Fig. 2 represents a kinematic region fotions obtained using mainly SLAC dafa,10] and three pa-
which no data are currently available. There also exists @aametrizations obtained using world daf€TEQ4 [30],
region of very smallk where there are no data availabbe ( Martin-Roberts-Stirling MRS) [31], and New Muon Collo-
<0.00003226)). As will become clear from the following, bration(NMC) [32]].
it would be extremely valuable for the understanding both of The choice of parametrization for the higland moderate
power corrections and more generally of the physics at th€? region is of particular importance to this analysis, as it is
border between PQCD and nonperturbative QCD, to perfornmere that the higher twist effects are expected to be largest.
actual measurements in these regions. For this region, we utilized a new global fghown in Fig. 3
An overview of world parametrizations in the kinematic to all inclusive data from SLAQ [2,24]). This is the only fit
regions A—D are shown in Figs. 3 to 6 compared to data. Iravailable which represents the entire three decades of data
the largex and moderat®? region (A), the bulk of the data available from SLAC and it has predicted within a few per-
cent the new Jefferson Lab cross sections which are typically

L I e e B L L L
0~38: ‘ 0.5 T T T T T T T T T
0.36 [ ] 048 F = NMCDATA .
034 [ ] 046 - — CTEQ .
. ] - NMC };
0.32 b ]

o
= ] ]
0.3 b T
0.28 . = .
0.26 | . -
024 [ § . 3
022 | 3 ]
02:.l...|...|...|...|H.|...|...|...' 0‘32'_55 J
“ 4 6 8 10 12 14 16 18 20 ; ]
2 2 [ 1 1 1 1 1 1 ! 1 1 ]
W (GeV?) 0324 s L1012 14 16 18 20
Q" (GeV?)

FIG. 4. Proton structure function in regioBY. Q2 for the
SLAC data is between 1.1 and 2.3 Gedhdx is between 0.06 and FIG. 6. Proton structure function in regioD). The NMC data
0.45. are forx=0.05.
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an order of magnitude more precise than any inclusive mea- 0.7 g : Dy T (o) 3
surements available in this regi¢h6,28. To develop this 0.6 E. 3
reliable global model of inclusive resonance electroproduc- 05 3

tion, some of the much older data were reanalyzed and cor- §0.4 = 3
rected where applicable to reflect, for instance, more thor-  Zo3 . ™. 3
ough radiative corrections and normalizations to accurate E
deep inelastic data. The fit was constrained to smoothly
match the Whitlow( [10]) fit to deep inelastic data through- : . R v
out the similar moderat®? range. The behavior of the struc- 1 Q* (GeV?) 10
ture function as a function a@? for different values ok in 07

regions C) and (D) is shown in Figs. 5 and 6. The curves :
were obtained using different existing modg36—32. Here,

el S

the SLAC models are no longer valid. It should be finally :g'i :
noticed that the bulk of data df has been obtained for the Eo.s :
kinematics of regions@) and (D) where several experimen- ‘°0'2 :
tal results overlap. o b
: 0F '
C. Target mass corrections 1 Q* (GeV?) 10

At large enough values &% andQ? (i.e., in regions B—D o
of Fig. 2), QCD provides a clear and rigorous description of FIG. 7. Percentage contribution of TMC to the structure func-
the physics that generates tQ? behavior of the nucleon tion moments, calculated according to the models discussed in the

structure function. At leading twistLT), it is possible to text. For a clearer presentation, all models discussed in the text are
; ' - compared ina) whereas inb) n=6 we show only the Nachtmann
relate the moments of orderof the structure function, contribution along with theM4/Q* term discussed in the text. For

1 comparison, we plot also an estimate of the HT contributions which
M,(Q?)= fo dxF,(x,Q?)x" 2, (9) s of the order obtained in our analysisee Sec. Il

assess the feasibility of a perturbative QCD based extraction
of the higher twist terms in the kinematical regime accessible
at Jefferson Lab, we take into account TMi., the kine-
matical power correctiondy evaluating the Nachtmann mo-
gents ofF, [35]. In this way, the magnitude of the dynami-
cal power corrections obtained in our analysis can be
compared unambigously to the results of other recent extrac-
tions using the same prescriptiptb]. The theoretical uncer-

