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We analyze experimental data of nuclear structure-function ratiosF2
A/F2

A8 and Drell-Yan cross section ratios
for obtaining optimum parton distribution functions(PDFs) in nuclei. Then, uncertainties of the nuclear PDFs
are estimated by the Hessian method. Valence-quark distributions are determined by theF2 data at largex;
however, the small-x part is not obvious from the data. On the other hand, the antiquark distributions are
determined well atx,0.01 from theF2 data and atx,0.1 by the Drell-Yan data; however, the large-x
behavior is not clear. Gluon distributions cannot be fixed by the present data and they have large uncertainties
in the wholex region. Parametrization results are shown in comparison with the data. We provide a useful code
for calculating nuclear PDFs at givenx andQ2.
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I. INTRODUCTION

Parton distribution functions(PDFs) in the nucleon have
been obtained by analyzing high-energy nucleon reaction
data [1]. Such an analysis is crucial for calculating precise
cross sections for finding new physics phenomena. These
investigations are valuable for clarifying an internal hadron
structure, and the studies ultimately lead to the establishment
of the nonperturbative aspect of quantum chromodynamics
(QCD).

It is well known that nuclear parton distribution functions
(NPDFs) are modified from those of the nucleon[2]. It was
first found by the European Muon Collaboration(EMC).
Now, major features of thex-dependent modification became
clear experimentally. Although a variety of data are not still
available in comparison with the nucleonic case, the PDF
parametrization could be done for the NPDFs[3–5]. The first
x2 analysis for the NPDFs was done in Ref.[4] by using a
similar technique to the polarized PDF analysis of the Asym-
metry Analysis Collaboration(AAC) [6]. There are also re-
lated studies on nuclear shadowing[7]. The word “shadow-
ing” is used for nuclear modification atx&0.1 throughout
this paper.

These NPDF studies are valuable for describing high-
energy nuclear scattering phenomena[8]. High-energy
heavy-ion reactions have been investigated for finding a
quark-gluon plasma signature. Because such a signature
should be found in a modification of cross sections, the
NPDFs should be exactly known. In addition, there is a
strong demand from the neutrino community to have precise
neutrino-nucleus, typically the oxygen nucleus, cross sec-

tions for investigating neutrino oscillation phenomena accu-
rately [9–11]. These necessities motivated us to investigate
the NPDF parametrization.

In addition, it is interesting to find how well the NPDFs
are determined. There have been studies of PDF uncertain-
ties in the nucleon. It was investigated in the unpolarized
PDFs[12], and then the studies were extended to the polar-
ized PDF uncertainties[13,14]. Although error bands are
shown for the NPDFs in Ref.[4], they are not based on a
rigorous error analysis. Here, we calculate the NPDF uncer-
tainties by using the Hessian method, which is a standard
statistical procedure for estimating errors[12–14].

Our purpose in this paper is to report investigations after
the publication in Ref.[4]. In particular, the following are
added to the previous analysis:(1) Drell-Yan data are in-
cluded in the data set.(2) The HERMES data are also added.
(3) The charm-quark distribution is included.(4) Uncertain-
ties of the NPDFs are estimated by the Hessian method.

This paper consists of the following. In Sec. II, thex2

analysis method, in particular the parametrization form and
experimental data, is explained. Analysis results are shown
in Sec. III and they are summarized in Sec. IV.

II. ANALYSIS METHOD

We discuss thex2 analysis method. First, thex and A
dependence of the initial PDFs is explained, and comments
are given on charm-quark distributions. Then, experimental
data are introduced, and the uncertainty estimation method is
explained.

A. Parametrization

The NPDFs are provided by a number of parameters at a
fixed Q2, which is denotedQ0

2. The NPDFs could be directly
expressed by a functional form with parameters, which are
obtained by ax2 analysis. However, experimental data are
not sufficient for fixing detailed NPDFs. Therefore, it is more
practical at this stage to parametrize nuclear modifications
rather than the NPDFs themselves. Namely, a NPDF is taken
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as the corresponding nucleonic PDF multiplied by a weight
function wi:

f i
Asx,Q0

2d = wisx,A,Zdf isx,Q0
2d. s1d

The nuclear modification partwi is obtained by ax2 analysis.
Here,A is the mass number andZ is the atomic number of a
nucleus.

