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Isospin dependence of power corrections in deep inelastic scattering
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We present results of a perturbative QCD analysis of deep inelastic measurements of both the deuteron and
proton structure functions. We evaluate the theoretical uncertainty associated with nuclear effects in the deu-
teron, and we extract simultaneously the isospin dependence of~i! the higher twists terms,~ii ! the ratio of the
longitudinal to transverse cross sections,R5sL /sT , and ~iii ! the ratio of the neutron to proton structure
functions,F2

n/F2
p . The extraction of the latter, in particular, has been at the center of an intense debate. Its

accurate determination is crucial both theoretically and for the interpretation of the more precise neutrino
experiments including the newly planned high intensity 50 GeV proton synchrotron.
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I. INTRODUCTION

Deep inelastic scattering~DIS! experiments provide the
most accurate measurements of the strong coupling cons
aS , at intermediate scales. They are also the main sourc
information on the parton distribution functions~PDFs! in
the proton and neutron. The precision with which both
these quantities are known reflects directly into the precis
of calculations of the cross sections for all other hard sc
tering processes. An accurate determination of these, in t
plays a key role both in the extraction of possible contrib
tions of new physics at new collider energies, and in
interpretation of the forthcoming high precision experime
using neutrino beams@1#.

Both as and PDFs are not directly observable and th
need to be extracted from the DIS data according to so
procedure. A number of uncertainties affect the analysis,
lated to both the perturbative QCD~PQCD! series—
inclusion of higher orders, threshold resummation effect
and to corrections that are nonperturbative in nature—ta
mass corrections~TMC!, dynamical power corrections, an
nuclear effects in the case of the neutron structure funct

It is therefore mandatory to be able to control the size
these uncertainties by introducing a systematic, well tes
method of extraction in which possible ambiguities can
properly gauged. While analyses along these lines exist
the proton structure function~@2# in the DIS region and@3# in
the ‘‘few GeV’’ or resonance region!, an accurate and com
plete treatment of the neutron structure function is still la
ing. This paper is devoted to the application of a newly d
veloped method to determine the isospin dependence o
nucleon structure functions~SFs!. With the analysis pre-
sented here we hope to contribute to the interpretation
both recent data and new experiments, by providing a qu
titative measure of the space in which PQCD based cor
tions and nuclear effects can be wiggled.

*Electronic address: alekhin@sirius.ihep.su
†Electronic address: kulagin@ms2.inr.ac.ru
‡Electronic address: sl4y@virginia.edu
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For our analysis we use the extensive DIS measurem
that exist for both proton and deuteron targets in a w
range of kinematics with the exception for the very largex
region where fewer data sets exist, mostly at low values
the final state invariant mass,W2, in the region of nucleon
resonances~more experiments are, however, being plann
that will cover the largex DIS region in forthcoming pro-
grams at Jefferson Lab@4#, and at neutrino facilities@1#!.

In QCD, different contributions to the DIS structure fun
tions can be written using the operator product expans
~OPE!, by ordering them according to their twist,t (t
5dimension2spin) @5#. The leading twist~LT! contribution
~with t52 in DIS! is directly related to the single particl
properties of quarks and gluons inside the nucleon, the PD
The higher twist~HT! components (t54,6,... in unpolarized
DIS! involve interactions between quarks and gluons in
nucleon and they are suppressed by terms of or
1/Q2,1/Q4,..., respectively. In phenomenological studie
the PDFs are extracted from QCD global fits. Accurate
tractions use data with sufficiently highQ2 and invariant
massW2, where both target mass and HT corrections
expected to be very small. QCD fits can now be performed
orderaS

3 @next-to-next-to-leading order~NNLO! approxima-
tion#. If the data encompass a large range inQ2, higher order
corrections as well as HT effects need to be taken into
count simultaneously.

In a recent series of papers@2# a proper choice of the
statistical estimator allows one to propagate all experime
error into the uncertainties in the PDFs. Because of the
tistical efficiency of this new estimator, the overall syste
atic error on the PDFs is sensibly reduced with respec
previous analyses based on simplified estimators. With a
ter determination of systematic experimental errors in ha
one can address in detail the sources of theoretical err
Theoretical uncertainties are in principle an elusive conc
as by definition they refer to quantities that have yet to
calculated. Uncertainties/ambiguities of this type and inh
ent to the PQCD analyses are due to:~i! the impact of the
higher order QCD corrections;~ii ! the HT terms;~iii ! target
mass corrections~TMC!; ~iv! heavy quarks masses an
threshold values; and~v! the form of the initial PDFs. These
©2004 The American Physical Society09-1
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questions were addressed in detail in the analysis of@2#,
where the DIS cross sections were fitted by including b
the LT terms calculated from the PDFs evolved to the NN
QCD, and the twist-4 terms, evaluated separately for the
ton and neutron structure functionsF2 andFL . The fact that
the cross sections data were fitted instead of the data oF2
allowed for a better determination ofFL , which in @2# was
obtained iteratively. In summary, the analysis of@2# shows
that theoretical uncertainties from the PQCD series are un
control, and that, due to the new estimator, all extrac
quantities can be determined with smaller errors than in p
vious analyses.

An additional uncertainty is, however, present in analy
of the isospin dependence of both PDFs and the HT term
that the neutron structure functions have to be extracted f
nuclear data. The main thrust of our analysis has bee
make a thorough assessment of the impact of nuclear co
tions on both the LT and HT terms. Here, in particular, w
focus on the isospin dependence of the HT terms. Deta
results on both the ratioF2

n/F2
p and onR5sL /sT will be

presented in a forthcoming paper@6#. In our analysis we use
the deuteron data where uncertainties are expected to b
better control. We address uncertainties arising from:~i! Dif-
ferent models of nuclear effects, we highlight in particu
the differences with using the extrapolation@7# of the nuclear
density model of the EMC effect@8#; ~ii ! different deuteron
wave functions derived from currently available NN pote
tials, giving rise to different amounts of high momentu
components; and~iii ! the interplay between nucleon of
shellness and TMC in nuclei.

This type of analysis would affect a number of other o
servables obtained from scattering experiments using n
soscalar targets. In particular this is important for the int
pretation of both existing accurate neutrino experimen
data @9# and forthcoming low energy neutrino experimen
@10# using nonisoscalar targets, as nuclear effects are tre
similarly to the method shown here for electron-nucleus s
tering.