ture is no longer attainable. Because of the occurrence c}?mt'es in t!?e determlnatlon of TMC are incorporated in a
finite target mass terms, one can no longer make a one to Onéheoretlcal systematic error. Nac';“m;"‘”” moments take
correspondence between tha™*moments of the structure Into account TMC at all orders i /Q [35] They are

function and the spin of the operators in the operators proger'v6d assuming on-shell quarks. Their expressiorfos

ducet expansiofOPE). Both kinematical power corrections,

to products of the matrix elements of sgiroperators calcu-
lated at a scalg.? times the Q2-dependentWilson coeffi-
cient functions. Th&? dependence of such functions is cal-
culated by solving the well-known renormalization group
equations. Moreover, there is also a clear connection with th
language of the parton model and Bjorkenlearly emerges
as the correct scaling variablsee[5,6)).

WhenW— M, the simplicity of the aforementioned pic-

or TMC and dynamical power corrections have to be simul- MN(Q2) = 1dX§n+l
taneously taken into account and the expression for the mo- " “Jo X3
ments becomel33]
3+3(n+1)r+n(n+2)r? F.(x.0%)
in o M? n+2)(n+3 20650,
MA(Q%)=MET(Q2)+5(Q2)— (n+2)n+3)
Q 1D
(02 1 4 where
+Hy(Q )§+O(1/Q )+, (10
amx2| 2x
The kinematical power corrections cannot be handled in a r=|1+ and é= ——. (12
completely model independent way because of the off- Q? 1+r

shellness of the quarks participating in the scattering process.

This limits the extent to which kinematical and dynamical In order to show the behavior of TMC in the region of inter-

power corrections can be extracted separately from experest and to test the relevance of possible off-shell contribu-
mental data, in particular, in the lo®? andW regime ad- tions, in Fig. 7 we present the percentage contribution of
dressed in this paper. We will fully address this theoreticaTMC calculated according to different models. This is de-
point in a forthcoming papef34]. Here, as our goal is to fined by the ratio
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SM  M,—MIMC¢ coefficients as defined in Eq14). Moreover, there is no
Mo M (13 intrinsic reason why such cuts should be applied. Our main
n results are in fact that i the resonance region can be included

M;I]’MC includes target mass corrections avig is the in the PQCD analysis by using moments and the phenom-

moment defined in Eq9). The TMC calculations in Fig. 7a enolgical observation of BG duality, and i the resonance re-

are from Ref[35] (full line), MT™C being also defined in Eq gion, one obtains a much larger value of the HT coefficients
o : " than in previous analyses.

(11), and from Ref[36] (dashed and dot-dashed lineghe ; .

latter retain theM2/Q? term (dashed ling and theM*/Q* In the following sections, we present results from a new

(dot-dashed lingterm in the power series defined in E0) analysis based on the moments of the structure function. By

[37], thus, avoiding the well-known problem of the unphysi- using moments, it iz poss(ijble to igtegra(;e data directly with

. ' I - no assumptions and we do not depend on any assumption
cal threshold at=¢,=2/(1+J1+4M2/Q9)<1x=1 (see . . .
discussion ir[SSESQg)‘? It is( clear that at |((?)V\)Q2 the p(()wer underlying the choice of curve which crosses the Mive-

expansion form of TMC cannot be applied because of th%mn including the resonance peaks. At the same time, as can

large size of the expansion parameter. We also present qe seen from the definition in E(P), the importance of the

Qrgex region is weighed by considering moments of in-
estimate of the off-shell corrections obtained following the . . . .
model of Ref.[33] for the nonsinglet caséstars: this con- creasingly large. This analysis provides a clearcut approach

tribution is sensibly larger than the Nachtmann moment on(%Or disentangling the different power corrections: the TMC,
for Q?<3 Ge\. Finally, all of the above “non-QCD” r kinematic corrections, and the dynamic corrections gener-

; . ) ted by multiparton interactions. We also obtain a constraint
Q?-dependent corrections are compared with an estimate y P

. . ) n the LT parton distributions used as input for QCD evolu-
:Eg gg?;srgg?:ei?vgsgtfgnr:ﬁcéligm?(tgevlemsehg\)/(vtrt?](:%i:ge)rrﬂ tion at largex and largeQ?. This result provides an alterna-
. - . T . 2 : . . _
age contribution from the Nachtmann moment along with th five to approaches utilizing it ad hoc lo@ input distribu

. : N Nions, constructed in such a way that after evolution, they
approxmated.form of Re{36] and the estimated _dyn_amlcal agree with higheQ? data. Although large variations in the
power correction at a larger value mfOur conclusion is that