One of the essential points of thex2 analysis is how to
choose thex and A dependent functional form. Because
nuclear modification mechanisms are different depending on
the x region, theA dependence could be different in eachx
region. If we would like to describewi precisely, it could be
a complicated function of mixedx andA. However, instead
of assuming a complicated functional form, we use a simple
one at this stage. We leave such a complicated analysis for
our future work. In Ref.[4], a simple overall 1 /A1/3 depen-
dence is assumed[15]: wi =1+s1−1/A1/3d(x dependent func-
tion). Here, we assume the same functional form. The weight
function used for the following analysis is given by

wisx,A,Zd = 1 +S1 −
1

AaDaisA,Zd + bix + cix
2 + dix

3

s1 − xdbi
, s2d

wherei indicates the parton distribution type, and it is taken
as i =uv, dv, q̄, andg. Among these parameters, three param-
eters can be fixed by baryon-number, charge, and momentum
conservations[4,16]. The motivation is explained for choos-
ing this functional form in Ref.[4].

B. Charm-quark distributions

In the previous analysis, the flavor number is limited to
three. However, charm-quark distributions are important for
practical applications. For example, charmonium productions
are used for searching a quark-gluon plasma signature in
heavy-ion reactions. The charm distributions are also impor-
tant in neutrino reactions[11]. Therefore, we add nuclear
charm-quark distributions into the analysis.

At Q2=mc
2, wheremc is the charm-quark mass, the run-

ning coupling constants for the flavor-number three and four
should agree with each other:as

Nf=3smc
2d=as

Nf=4smc
2d. In the

leading order(LO), it leads to the relation between scale
parameters:L3=L4smc/L4d2/27. Since the initial distributions
in Eq. (1) are provided atQ2 which is smaller thanmc

2 in our
analysis, optimized parameters for the charm distributions do
not exist. The distributions appear simply asQ2 evolution
effects.

C. Experimental data

In the previous version[4], the used experimental data are
limited to the ratiosF2

A/F2
D whereD indicates the deuteron.

The data are from European Muon Collaboration(EMC)
[17–19], the SLAC-E49, E87, E139, and E140 Collabora-
tions [20–23], the Bologna-CERN-Dubna-Munich-Saclay
(BCDMS) Collaboration[24,25], the New Muon Collabora-
tion (NMC) [26], and the Fermilab-E665 Collaboration
[27,28]. These data are listed in theF2

A/F2
D section of Table I.

In addition to these data, we added HERMES data for the
ratiosF2

A/F2
D, where the nucleusA is for nitrogen and kryp-

TABLE I. Nuclear species, experiments, references, and the
number of data points are listed for the used data withQ2

ù1 GeV2.

Nucleus Experiment Reference # of data

sF2
A/F2

Dd
4He/D SLAC-E139 [23] 18

NMC-95 [26] 17

Li/D NMC-95 [26] 17

Be/D SLAC-E139 [23] 17

C/D EMC-88 [17] 9

EMC-90 [18] 5

SLAC-E139 [23] 7

NMC-95 [26] 17

FNAL-E665-95 [28] 5

N/D BCDMS-85 [24] 9

HERMES-03 [29] 153

Al/D SLAC-E49 [21] 18

SLAC-E139 [23] 17

Ca/D EMC-90 [18] 5

NMC-95 [26] 16

SLAC-E139 [23] 7

FNAL-E665-95 [28] 5

Fe/D SLAC-E87 [20] 14

SLAC-E140 [22] 10

SLAC-E139 [23] 23

BCDMS-87 [25] 10

Cu/D EMC-93 [19] 19

Kr/D HERMES-03 [29] 144

Ag/D SLAC-E139 [23] 7

Sn/D EMC-88 [17] 8

Xe/D FNAL-E665-92 [27] 5

Au/D SLAC-E140 [22] 1

SLAC-E139 [23] 18

Pb/D FNAL-E665-95 [28] 5

F2
A/F2

D total 606

sF2
A/F2

A8d
Be/C NMC-96 [30] 15

Al/C NMC-96 [30] 15

Ca/C NMC-95 [26] 24

NMC-96 [30] 15

Fe/C NMC-96 [30] 15

Sn/C NMC-96 [31] 146

Pb/C NMC-96 [30] 15

C/Li NMC-95 [26] 24

Ca/Li NMC-95 [26] 24

F2
A/F2

A8 total 293

ssDY
pA /sDY

pA8d
C/D FNAL-E772-90 [32] 9

Ca/D FNAL-E772-90 [32] 9

Fe/D FNAL-E772-90 [32] 9

W/D FNAL-E772-90 [32] 9

Fe/Be FNAL-E866/NuSea-99 [33] 8
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ton [29]. Furthermore, the ratiosF2
A/F2