In addition to its practical purpose, a quantitative determ
nation of the isospin dependence of the HTs contribution
of theoretical interest in understanding the nature of po
corrections. On one side, infrared renormalons~IRR! have
been suggested as a method for estimating the contribu
of power corrections to the cross sections for a numbe
hard processes~see@11# and references therein!. Based on
this hypothesis the calculations in@12,13# have predicted the
x dependence of the coefficients of the HT terms for bothFL
and the valence and singlet contributions toF2 . On the other
hand, some models exist that predict a sizable isospin de
dence of the HT terms. This has been suggested for inst
in models that interpolate between partonic and nonparto
degrees of freedom at lowQ2 as in @14# ~a smaller effect
seems to occur, however, in the predictions for the HT is
spin dependence in@15#!. A large effect of about a factor of 2
for the ratio of the neutron to proton HT terms was a
predicted based on quark counting estimates in Ref.@16#.

A thorough analysis of the isospin dependence of H
might therefore help disentangle predictions of differe
models, by investigating, for instance, whether the onse
11400
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‘‘flavor-blind’’ power corrections from IRR occurs at a dif
ferent scale than for other dynamical ones.

In what follows, we present our results for each quant
along with a discussion of the nature of the nuclear effe
and the extraction method. In Sec. II we present the gen
formalism and definitions. In Sec. III we discuss the con
bution of nuclear effects. In Sec. IV we outline the extracti
method and we present our results. In Sec. V we disc
some phenomenological applications of our analysis. Fina
we draw our conclusions in Sec. VI.

II. DIS FORMALISM

The inclusive DIS section of unpolarized charged lepto
off an unpolarized nucleon or nuclear target is fully det
mined by the spin-averaged electromagnetic tensor of
target, which can be parametrized in terms of two invari
structure functionsF1 and F2 ~we ignore a small contribu-
tion due to neutral currents!

Wmn~p,q!5
1

8p (
s
E d4z exp~ iq•z!

3^p,su@Jm
em~z!,Jn

em~0!#up,s&

52g̃mnF11
p̃mp̃n

p•q
F2 , ~1!

where Jm
em is electromagnetic current, andp and q are the

target momentum and four-momentum transfer, respectiv
In order to simplify notations, we denote

g̃mn5gmn2
qmqn

q2 , ~2!

p̃m5pm2
p•q

q2 qm . ~3!

The normalization of states adopted here is^pup8&
52p0(2p)3d(p2p8) for both the bosons and fermions
With this normalization the structure functionsF1,2 are di-
mensionless. They depend on two invariant variab
namely the Bjorken variablex5Q2/2p•q and the four-
momentum transfer squaredQ252q2.

The differential cross section in terms of the structu
functions and standard variablesx andy5p•q/p•k, wherek
is the incoming lepton four-momentum, reads

d2s

dxdy
5

4pa2

Q2xy
F S 12y2

~Mxy!2

Q2 DF21
1

2
y2S 12

2ml
2

Q2 D FTG ,

~4!

wherea is the electromagnetic coupling constant,M is the
nucleon mass,Q252xyp•k, andFT52xF1 .1

1We keep the lepton mass in Eq.~4! for the sake of completeness
Although this term is negligible in electron scattering, we take
into account in our analysis of muon data.
9-2
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In QCD the contributions from different quark-gluon o
erators to the electromagnetic tensor and to DIS struc
functions are ordered according to their twist, leading to
expansion in inverse powers ofQ2:

FT,2~x,Q2!5FT,2
LT ~x,Q2!1

HT,2~x,Q2!

Q2 1O~1/Q4!. ~5!

This expansion applies to both the proton and neutron st
ture functions, we have suppressed the indices for simplic
The first term is the LT contribution andH1,2 are the HT—
twist-4—contributions. Furthermore, if a finite mass for t
nucleon target is considered, new terms arise in Eq.~5! that
mix operators of different spin, leading to additional pow
terms of kinematical origin, the so-called target mass corr
tions. In the approximation thatx2M2/Q2 is small, the TMC
series can be absorbed in the leading twist term@17#.

The separation of LT, TMC, and dynamical HT from th
data is not straightforward as witnessed by the numbe
studies dedicated to it since the initial formulation of t
problem in the 1970s@17,18#. In what follows we define the
LT, TMC, and HT contributions to the structure functionsFT
andF2 . The formalism for nuclear DIS is discussed in Se
III.

A. Leading twist

The LT part of the structure functions is related to t
PDFs,pi(x,Q)—the indexi refers to the different types o
quarks and antiquarks, and to the gluon distribution—vi
convolution with perturbatively calculable coefficient fun
tions CT,2

i :

FT,2
LT ~x,Q2!5 (

i 5q,q̄,g
E

x

1 dz

z
CT,2

i @z,aS~Q2!#pi~x/z,Q2!.

~6!

TheQ2 dependence of the PDFs is predicted by the w
known evolution equations@19#:

t
]pi~x,t !

]t
5 (

j 5q,q̄,g
E

x

1 dz

z
Pi j @z,aS~ t !#pj~x/z,t !, ~7!

wheret5Q2, aS is the strong coupling constant, andPi j are
the splitting functions.

The coefficient functions have been calculated to NN
@20#. The splitting functions are known to NLO, and only
limited set of Mellin moments are evaluated to NNLO@21#.
Although estimates of the fullx-dependence of the splittin
functions in NNLO approximation are available@22#, in our
analysis we use theMS NLO QCD approximation with the
renormalization/factorization scales chosen equal toQ. The
NNLO variant of our fit is used to estimate the uncertain
due to higher orders. Largex resummation effects, arisin
from terms of the type@aS(Q2)ln(12z)#2k at O(as

k) in the
coefficient functions are present in principle. They have b
shown to be comparable in size to NNLO corrections in R
@23#, and to generate a further negative correction to the
coefficient of the proton SF.
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B. Target mass corrections

We follow the method of Ref.@17# where it was shown
that the TMC series can be summed up, leading to the m
fication of the LT term. Therefore, Eq.~5! remains valid with
the LT terms replaced by

FT
LT,TMC~x,Q2!5

x2

j2g
FT

LT~j,Q2!