TMC can be separated from the dynamical power correction!sargex tail of the valence quark distributions at lo@” do

. ; e . - ot influence the distributions at the larg@f values where
provided the uncertainty which is introduced in the theoreti- P i
cal evaluation of TMC is properly accounted for by a “the- thebsbtglnkt'glf d;t.gt.l'oig alirgo?arG:\g’( thzei/ 1rgiggtel\?za)1d ;0
oretical” systematic error. This procedure can be applieqSu 1al vanat y arg Q™= '

when the systematic error is small compared to the magnir—eglme now accessible at HERA.

tude of the power corrections i.e., @=3 Ge\? andn
<8. lll. EXTRACTION OF THE HIGHER TWIST

COEFFICIENTS

where

Having accounted for TMC, one can write a twist expan-
sion form for the moments defined above which schemati-

cally reads In this section, we discuss in detail our analysis of the
large x behavior of the proton structure function and of the
72(n) coefficients of the power corrections. Since we are mainly
Mn(Q?)=M7°P(Q?) + —ZAEZ)(QZ) interested in the large region, we concentrate on the flavor
Q nonsinglet(NS) part of the structure function that is known
Y4(n) to dominate largely the moments B8 for n=4 [40]. The
+ —4Af14)(Q2)+---, (14  Q? dependence of the NS moments at NLO in the modfied
minimal subtractionMS) scheme, is predicted to be
where we define; °“P(Q?) as the LT part. The?(n) and B " RYS(Q?)
¥*(n) coefficients are to be determined by experiment, and MN(Q?)=MNYIn(Q%/A?)] % (1+ %)
the A®¥(Q?) are (to this date unknownperturbative coef- Boln(Q/A%) 15

ficients of the power correction ternisee howevef11]).
The determination of the size af(n) has been the sub- where RNS(QZ): RNS_ Bl/ﬂodNSm IN(Q¥/A2) jos Bo.B1
n n n ) ) 3 )

ject of many investigations and it is a primary goal of thea ddNS= 1y, /28, are calculated constantsee[6] and ref-
present paper. The main obstacle to an accurate extraction 8Fencnes thgre)ngl'he NS anomalous dimensions are e
this quantity from data is thad(1/Q?) and higher terms are For our purpose, it is convenient to writd1]

largest at largex and low Q? where the cross section is PUTPOSE, ’

determined largely by resonanoesee Fig. 9 if39]), which NS/ ~2y7—1/d\S 2_ 2\ (i

are in principle entirely nonperturbative effects. Two impor- [Mn QT 2x(In Q%=In A%)(higher order term)(slG)
tant QCD-based quantitative analyses including the reso-

nance region are ifL4] and in[39]; other recent extractions A plot of Eq. (16) vs In Q2 shows that(i) LO PQCD behav-
of higher twist corrections do not include the resonance reior is given by a straight line with possible small corrections
gion. For example, the analysis 5] considers cuts at  from higher order terms; andi) large deviations from a
=0.75, corresponding t®W=2 GeV. By applying these straight line at lowQ? can be mainly ascribed to power
cuts, one might underestimate the size of the higher twistorrections.
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FIG. 8. Cornwall-Norton moments. The inset represents theQdwegion.

In order to calculate the moments, one needs to integratthe Q2 considered. A:1 increases, the contribution of the
the proton structure functioft, in the entire region €Xx  smallx domain becomes less importaietss than 1% fon
<1. Additionally, to obtain th&)? dependence of these mo- —g andx;im,=0.2). The highx region is more important for
ments, the integrals should be calculated at diffe@hfor  higher moments. The region aboxe 0.7 contributes about
the same 0 to 1 range i This implies that reliable data or 15% forn=4 and less than 5% fan=2. The elastic con-
parametrizatiofs) of available data are available which tribution (x=1) was not included in the integrals; it is is
cover a wide range of both momentum transfer as well asnore important for loweiQ?(6% of M, for Q?=2.6 and
0<x<1. No single experiment covers these rangesamd  only 0.3% forQ?=10).