A8 sA8ÞDd were mea-
sured by the NMC[26,30,31], and these data are also added.
The Drell-Yan data taken by the Fermilab-E772[32] and
E866/NuSea[33] collaborations are added into the data set
for the x2 analysis. In Refs.[32,33], Q2 (dimuon mass) val-
ues are not listed. Therefore, we calculated the values in the
following way [34]. Relations between the dimuon mass and
the target momentum fractionx2 are listed in Ref.[35]. We
interpolated these values to obtain theQ2 information.

One may note that HERMES3He data are not included
into the data set. The data are not well reproduced by the
present fit, so that the data produce a significantly largex2

value. It comes from the fact that the3He is a tightly bound
nucleus which cannot be expressed by the simple1−1/Aa

dependence. In order to reproduce such a nucleus, more
complicatedA dependent function should be used for the
analysis.

The number of data points is listed in Table I. The data are
for the nuclei: deuteronsDd, helium-4 s4Hed, lithium sLi d,
beryllium sBed, carbonsCd, nitrogen sNd, aluminum sAl d,
calcium sCad, iron sFed, coppersCud, krypton sKrd, silver
sAgd, tin sSnd, xenon sXed, tungstensWd, gold sAud, and

leadsPbd. The numbers of theF2
A/F2

D, F2
A/F2

A8 sA8ÞDd, and
Drell-Yan data are 606, 293, and 52, respectively. The total
number is 951.

The kinematical range of the used data is shown in Fig. 1.
The smallestx value with Q2ù1 GeV2 is 0.0055 at this
stage, and it is rather limited in comparison with the proton
datasxmin,10−4d at HERA. The SLAC data are taken in the
large x, small Q2 region, and the CERN-EMC, NMC, and
Fermilab-E665 data are taken in the widex region from
small x to largex. The Drell-Yan data are in the largeQ2

region.

D. x2 analysis

Nuclear modification of the PDFs is expressed by the
weight functionswi. We introduce four types by assuming

the flavor symmetric antiquark distributionssūA= d̄A= s̄A

; q̄Ad at Q0
2:

uv
Asx,Q0

2d = wuv
sx,A,Zd

Zuvsx,Q0
2d + Ndvsx,Q0

2d
A

,

dv
Asx,Q0

2d = wdv
sx,A,Zd

Zdvsx,Q0
2d + Nuvsx,Q0

2d
A

,

q̄Asx,Q0
2d = wq̄sx,A,Zdq̄sx,Q0

2d,

gAsx,Q0
2d = wgsx,A,Zdgsx,Q0

2d. s3d

In the first two equations, theZ terms indicate the proton
contributions and theN terms indicate the neutron ones if
there were no nuclear modification and isospin symmetry
could be applied. Although the antiquark distributions

(ū,d̄,s̄) in the nucleon are different[36], there is no clear data
which indicates the difference in nuclei at this stage. There-
fore, the flavor symmetric antiquark distributions are as-
sumed. The initial scale is chosenQ0

2=1 GeV2. The
MRST01-LO(Martin-Roberts-Stirling-Thorne, leading-order
version of 2001) parametrization[37] is used for the PDFs,
so that scale parameterL and charm-quark massmc are the
MRST01 values in the following analysis.

Using these NPDFs, we calculate the structure-function

ratios F2
A/F2

A8 and the Drell-Yan cross section ratios

sDY
pA /sDY

pA8 in the leading order(LO) of as. The NPDFs are
given atQ0

2 in Eq. (3), so that they are evolved to the experi-
mental Q2 points by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution equations in order to cal-
culate these ratios. The totalx2 is defined by

x2 = o
j

sRj
data− Rj

theod2

ss j
datad2 , s4d

whereRj indicates that the ratios,F2
A/F2

A8 andsDY
pA /sDY

pA8. The
experimental errors are calculated from systematic and sta-
tistical errors byss j

datad2=ss j
sysd2+ss j

statd2. The optimization
of the NPDFs is done by the CERN programMINUIT [38].