12
x3M2

Q2g2 E
j

1 dj8

j82 F2
LT~j8,Q2!, ~8a!

F2
LT,TMC~x,Q2!5

x2

j2g3 F2
LT~j,Q2!

16
x3M2

Q2g4 E
j

1 dj8

j82 F2
LT~j8,Q2!, ~8b!

where g5(114x2M2/Q2)1/2 and j52x/(11g) is the
Nachtmann variable@24#.

It must be noted, however, that the derivation of@17# was
given in the zeroth order inaS , assuming that the targe
quarks are on-shell. Both higher orderaS corrections and
quark off-shell effects modify Eqs.~8!. It was argued in@25#
that off-shell effects lead toM2/Q2 terms which are not in-
corporated in Eqs.~8!. In addition, target mass correction
should be applied also to the HT terms in the higher or
terms in the expansion~5!. For this reason we do not con
sider 1/Q4 terms in the TMC formula, which are small fo
the kinematical range considered. Finally, TMC correctio
for an off-shell target, i.e., whenp2ÞM2, should be treated
as part of the nuclear effects and will be discussed there
in Sec. III.

C. Higher twists

The extraction of higher twist terms from the data is
longstanding problem, as recognized from the very first
velopments of a PQCD phenomenology@18,26#. HTs have
been hard to pin down for a number of reasons. First of a
connection with partonic interpretations cannot be est
lished on a one by one basis, differently from the LT co
ponents that are directly related to the PDFs. In fact the
terms are formally written within OPE as the product of c
efficient functions and hadronic matrix elements of comp
ite local operators. Not all of the matrix elements are ind
pendent, but a minimal basis can be selected after rela
them through the equations of motion@27#. Nevertheless,
even in a minimal basis, the number of independent redu
matrix elements is much larger than the number of obse
ables, e.g., the moments of the structure functions. In un
larized scattering one can single out formally the four qua
and two quarks-two gluons types of operators, correspond
in a partonic language to quark-quark and quark-gluon c
relations, respectively. The determination of the relat
scales of these contributions is at present model depend
However, it was shown in Ref.@28# that a simultaneous
analysis of bothF2 andFL better constrained the evaluatio
9-3
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ALEKHIN, KULAGIN, AND LIUTI PHYSICAL REVIEW D 69, 114009 ~2004!
of the quark-gluon term that was required to be large a
negative in order to fit both sets of data.

A practical difficulty is also in that theoretical estimates
from the simple estimate of the increase of the number
operators with respect to twist-2@26#, to more sophisticated
IRR calculations@12,13#—predict that HTs are most impor
tant at low W2'Q2(12x). In this limit, with W2

>4 GeV2, thus avoiding the resonance region, it can be e
ily shown that the logarithmic dependencies characteriz
PQCD evolution to a given order mimic the 1/Q2 depen-
dence of the twist-4 terms. A correlation between the PQ
parameters and the HT coefficients arises that has led
authors of@29# to conclude that for the structure functionF3 ,
the NNLO term and the HT corrections are, within the p
cision of current data, indistinguishable. A similar analy
was subsequently applied in Ref.@7# to F2 . It lead the au-
thors to the conclusion that HTs are highly reduced w
respect to previous determinations, even inside the reson
region.

To summarize, the results of a number of analyses of
HT contributions in DIS are still not conclusive. A join
search using a combination of predictions from hadro
models and an accurate experimental extraction seems
the most promising avenue. It is in this spirit that in th
paper we address yet another aspect of the phenomeno
of HTs, namely their isospin dependence. An isospin dep
dence of the HT terms resides entirely in their nonpertur
tive structure. In IRR models in fact the coefficients of t
HT terms are predicted to have no target dependence,
vided the radiative corrections to these terms are factored
by assuming, for instance, that they behave similarly to th
LT correspondent. An assessment of the magnitude of
isospin dependence of the HT terms provides therefor
handle on understanding their nature and more precisely
extent to which they can be described by models. In part
lar, possible scenarios about the largex structure of the pro-
ton can be investigated, envisaging coherent scattering f
multiquark composites carrying increasing momentum fr
tion at x→1 @16#.

III. NUCLEAR EFFECTS

The experimental values of the isospin asymmetries
necessarily extracted from nuclear data. Nuclear effects
well known to have an impact on such an extraction, both
the PDFs and on the HT terms~see, e.g.,@30#!. In our analy-
sis we use deuterium data. In what follows we outline o
method to correct for nuclear effects. More details can
found elsewhere@6#.

A. Fermi motion and binding effects

For largex.0.1, away from the nuclear shadowing r
gion, nuclear DIS of leptons off nuclear targets can
viewed as incoherent scattering off bound nucleons@31–36#.
The DIS cross section is given by the imaginary part of
virtual photon Compton amplitude in the forward directio
In incoherent scattering approximation, the nuclear Comp
amplitude is taken in impulse approximation by disregard
both initial state interactions and interactions between
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struck quark and the nuclear debris. The correspond
Feynman diagram is shown in Fig. 1. Calculating this d
gram and projecting the structure functions from the ima
nary part of the Compton amplitude we derive the relatio
between the nuclear and the nucleon structure functions.
the deuteron we have

FT
D~x,Q2!5E d3p

~2p!3 uCD~p!u2S 11
gpz

M
D

3S FT
N~x8,Q2;p2!1

2x82p'
2

Q2 F2
N~x8,Q2;p2!D ,

~9a!

2F2
D~x,Q2!5E d3p

~2p!3 uCD~p!u2S 11
gpz

M
D

3S 11

4x82S p21
3

2
p'

2 D
Q2

D F2
N~x8,Q2;p2!,

~9b!

where F2,T
N 5(F2,T

p 1F2,T
n )/2. The deuteron wave function

CD(p) squared describes the probability to find the bou
proton ~or neutron! with momentump, x85Q2/2p•q is the
Bjorken variable of the bound nucleon with the fou
momentump, which is given by the difference of the targe
four-momentum and the four-momentum of the specta
nucleon. Equations~9! are written for the target rest fram
and thez axis is chosen such that the momentum trans
q5(q0 ,0' ,2uqu). In this reference frame p5(MD

2Ap21M2,p' ,pz), whereMD andM are the deuteron and
the nucleon mass, respectively. The kinematical factors
Eqs.~9! result from the projection of the structure function
from the hadronic tensor. The transverse motion of the bo
nucleon in the deuteron rest frame is the reason for the
pearance of additional terms in the transverse and the lo
tudinal cross sections, i.e., the terms proportional tox82p'

2 F2

in Eqs.~9!.