Q? simultaneously. Therefore, reliable parametrizations are To select the best structure function representation for the
needed to obtain the integrals in E¢®) and(11). There are whole kinematic domain required to evaluate the QCD mo-
at present several parametrizations of the structure functioments at differenQ®s, we divided the X,Q?) space into
(summarized irf9]), where mostly deep inelastic data were Several regiongFig. 2): (A) the resonance region d?
used. The highx, low Q2 region, the resonance region, is €(0.5,10.0) GeVxe (0.2,1.0), and\?<4.0; (B) the DIS

poorly represented. low Q? region of Q% (05,10.0) GeVxe(0.2,1.0), and
To estimate the contribution of variousregions to the ~W>4.0; (C) the DIS highQ<, Q“>10.0 GeV; D) the low
moments, let us define two additional integrals: X region ofx<<0.2; and E) the elastl'c scattenng regiom,
=1.0. The structure function for regioit), elastic scatter-
1 ing, was obtained using the Gari-Knpelmann parameter-
ln(Xjim,1) = dx Fy(x)x""?2 (17)  ization for the proton magnetic form factGry, [42] and the
Xiim dipole parametrization for the proton electric form factor

Geg,- Regions A) to (D) are described in Sec. Il. In this
analysis, we use the SLAC moddl2,10], solid lines in Figs.
. 3 and 4 for regions @A) and B) and the NMC parametriza-
|n(0,Xnm)=f ™ i F,(0X""2, (18) tiog [(g;,] the dashed lines in Figs. 5 and 6 for regiod (
0 an .
Using the parametrizations outlined above and E@s.

In Fig. 8 we show the ratiol ,(0X;n)/M, for the and(11), we obtained the moments in Figs. 9 and 10. The
Cornwall-Norton moments &@2=10 Ge\? and several val- insert in both figures represents the IQ%(Q?<5 Ge\?)
ues ofn. From this plot, one can see that the lower momentsehavior of the moments. F®?=20 Ge\?, the moments
are very sensitive to the low region. For example, fon  depend linearly on IQ? as expected from Eq15). In the
=2, thex<0.2 region gives about 50% of the moment for low Q? region, we observe a deviation from this linear de-

and
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pendence, due to higher twist effects. This deviation is less
pronounced in Fig. 10 where the target mass effects have M, (Q?) ™ Yh=MPRCB(Q?2)~n

PHYSICAL REVIEW [B0 094001
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FIG. 9. Nachtmann moments. The inset represents theQdéwegion.

been accounted for as described in Sec. Il.

Based on Eq914), (15), and(16), we used the following

expression to fit the moments in Figs. 9 and 10:

1,EN(Ox,,,) / M,ON (%)

120
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80

40
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I " AvoO |
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Xjim

FIG. 10. Highx region contribution to moments.

Yy

2 P3) ~Hen

(19
where

2

MEQCD(QZ)—l/dn: Plln(Q_

e (1+h.0) ¥ (20

Equation(19) corresponds to the approximatid?)~A(»
~MPRCPin the twist expansiofil4), which we define as the
factorized form We adopted this approximation in order to
be consistent with previous evaluatiofi$3] in n-space and
[15] in x-spacég. P1,P2, andP3 are (-dependentparam-
eters which can be obtained by fittimg,(Q?) as a function
of InQ? A is also a parameter of the fit centered around 250
MeV, in agreement with previous result$5,31]. The first
term,P1, is determined by the higQ? region where PQCD
effects are dominant and the higher twist effects are negli-
gible. The other termsP2 and P3, can be related to the
higher twist effects. We stress again that the main point of
this paper is to underline the importance of the resonance
region in the determination of the HT coefficients and to
define an approach to incorporate it in the analysis. A more
detailed analysis showing, e.g., results using different models
besides the one in E¢L9) will be presented elsewhefd3].

The results of the present fit are given in Tables | and 1.
In order to fix the highQ? behavior of the moments, we first
fit the leading term in Eq(19) for n=3, 4, 5, 6, and 7 for
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TABLE |. Leading order term1) and higher order term$@ TABLE Ill. Higher order terms P2 andP3) in Eq.(19) for the
andP3) in Eq. (19) for the Cornwal-Norton moments. The uncer- Cornwall-Norton moments with a lower cut @=2.0 Ge\’.
tainties quoted are results from the fit. Notice thatrtdependence