E. Uncertainty of nuclear PDFs

Because the situation of the NPDFs is not as good as the
one of the PDFs in the nucleon, it is especially important to
show the reliability of obtained NPDFs. The uncertainties are
shown in the previous version[4]; however, they are simply
estimated by shifting each parameter by the amount of the
error. Of course, a standard error analysis is needed for the
NPDFs by taking into account correlations among the pa-
rameter errors.

One of the popular ways is to use the Hessian method. In
fact, it is used for the unpolarized PDF analysis of the
nucleon[12] and also for the polarized PDFs[13,14]. Be-

TABLE I. (Continued.)

Nucleus Experiment Reference # of data

W/Be FNAL-E866/NuSea-99 [33] 8

Drell-Yan
total

52

Total 951

FIG. 1. (Color online) The kinematical range is shown byx and
Q2 values of the used data.
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cause the method is discussed in Ref.[14], we explain only a
brief outline.

The parameters of the initial NPDFs in Eq.(2) are de-
notedji si =1,2, . . . ,Nd, whereN is the number of the pa-
rameters. Thex2 could be expanded around the minimum

point ĵ:

Dx2 ; x2sĵ + djd − x2sĵd = o
i,j

Hijdjidj j , s5d

whereHij is called Hessian. The details are discussed else-
where for the uncertainty estimation of the PDFs by the Hes-
sian method. For the detailed explanation, one may read
Refs. [12,14] aboutDx2 and the Hessian. A confidence re-
gion is identified by providing theDx2 value, which is de-
termined in the following way. The confidence levelP could
be chosen as the one-s-error range of the normal distribution
sP=0.6826d. For one parameter,P=0.6826 is obtained with
Dx2=1. However, a different value should be assigned for
theN degrees of freedom[14]. For example, if there are nine
parameters, theDx2 value is calculated asDx2=10.427.

The uncertainty of a NPDFfAsx, ĵd is calculated by the
Hessian matrix, which is obtained by running theMINUIT

subroutine, and derivatives of the distribution:

fdfAsxdg2 = Dx2o
i,j

S ] fAsx,ĵd
] ji

DH ij
−1S ] fAsx,ĵd

] j j
D . s6d

The derivatives are calculated analytically at the initial scale
Q0

2, and then they are evolved to certainQ2 by the DGLAP
evolution equations.

III. RESULTS

Analysis results are discussed. First, optimized parameters
are shown, andx2 contributions from nuclear data sets are
listed. Then, fit results are compared with experimental data.
The actual NPDFs and their uncertainties are shown for
some nuclei atQ0

2.

A. Comparison with x-dependent data

In the actual fit, the parameters for the Fermi-motion part
are fixed atbv=bq̄=bg=0.1 because of the lack of large-x
data. The parametera is also fixed ata=1/3 [4] for the A
dependence. The parameters obtained by thex2 analysis are
shown in Table II. Three parameters are fixed by the charge,
baryon-number, and momentum conservations, and they are
chosenauv

, adv
, and ag in the analysis. Because these con-

stants depend on nuclear species, they are listed separately in

Appendix A. Another parametercg is also fixed since the
gluon parameters cannot be determined easily by the present
data.

The x2 analysis results are shown in comparison with the
data. First,x2 values are listed for each nuclear data set in
Table III. The totalx2 divided by the degree of freedom is
1.58. A comparison with the actual data is shown in Figs.

TABLE II. Parameters obtained by the analysis. The parametersauv
, adv

, andag are fixed by the three
conservations. Because they depend on nuclear species, they are explained separately in Appendix A.

Distribution a b c d

uv
A, dv

A Fixed (Appendix) 2.894±0.395 −9.390±1.068 7.308±0.866

q̄A −0.3794±0.0461 8.626±1.551 −56.64±11.84 94.11±27.57

gA Fixed (Appendix) 2.165±3.126 0.000(fixed) 1.349±44.56

TABLE III. Each x2 contribution.