FIG. 1. Deuteron compton scattering amplitude in incoher
scattering approximation.
9-4
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B. Off-shell effects

The bound proton and neutron are off-mass-shell and t
structure functions differ from those of the free proton a
neutron. The off-shell nucleon structure functions depend
the nucleon virtualityp2 as an additional variable. Therefor
off-shell effects in the structure functions are closely rela
to the target mass corrections. Target mass effects in the
shell nucleon can be of two different kinds. First, similarly
the on-shell nucleon, we have to take into account the k
matical target mass dependence due to the finitep2/Q2 ratio.
We assume that this effect is described by Eqs.~8!, where the
nucleon mass squared is replaced byp2 ~this leads in turn to
the modification of the parameterg and the variablej in the
off-shell region!. Furthermore, the dependence onp2 appears
already at leading twist@35–38#. In order to estimate the
off-shell effects in the LT structure functions we start from
spectral representation of the quark distribution~see@39# for
general definitions and@35–37# for an application to the
nuclear DIS case!:

q~x,p2!5E dsEkmax
2

~x,s,p2!
dk2D~s,k2,x;p2!, ~10!

kmax
2 ~x,s!5xS p22

s

12xD . ~11!

The integration in Eq.~10! is taken over the mass spectru
of spectator statess and quark virtualityk2, kmax

2 is the ki-
nematical maximum ofk2 for the givens andp2. The invari-
ant spectral densityD measures the probability to find in
nucleon with momentump a quark with light-cone momen
tum x and virtualityk2 and the remnant system in a state w
invariant masss.

We observe from Eq.~10! that the p2 dependence o
quark distributions has two primary sources: the one in
upper limit of k2 integration ~kinematical off-shell depen
dence!, and an explicitp2 dependence of the quark spectr
function D ~dynamical off-shell dependence!.

The kinematical off-shell effect causes a negative corr
tion to the bound nucleon structure functions and produ
an enhanced EMC effect, as first noticed in@35,36#. How-
ever, if only the kinematical off-shell effects are taken in
account the number of valence quarks in the nucleon wo
change withp2. It can be seen directly from Eq.~10! that the
normalization of the quark distribution decreases asp2 de-
creases, provided that the spectral density is positively
fined. This effect leads to an overall 1% to 2% depletion
valence quarks in the deuteron. Furthermore, the magni
of this effect increases in heavy nuclei, since the aver
shift from the mass shell of the bound nucleon increas
This observation indicates that an off-shell effect of dynam
cal origin must also be present.

Dynamical off-shell effects can be viewed as a measur
the nucleon’s deformation inside the nuclear medium. O
possible way to evaluate dynamical off-shell effects is
require the conservation of the valence quark number in
nucleon also in the off-shell region@36,37#:
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dp2 E
0

1

dxqval~x;p2!50. ~12!

This equation makes it possible to estimate the off-shell
fect minimizing the model dependence@36#. It was shown
that Eq.~12! results in a partial cancellation between kin
matical and dynamical off-shell effects@36,37#. However, the
off-shell effect in the structure functions remains an imp
tant correction.

C. Results and comparison with other approaches

The effect of nuclear corrections is illustrated in Fig.
using different approximations. The ratioR2

D(x,Q2)
5F2

D(x,Q2)/F2
N(x,Q2) was calculated by Eqs.~9! using the

wave function of Ref.@40#. The dotted curve corresponds
the standard assumption that the bound proton and neu
structure functions in Eqs.~9! are equal to those of the fre
nucleon ones. The competition between nuclear binding
Fermi motion determines the shape ofR2 . In particular, the

FIG. 2. The ratioR2
D calculated in different approximations. I

the upper panel this ratio is presented as a function ofx for fixed
Q2: Fermi motion and binding effects~dotted line!, Fermi motion
and binding effects combined with target mass corrections~dashed
line!; the full calculation including Fermi motion, binding, targe
mass and off-shell corrections is given by the solid line. The sha
area in the upper panel corresponds to the prediction of the nuc
density model of Ref.@41#. In the lower panel the ratioR2

D is shown
as a function ofW for a few differentQ2.
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ALEKHIN, KULAGIN, AND LIUTI PHYSICAL REVIEW D 69, 114009 ~2004!
depletion of nuclear structure functions atx,0.7 is due to
the effect of nuclear binding, while the rise of theR2 ratio at
largex is due to the effect of the nucleon momentum dis
bution ~Fermi motion! @31#.

The dashed curve corresponds to the results with the
get mass corrections. We notice that TMC is an import
correction at largex, as can be directly seen from Eqs.~8!.
This correction modifies the shape and the magnitude of
LT structure function at largex. This in turn leads to the
softening of the ratioR2

D at largex.
The solid curve stands for the full calculation with TM

and off-shell effect taken into account. We observe that
off-shell effect is most important in the binding region~x
between 0.3 and 0.7!, where it causes a negative correcti
to the bound nucleon structure functions.

The region of largex corresponds to small masses of pr
duced hadronic statesW25M21Q2(1/x21). For instance,
the events withQ2510 GeV2 andx.0.75 fall into the reso-
nance region. For this reason the DIS parametrization
structure functions, which are used in computing the nuc
effects with Eq.~9!, are questionable at largex. In order to
avoid the resonance region and elucidate nuclear effec
the DIS regime, we apply a cut atW51.8 GeV. The ratioR2

D

as a function ofW was calculated for a few different value
of Q2. The results are shown in the lower panel of Fig. 2

The off-shell effect is much less important in the deuter
than in heavy nuclei. The strength of this effect is govern
by the average off-shellness of the bound nucleonD5^p2

2M2&/M2'2(«2T)/M , whereT5^p2&/2M and «5^p0&
2M are the average kinetic and separation energy. In o
to illustrate the strength of nuclear binding and off-shell
fects, we have calculatedT, «, and D averaged over the
nuclear spectral function for a number of nuclei. In Fig.
these parameters are plotted as a function of the nuclear
numberA. It can be seen thatD increases by a factor of 5
when going from the deuteron to heavy nuclei.