of the parameters has not been subtracted. n P2 oP2 P3 6P3

n PL 5Pl P2 sP2  P3  6P3 s 0.02 0.03 1.84 0.12
4 0.33 0.04 4.69 0.19

3 21.66 0.18 -0.14 0.04 3.06 0.50 5 0.46 0.05 10.57 0.29

4 27.46 0.25 -0.15 0.06 9.58 0.67 6 0.36 0.07 20.90 0.43

5 31.34 030 -0.31 0.11 19.75 1.04 7 1.97 0.08 30.87 0.60

6 34.31 035 —0.65 0.10 33.50 1.25

7 36.73 0.40 1.54 0.11 35.50 1.42

P1 determined from Cornwall-Norton moments should be
comparable td®1 determined from Nachtmann moments be-
Q? between 20 and 75 GéVTo verify the stability of the cause TMC effects are small in t@? range. This is verified
fit, we varied the lowQ? limit from 20 to 40 Ge\V.. The in Tables | and II.
dependence d?1 on this lowerQ? limit is shown in Fig. 11. The TMC effects become important for <Q?
The two termsP2 andP3 were obtained by fitting the <10 Ge\?, where we extract the higher twist coefficients
moments including the lovQ? region (2 to 10 GeV). In P2 andP3. In this case, we expe®2 andP3 extracted
Table | we present our values for all three parameters for théeom the Cornwall-Norton moments to be larger than those
Cornwall-Norton moments, whereas in Table Il we presenbbtained from the Nachtmann moments since, in the latter
Nachtmann moment parameter values with TMC subtractedase, the TMC effects are taken into account. Having the
according to the procedure described in Sec. Il. These valuesame 102 behavior, TMC effects and higher twist effects
correspond t@ﬁﬂn:4 Ge\?, a value that we will discuss in cannot be separated using Et9). This expected behavior is
Sec. IV. BelowQ?=2 Ge\?, Eq.(19) does not reproduce observed folP2 andP3 in our analysis. In the present analy-
the data very well; the moments turn upward and the contrisis, P2 is occasionally negative. As noted in Refl], there
butions from the 1)? and 1Q* terms do not reproduce this is noa priori theoretical constraint that will forcB2 to be
feature. In this very lowQ? region, the twist expansion as positive.
given in Eq.(14) is likely to break down. The introduction of In order to compare our results to previous efforts, we
a fourth term in Eq(19), P4/Q®, improves the fit, but the choose a model for the dependence. Namely, we assume in
uncertainty on P4 is large. the factorized form of Eq(14) that:

IV. DISCUSSION OF NUMERICAL RESULTS 2(n)=n7, and y*n)=n%y* (21

In this section we discuss the coefficients obtained by
fitting the moments ofF8 with Eq. (19). Our results are We do not however require{y*) to equal i7%)?, differing
shown in Tables I-1V. Tables | and Il include data with a from [14]. Equation(21) corresponds to the dominance of
minimum Q2 cut of 4 Ge\?, the value at which the depen- two-fermion diagrams over four-fermion diagrams in the
dence of the parameters on such a cut becomes negligiblevaluation of higher twists contributioh$4,44. Itis used in
Results in Tables Ill and IV correspond to a minim@3  many of the previous extractions using momei,41] and
cut of 2 GeV, which, as explained above, is a minimum it is also consistent with some of the extractions using the
value for which our QCD analysis is applicable. The errors structure functior{15] directly because it corresponds to an
5P1, 5P2, andSP3, are obtained from the fit, assuming a anti-Mellin transform behavior of the type1/(1-x). Itis
3% uncertainty for the calculated moments. This uncertaintymportant to notice that all of the quoted determinations do
is based on the accuracy of the data from which the differenfiot include theO(1/Q”) terms.
parameterizations were obtained, and is comparable to what Within our choice for then-dependence, we obtain?
was used in pre\/ious papd{f@r examp|e1[1_‘]_])_ =0.06+0.02 andy4=0.30i 0.07, where the average over

As mentioned aboveP1 is determined by the hng.2 forn=4-7, is taken anQanin=4 Ge\A. With a lower cut in
data and is related to the logarithmic scaling violation. Thus,

TABLE IV. Same as in Table lll, but for the Nachtmann mo-
TABLE Il. Same as in Table I, but for the Nachtmann moments. ments.