A phenomenological model of the EMC effect in the de
teron was given in Ref.@41#. The model is based on a
extrapolation of SLAC data on the EMC effect for a numb
of nuclei from 4He to 197Au, where the key assumption wa
made that the quantity (F2

A/F2
N21), whereF2

A is the nuclear

FIG. 3. Average nucleon kinetic and separation energy and
shellnessD as functions of the nuclear mass numberA.
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structure function per nucleon, scales with the nuclear d
sity:

F2
D/F2

N21

F2
A/F2

N21
5

rd

rA
, ~13!

whererd and rA are the number densities in the deuter
and in a heavy nucleus@nuclear density model~NDM! @8##.
It was also assumed that this ratio is independent ofQ2.
Using Eq.~13!, the ratioF2

D/F2
N was obtained in Ref.@41# in

terms of the experimentally measured ratioF2
A/F2

D by using

F2
D

F2
N '11

rd

rA2rd
S F2

A

F2
D21D , ~14!

and by averaging the quantity appearing on the right-h
side over the SLAC nuclear data. The values ofF2

D/F2
N were

given for x corresponding to the data bins. These results
shown in Fig. 2 by a shaded region.

We observe that the NDM attempts to extrapolate ‘‘de
sity scaling’’ to the region of light nuclei, where the notion o
density is ill-defined@42#. The valuerd50.024 fm23 was
used in Ref.@41#, which was derived using the rms radius
the deuteron. However, it is not clear what volume is oc
pied by the deuteron and for this reasonrd has a large ‘‘the-
oretical’’ uncertainty. Since the quantityF2

D/F2
N21 is pro-

portional to rd , this theoretical uncertainty will directly
translate into an uncertainty for the extrapolated ra
F2

D/F2
N . This was not given in Ref.@41# and it is likely to be

larger than the errors shown in Fig. 2.

IV. QCD ANALYSIS AND FIT

A. Fitting procedure

In our analysis the data on charged lepton DIS off pro
and deuterium targets from BCDMS, NMC, H1, ZEUS, a
SLAC experiments were used@43#. The cutQ2.2.5 GeV2

was applied in order to avoid the region whereas is large
and the higher-order QCD radiative corrections can be ou
control. The HERA data withQ2.250 GeV2 were not used
in the analysis since the impact of those data on the fi
marginal due to large experimental errors. The maximumx
in the data set is 0.9 and the minimum center-of-mass en
W is 1.8 GeV~see Fig. 4!. The total number of data point
~NDP! is 1381 for the proton and 998 for the deutero
x2/NDP51.1 for the best fit.

In our fit we make use of Eq.~4! with the LT structure
functions given in Eq.~6! corrected for the target mass effe
by Eq.~8!. The higher twist termsH2,T of Eq. ~5!, the parton
distributions, and the value ofas were simultaneously fitted
to the data. The parton distributions were parametrized in
form used in the earlier analyses of Ref.@2# with initial scale
of the QCD evolutionQ0

259 GeV2. The evolution equations
were solved numerically by direct integration inx space. Our
procedure is in agreement with the benchmarks introduce
Ref. @44# that require the precision of the solution to be mu
better than the accuracy of the data used in the analysis

f-
9-6



e
r

m

nd
re
s
e
ion
uc
fo

-
ur
l
ar

-
cu

in
bars

e it
r fit
m-

ed
or-
us-
ds
the

he

ing

qs.
est

e
out

-
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The implementation of target mass and nuclear corr
tions in our fit is as follows. The proton and neutron structu
functions were calculated as

F2,T
p,n5T2,T$F2,T

p,n~LT!%1H2,T
p,n/Q2, ~15!

where we have expressed the target mass correction for
given in Eq.~8! in terms of the functionalT2,T.

The deuteron structure functions were calculated as

F2,T
D 5F2,T$F2,T

p 1F2,T
n %, ~16!

whereF2,T are the nuclear smearing functionals correspo
ing to Eq.~9!, andF2,T

p,n are the proton and neutron structu
functions of Eq.~15!. However, the implementation of thi
approach slows down the numerical calculation becaus
four-dimensional integrations in the deuteron cross sect
in terms of the QCD-evolved PDFs. We are able to red
the calculation time by using approximate expressions
the deuteron structure functions:

F2,T
D 5

F2,T$F2,T
p~QPM!1F2,T

n~QPM!%

F2,T
p~QPM!1F2,T

n~QPM!

3FT2,T$F2,T
p,~QPM!1F2,T

n~QPM!%

F2,T
p~QPM!1F2,T

n~QPM!
~F2,T

p~LT!1F2,T
n~LT!!1

H2,T
p,n

Q2 G ,

~17!

where F2,T
QPM is given by Eq.~15! with the LT term in the

‘‘quark-parton model,’’ that is without QCD radiative correc
tions to the coefficient functions. The deuteron struct
functions calculated using Eq.~17! require three-dimensiona
integration only. This approximation introduces only a m
ginal bias in the final results.

We parametrize the functionsH2,T(x) at the selected val
ues ofx and interpolate between those grid points using

FIG. 4. Kinematic region of the data used in analysis. T
curves correspond to constant values of the invariant massW whose
values in units of GeV are indicated in the plot.
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bic splines. The positions of the grid points were selected
such a way as to provide the overlap between the error
of nearest grid points. The values of the functionsH2,T(x) at
the grid points have been fitted to data. This method mad
possible to describe the different structure functions in ou
and, at the same time, to keep the number of fitting para
eters reasonable.

All experimental errors in the data including uncorrelat
statistical, correlated systematical, and errors in overall n
malizations have been taken into account in the analysis
ing the covariance matrix approach. The error ban
throughout the paper are due to linear propagation of
errors into the fitted parameters.

FIG. 5. Isospin asymmetries of the HT terms obtained us
different treatments of Fermi motion and binding~FMB! correc-
tions. The nominal fit, delimited by solid lines, corresponds to E
~9!, and is labeled FMB; the procedure adopted by Atwood-W
~AW! @31# corresponds to the dash-dotted line; Eqs.~9! in the
Bjorken limit ~Bjl !, i.e., if all 1/Q2 terms were disregarded, to th
short-dashed line. The long-dashed line shows the result with
Fermi motion and binding corrections~no DC!.

TABLE I. List of renormalized experiments with the corre
sponding renormalization factorsh.

Experiment

h @%#

Proton Deuterium

SLAC-E-49A 1.561.3 21.161.2
SLAC-E-49B 2.861.3 0.261.2
SLAC-E-87 2.961.2 0.961.2
SLAC-E-89B 1.461.2 21.161.2
SLAC-E-139 0.661.3
NMC~90 GeV! 20.861.4 22.361.3
NMC~120 GeV! 0.861.3 21.461.3
NMC~200 GeV! 2.461.3 0.161.3
NMC~280 GeV! 1.261.3 21.061.3
9-7
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In several of the experimental data sets used in our an
sis the overall normalization has been fixed by the auth
from comparisons to other data. For this reason we introd
an additional normalization parameter for each target~in
some cases also for each energy! in the experiment and fi
these parameters simultaneously with the parameters

FIG. 6. Sensitivity of the isospin asymmetries to different a
proximations used in the calculation of the deuteron correct
Dashed line: fit with no TMC in the calculation of the deuter
correction; area between solid lines: fit with full treatment of t
TMC.

FIG. 7. Results of the fits with different deuteron wave functio
obtained by using the Paris potential of Ref.@40# ~area between
solid lines!; the Bonn potential of Ref.@45# ~dashed line!; and the
phenomenological function obtained from they-scaling analysis of
Ref. @46#, CPS~dashed-dotted line!.
11400
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of
PDFs and the HT terms. The overall normalization errors
such data subsets are accounted for by the error propag
in the corresponding normalization factors through the g
eral Hessian matrix of the fit. Such treatment of the norm
ization errors allows for a maximal self-consistency of t
analysis, incorporating all existing information and minimi
ing the normalization uncertainties in the data. The renorm
ized data subsets and their renormalization factors, derive
the fit, are listed in Table I. The renormalization factors a
generally close to 1 for the deuteron data and somew
higher for the SLAC proton data.

B. Results

In Figs. 5–9 we show the isospin asymmetriesH2,T
n2p

5H2,T
n 2H2,T

p , determined from our fit. These are present
as the bands included within the full lines. They correspo
to the 1s bands of the total experimental errors@47#, and
they represent the results of ournominalfit. The nominal fit
was obtained using Eqs.~9! with: ~i! the Paris wave function
@40#; ~ii ! LT structure functions in the NLO approximation
~iii ! TMC calculated as in Eqs.~8!; and ~iv! no off-shell
corrections.

Since the goal of our study was to investigate the se
tivity of the results to various theoretical assumptions—
question that has been so far little investigated in a quan
tive way—we performed a number of additional fits usi
different approximations and assumptions. The results fr
these, whose central values are also shown in Figs. 5
allow us to constrain the hard-to-pinpoint theoretical erro

-
.

FIG. 8. Isospin asymmetries in the HT terms obtained includ
Fermi motion and nuclear binding without off-shell correctio
~FMB!, area between solid lines, as compared to the results
tained with the treatment of off-shell corrections (FMB1OS),
dashed-dotted lines. Results of the analysis based on the nu
density model of Ref.@41# are given by the dashed lines.
9-8
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These are due to the model dependence in current calc
tions of the deep inelastic structure of the deuteron. In p
ticular, the effect of the off-shell correction was discussed
Sec. III B and of the deuteron wave function in Sec. III
The additional fits, besides our nominal one, serve the p
pose of illustrating the sensitivity of results to the differe
ingredients of deuteron dynamics.

For all variants of the fit we put the constraintH2,T
n2p50 as

x→0, since the analyzed data are not sensitive to the iso
asymmetry at smallx. Relaxing this constraint does not im
prove the quality of the fit and in this case the values
H2,T(0) are comparable to zero within errors.

The sensitivity of the isospin asymmetry of the HT term
to the treatment of Fermi motion and nuclear binding~FMB!
in the deuteron is shown in Fig. 5. One observes that dif
ent approaches lead to variations inH2,T

n2p up to several stan
dard deviations atx*0.7. In particular, the curve labeled AW
refers to the early result of Ref.@31#, which does not take
into account correctly the normalization and the flux fact
(11gpz /M ), in Eqs.~9!. At smaller values ofx the varia-
tions in HT

n2p are not statistically significant in view of th
large error bars. The high sensitivity of the fit to details of t
treatment of Fermi motion indicates that an accurate acco
of nuclear smearing in deuterium is crucial for the determ
nation ofH2,T

n2p at largex.
TMC also strongly affect the extraction of the isosp

asymmetry due to their interplay with nuclear corrections
largex, shown in Fig. 2. This is because TMC modify thex
dependence of the LT structure functions at largex. The im-
pact of TMC on the deuteron correction is illustrated in F
6, in which the fit without TMC inF2,T

p,n(QPM) in Eq. ~17! is
compared to the fit with the full treatment of TMC. We o

FIG. 9. Impact of NNLO QCD corrections on the isospin asy
metries of the HT terms: NLO QCD fit~area between solid lines!;
NNLO QCD fit ~dashed lines!.
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serve a noticeable difference between these two fits in
region ofx'0.75, especially forH2

n2p .
The sensitivity of our result to the choice of the deuter

wave function in Eq.~9! is shown in Fig. 7. Theoretica
calculations predict different amounts of high momentu
components depending on the nucleon–nucleon poten
that are used, and on the treatment of relativistic effects.
considered two extreme situations by comparing in the fig
results using the Bonn@45# and Paris@40# potentials that
predict the smallest high momentum components am
modern calculations, and a phenomenological wave func
by Ciofi-Pace-Salme´ ~CPS! @46# that reproducesy-scaling
data and that has therefore a larger amount of high mom
tum components. Relativistic calculations seem also to h
a larger amount of high momentum components@48#. One
can see that the functionsH2,T

n2p vary within one standard
deviation for the Paris and Bonn wave functions. The p
nomenological distribution, however, is more than one st
dard deviation away atx>0.75.