n P1 oP1 P2 oP2 P3 6P3 n P2 oP2 P3 oP3

3 21.87 0.19 -0.55 0.06 4.38 0.66 3 —0.24 0.03 1.54 0.11
4 27.05 024 -0.01 0.03 4.50 0.80 4 0.33 0.04 161 0.15
5 30.42 0.27 0.28 0.08 6.72 2.10 5 0.80 0.05 2.38 0.21
6 32.94 0.30 0.40 0.10 11.24 1.70 6 1.21 0.06 3.79 0.27
7 36.80 0.40 0.41 0.11 17.77 1.80 7 1.60 0.07 5.86 0.36
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FIG. 11. Leading order ternR1 in Eq.(19) as a function of the minimur®? used in the fit.
Q2 Q2%,.=2 GeV?, we obtain: 72=0.20+0.02 and y* (3) Virchaux, Milzstajn[15]: In this work the structure

=0.11:+0.01. Our choice for the range imis determined by ~functions are fitted rather than the QCD moments. The form

the lowest value at which we can disregard the singlet conused for this fit is
tributions without introducing a large systematic uncertainty
(i.e., n=4), and by the highest limit(i.e., n~7-8) for
which the higher twist terms satisfy the conditioms?/Q?
<1 andn?y*/Q*<1 at all values of)? considered14]. We
were also careful that the region_ where experimental data 3 Fhe data used for the fit did not include resonance region
missing(see Fig. 2 did not contribute sen5|bly. data. The coefficien€; varies between-0.1 forx=0.07 to
Once the PQCD parameteRs andzA are fixed, Xve ob- 4 25 for x=0.75, i.e., it has a sharp increase wihBy
serve a correlation between t¥1/Q%) and O(1/Q) pa-  caicyating the Mellin transform of Eq23), we obtain a
ramgters:P%Enr and P3=n"y", respectively. We obtain ihar constant behavior of the coefficiefit with n, aver-
consistenty? values both with a rather small value of and aged around 0.1 GéV/We quote no error bar for this value
a large value ofy* atQp;,=4 GeV?, and with a larger value e 1o the large systematic uncertaintyxat0.75. '
of 72 and a consequently diminished value gt at QF, (4) Ji, Unrau[11]: The form for the twist expansion is
=2 GeV. again Eq.(14). In this paper only the twist-4 terms were
As stated in Sec. Il, there exist a number of investigationsijited. The results forJ72 ranged from 0.26 GeV to
of higher twist effects in inclusive scattering data usingg g9 Gev when the order of the moment varied from 2 to
PQCD based approaches. The primary assumptions in thegg No error bars are given.
analyses are summarized below and, Where appropriate, rel- (5) Cothran, Day, Liuti[45]: This is the first attempt to
evant numerical values are compared with the results of thgyiract higher twist terms from inclusive electron scattering
present WOfk_- ) ) ] ) data for large nuclei. DI electron-nucleus data can be ex-
(1) De Rujula, Georgi, Politze[14]: The twist expansion  tended more easily to larger valuesxofThe moments were

for the Nachtmann moments corresponds to the factorizegeq using Eq(19) up to order 102 and the mass parameter
form, with ann dependence as in E@®1). The PQCD analy- .2 is 0. 2+0.07 Ge\ in the rangen=4-7.

F5T(x,Q%)=F5"(x,Q% (23)

Ci
1+§ .

H 2
sis was performed up tZO.LO and only th¥1/Q) term was Although other analyses exist, we selected the ones that
included. The value of” is ~0.16 GeV. No uncertainties  gjjowed a significant comparison with our approach. For a
are quoted in this paper. o more extended list of previous works, J&].
(2) Pennington, Rosf41]: The form for fitting the mo-
ments is:
V. CONCLUSIONS
2
M, (Q%)=MQCP(Q?)| 1+ nr (22) Our analysis of the QCD moments of the structure func-
n n Q? tion properly includes the resonance region, takes care of

spurious kinematic effects such as target mass corrections,
which is essentially Eq19) up to the order 1p?. The value  and keeps a low minimum value §?~2 Ge\2. We con-
for 72 is ~0.03° 322 Ge\2. This result, represents one of the clude that:(i) power correction terms up to orderQ are
first quantitative analysién addition to the early evaluation important, but higher order terms may be disregarded. This
of [39]) studying the correlation between the PQCD param-indicates that a quantitative, QCD based analysis is possible.
eters and the higher twist coefficierisee also Refl40]). (i) Further, the values of the higher twist coefficients ex-
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tracted are much larger than those obtained when cuts on loimvestigations on the largebehavior of the proton structure
invariant mass data are applied. A larger value of th@?1/ function.

coefficient is observed in analyses of the type of Rpf5]
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