The isospin asymmetry in the HT terms is also affected
off-shell effects in the bound nucleon structure functions d
cussed in Sec. III. Since the calculation of off-shell effects
model dependent, these effects are in principle the m
source of theoretical uncertainty in our analysis. Howev
the shift from the mass shell for the bound proton and n
tron in the deuteron, measured byD5^p22M2&/M2, is
small because of the weak binding in the deuteron~see Fig.
3!. As a result, the net effect of off-shell corrections is with
the H2,T

n2p error bars~see Fig. 8! and thus the uncertainty
from the modeling of off-shell effect is effectively small fo
the deuteron. We note, however, that the off-shell effects w
be much more important in heavy nuclei, as also shown
Fig. 3.

-
FIG. 10. Statistical correlation coefficients for the HT and L

terms determined from our fit plotted vs Bjorkenx. Correlations are
shown betweenH2

n2p andHT
n2p in ~a!; betweenH2

n2p andF2
n2p in

~b!; and betweenHT
n2p andF2

n2p in ~c!.
9-9
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In order to examine the impact of different models
nuclear effects in DIS, we repeated the fit with the deute
correction calculated using the nuclear density model~NDM!
discussed in Sec. III. Since the NDM correction is not ava
able for x.0.8, we have removed the corresponding d
points from the fit. Furthermore, since the NDM does n
distinguish among structure functions, we assumed the
rection toFT to be the same as forF2 . The results are shown
in Fig. 8. The termHT

n2p obtained from the NDM fit is
different from the corresponding term of the FMB fit, whi
for H2

n2p we observed a good agreement between these
fits. However, since the nuclear density model of the EM
effect in the deuteron is essentially different from the a
proach discussed in this paper, this agreement appears
accidental.

Another source of theoretical uncertainty comes fro
higher order QCD radiative corrections. These correcti
decrease asQ2 increases. For this reason the radiative c
rections can simulate the powerlike terms in some kinem
cal regions ofQ2. Indeed, it is well known that the magn
tude of phenomenological HT terms is strongly correla
with the order of the QCD radiative corrections applied
the analysis. The HT terms drastically decrease when go
from LO to NLO in the structure function fit. However, th
magnitude of the HT terms does not change much w
going from NLO to NNLO, the variation of the HT term
stays within one standard deviation@2,29#. In the present
analysis we also observe only a marginal variation ofH2,T

n2p

after the NNLO corrections have been applied~see Fig. 9!.
We do not consider the soft gluon resummation@23# as well
as the loglike dependence ofH2,T because of anomalous d
mensions@49#. The isoscalar part of the HT terms can
affected by these effects at largex;0.9. However, the is-

FIG. 11. The isospin asymmetry of the HT coefficients det
mined by NMC~points with error bars! compared to our determi
nation ~area inside error bands!.
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ovector combinationsH2,T
n2p seem to be much less sensitiv

to these effects.
To summarize, the theoretical uncertainties in the isos

asymmetry are largely due to nuclear effects in the deute
in particular, to off-shell corrections and to variations of t
deuteron wave functions. Other variants of the fit, using, e
different frameworks for the treatment of nuclear effec
Fig. 5, or including/excluding TMC, Fig. 6, are also show
in order to illustrate the sensitivity of the fit to a given mode
The statistical correlations between the LT and the HT ter
in our fit are illustrated in Fig. 10. A wide kinematical regio
of considered DIS data allows one to reliably separate the
and HT terms and, as a result, the corresponding correla
coefficients are less than 0.5.

V. PHENOMENOLOGY

The results of our fit, summarized in Figs. 5–9, have i
portant consequences for the theoretical analysis of both
LT and the HT contributions to the neutron and proton str
ture functions at largex. In what follows, we show the im-
pact of our extraction on the interpretation of a number
observables, namely:~i! the isospin dependence of the H
coefficients; ~ii ! the isospin dependence of the ratioR
5sL /sT ; and ~iii ! the ratioR5F2

n/F2
p at x→1.

It is instructive to compare our results to the earlier e
traction of the isotopic effects in the HT terms. The NM
extraction of the HT asymmetry inF2 @50# is based on the
equation

F2
D

F2
p215

T2$F2
n~LT!%

T2$F2
p~LT!%

S 12
C2

p2C2
n

Q2 D ,

in which the combined SLAC-NMC-BCDMS data for th
deuteron and proton are used. The relation between the f
tions C2

p,n and the functionsH2
p,n from our analysis can be

written as follows:

C2
p2C2

n'
H2

p

T2$F2
p~LT!%

2
H2

n

T2$F2
n~LT!%

. ~18!

The correspondence between these two definitions is so
what uncertain since the denominators in Eq.~18! depend on
Q2. However, for comparison, in Fig. 11 we plot the diffe
enceC2

p2C2
n calculated from our results using Eq.~18! at

different Q2. Both extractions agree within errors, althoug
because our errors are systematically smaller, we exclu
large isospin dependence of the HT coefficients, contrarily
the trend apparent in@50#. It must be also emphasized th
our analysis and the one by NMC are different in a fe
aspects~no deuteron corrections were applied in the NM
analysis, different treatments of systematic errors were u
etc.!. All of these factors could be responsible for the rema
ing discrepancies.

In Fig. 12, the isospin asymmetry in the ratioR
5sL /sT ,

-
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R5g2
F2

FT
21,

extracted from the fit of the SLAC data@51#, is compared to
our results. A good agreement onRD2Rp suggests that ou
fit is self-consistent, since our analysis includes the data u
in Ref. @51#. The value ofRD2Rp at x50.03/0.35 measured
by NMC @52# is also comparable to the calculations based
our fit. In Fig. 12 we show the different contributions
RD2Rp considered in our analysis. It can be seen tha
large x the value ofRD2Rp is defined mainly by the HT
terms.

The isotopic asymmetriesH2,T
n2p determined from our fit

can be compared with the predictions of different theoret
models. Quantitative predictions have been given within
infrared renormalon model~IRR! of Refs.@12,13#. Here, the
HT terms are derived within PQCD from the resummation
multiloop diagrams, and theirx dependence is obtained a
the Mellin convolution of the LT terms with flavor
independent coefficient functionsCIRR,

H2,T5A28C2,T
IRR

^ F2
QPM.

The dimensional normalization factorA28 determines the
characteristic scale of the HT terms. This scale is not de
mined in the IRR model and it is adjusted from compariso
with the data. In Fig. 13 our results are compared to the I
model calculation for the nonsinglet contribution, with a no
malization factorA28520.3 GeV2. It is clear that the agree

FIG. 12. The isospin asymmetry in the structure functionR de-
termined from the SLAC data~points with error bars! compared to
our results. The LT contribution corrected for the TMC with n
deuteron correction is given by the dotted line; the result includ
both the LT and HT terms with no deuteron corrections is given
the dashed line; the LT plus HT terms with the deuteron correc
is given by the area between the solid lines.
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ment is poor and that it cannot be improved by an ove
variation ofA28 . For HT , this conclusion is less certain du
to the large size of both the statistical errors and the theo
ical uncertainties.

The variations of our fit shown in Figs. 5, 7, 8, and
cannot soften the disagreement between our extraction
the IRR model. To further illustrate this point, in Fig. 13 w
show the theoretical uncertainties combined with the exp
mental ones in quadrature, including the off-shell correct
and the variation of the deuteron wave function. Notice t
the shifts from our nominal fits are not symmetrical, so the
need to be summed separately. The uncertainty from the
shell correction is evaluated as the difference between
results with and without off-shell corrections, i.e., we allo
for 100% uncertainty in the off-shell correction. The unce
tainty from the deuteron wave function is taken as the diff

g
y
n

FIG. 13. Comparison of the phenomenological isospin asym
tries ~area between solid lines! to the prediction of the infrared
renormalon model~dashed lines!. The (exp1theor) band includes
the uncertainties from the off-shell correction and from the deute
wave function combined with the experimental ones in quadrat

TABLE II. The Mellin moments ofH2,T
n2p .

N M2
n2p(N) MT

n2p(N)

2 20.005860.0069 20.01260.014
3 20.004660.0024 20.004860.0052
4 20.004160.0013 20.002060.0026
5 20.0035560.00084 20.000860.0015
6 20.0030160.00061 20.0001960.00096
7 20.0025460.00048 20.0000960.00068
8 20.0021560.00040 0.0002360.00052
9 20.0018360.00034 0.0002960.00041
10 20.0015760.00030 0.0003060.00034
9-11
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ALEKHIN, KULAGIN, AND LIUTI PHYSICAL REVIEW D 69, 114009 ~2004!
ence between the results obtained with the two wave fu
tions that differ the most, namely the ones labeled Paris
CPS in Fig. 7.

A further confirmation of this result is given by the com
parison in terms of Mellin moments

M2,T~N!5E
0

1

dxxN22H2,T~x!.

The Mellin moments ofH2,T
n2p are given in Table II. In Fig.

14, the ratio of these moments to the moments ofF2
QPM is

plotted. Also shown are the moments ofC2,T
IRR . We only show

the moments withN>2, since the data do not allow us t
constrain the behavior ofH2,T

n2p at smallx. Again, we observe
a disagreement with the IRR model. Parametrizations of D
structure functions interpolating between the low and h
Q2 regions are also available@14,15#. A comparison of our
results with these models cannot be obtained straight
wardly because of the strongQ2 dependence introduced i
their evaluation of the HT terms, due to effects beyond
OPE. The authors of Ref.@14# in fact show that the effective
twist-4 coefficients given by their model depend onQ2, with
a strong spread between the values ofQ252 GeV2 and Q2

54 GeV2 ~see Fig. 7 in Ref.@14#!. However, in the same
paper it is also shown that the extrapolation of a Reg
theory based model@15# to the largex region gives smaller
isospin asymmetries of the twist-4 coefficients that are m
comparable to our results than the predictions of@14#.

Having estimated the power corrections to different str
ture functions, one can make an extrapolation into the re

FIG. 14. Ratios of the Mellin moments of the HT terms to t
ones of LT terms~points with error bars! are compared with predic
tions of the IRR model~solid lines!. The inner bars are the tota
experimental errors in the moments. The outer bars include the e
due to the extrapolation into the unmeasured region atx.0.9.
11400
c-
d

S
h

r-

e

e

e

-
o-

nance region in order to study the phenomenon of dua
@53#. Examples of such extrapolations are given in Figs.
and 16. At values ofQ2 relevant for the experiments at Je
ferson Lab the HT terms contribute moderately to the ra

or

FIG. 15. The ratioF2
n/F2

p calculated in different approximation
and extrapolated to the resonance region: LT terms only~dotted
line!; effect of TMC ~dashed line!; TMC and HT terms~area be-
tween solid lines!.

FIG. 16. The differenceRD2Rp calculated in different approxi-
mations and extrapolated to the resonance region: only the LT te
with the TMC ~dotted line!; the same as above and the contributi
from H2 ~dashed line!; and the same as the dashed line and
contribution fromHT ~area between solid lines!.
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F2
n/F2

p . For the differenceRD2Rp the impact of the HT
terms is larger. AtW&1.4 GeV the dominant contribution
comes fromH2

n2p . At W*1.4 GeV the contribution from
H2

n2p is small and the main effect comes fromHT
n2p . How-

ever, the errors are large in this region, since it correspo
to x;0.4, whereHT

n2p has its largest uncertainty.

VI. CONCLUSIONS

In conclusion, we determined the isospin asymmetries
the functionsH2 andHT describing the HT terms of the DIS
structure functions. The value ofHT is consistent with zero
within the errors for all values ofx. Also H2 is consistent
with zero at low and intermediate values ofx. It deviates
from zero atx*0.7. We performed a careful study of th
theoretical uncertainties that might affect the extraction a
we conclude that they do not overwhelm the effect. T
asymmetryH2

n2p is negative at largex. It reaches its maxi-
o

.

v

e

//

cl.
-

s.

n,

11400
ds

f

d
e

mum atx'0.8 where it is;0.03 GeV2, in agreement with
the order of magnitude of the scale of QCD,L2. We also
find that thex dependence ofH2,T

n2p is in poor agreement with
the predictions of the IRR model. For more conclusive co
parisons more precise data atx;0.4 andQ2;1 GeV2 are
necessary.
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