Nucleus # of data x2

4He/D 35 56.0

Li/D 17 88.7

Be/D 17 44.1

C/D 43 130.8

N/D 162 136.9

Al/D 35 43.1

Ca/D 33 42.0

Fe/D 57 95.7

Cu/D 19 11.8

Kr/D 144 126.9

Ag/D 7 12.8

Sn/D 8 14.6

Xe/D 5 2.0

Au/D 19 61.6

Pb/D 5 5.6

F2
A/F2

D total 606 872.8

Be/C 15 16.1

Al/C 15 6.1

Ca/C 39 36.5

Fe/C 15 10.3

Sn/C 146 257.3

Pb/C 15 25.3

C/Li 24 78.1

Ca/Li 24 107.7

F2
A1/F2

A2 total 293 537.4

C/D 9 9.8

Ca/D 9 7.2

Fe/D 9 8.1

W/D 9 18.3

Fe/Be 8 6.5

W/Be 8 29.6

Drell-Yan total 52 79.6

Total 951 1489.8
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FIG. 2. (Color online) A com-
parison with experimental ratios
R=F2

A/F2
D. The ordinate indicates

the fractional differences between
experimental data and theoretical
values:sRexp−Rtheod /Rtheo.

FIG. 3. (Color online) A com-
parison with experimental data of
R=F2

A/F2
C,Li. The ratios sRexp

−Rtheod /Rtheo are shown.
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2–4 for theF2
A/F2

D, F2
A/F2

C,Li, and Drell-YanssDY
pA /sDY

pA8d data,
respectively. These ratios are denotedRexp for the experimen-
tal data andRtheo for the parametrization calculations. The
deviation ratiossRexp−Rtheod /Rtheo are shown in these fig-
ures. The NPDFs are evolved to the experimentalQ2 points,
then the ratiossRexp−Rtheod /Rtheo are calculated.

As examples, actual data are compared with the param-
etrization results in Fig. 5 for the ratiosF2

Ca/F2
D and

sDY8
pCa/sDY

pD. The shaded areas indicate the ranges of NPDF
uncertainties, which are calculated atQ2=5 GeV2 for theF2
ratios and atQ2=50 GeV2 for the Drell-Yan ratios. The ex-
perimental data are well reproduced by the parametrization,
and the the data errors agree roughly with the uncertainty
bands. We should note that the parametrization curves and
the uncertainties are calculated at atQ2=5 and 50 GeV2,

whereas the data are taken at variousQ2 points. In Fig. 5, the
smallest-x data atx=0.0062 for F2

Ca/F2
D seems to deviate

from the parametrization curve. However, the deviation
comes simply from aQ2 difference. In fact, if the theoretical
ratio is estimated at the experimentalQ2 point, the data point
agrees with the parametrization as shown in Fig. 2.

In general, the figures indicate a good fit to the data,
which suggests that thex2 analysis should be successful.
However, there are some deviations as indicated in the table
and figures. Thex2 contributions are large from small nuclei.
For example, the Li/D ratios have thex2 value 88.7 for only
17 data points. In fact, the Li/D ratios in the regionx
,0.01 deviate from the theoretical curve in Fig. 2. The Li/D
ratios are measured with small errors so that they produce
largex2 values. However, if we wish to reproduce the Li/D
ratios, the4He/D and Be/D ratios cannot be well explained.
This is why theMINUIT program produced the optimum point
although theoretical calculations deviate from the experi-
mental Li/D ratios. We also notice that the Sn/C, C/Li, and
Ca/Li ratios are not well reproduced in the regionx,0.04.
On the other hand, the figures indicate that medium- and
large-size nuclei are well explained by the parametrization
model.

The Drell-Yan data are taken mainly in the range
0.02,x,0.2 as shown in Fig. 4. The Drell-Yan cross sec-

tion ratio sDY
pA /sDY

pA8 is almost identical to the antiquark ratio
q̄Asx2d / q̄A8sx2d in the x region,x,0.1. Therefore, the Drell-
Yan data are especially valuable for determining the anti-
quark modification in thex region,x,0.1. In the smallerx
region, the antiquark shadowing is fixed by theF2 data in
any case. Except for the W/Be Drell-Yan ratios in the region
x,0.02, the data are well explained by the parametrization.
From the constraints of these Drell-Yan cross sections,F2
shadowing, and momentum conservation, the antiquark dis-
tributions are relatively well determined in the region
0.006,x,0.1. However, the behavior of the medium- and
large-x regions is not obvious.

B. Comparison with Q2-dependent data

The analysis results are compared withQ2 dependent data
in Figs. 6–8 for the ratios,F2

Kr /F2
D, F2

N/F2
D, and F2

Sn/F2
C,

respectively. The fit results are shown by the curves in these
figures. The data are well reproduced by the fit except for the

FIG. 4. (Color online) A com-
parison with Drell-Yan data ofR

=sDY
pA /sDY

pA8. The ratios sRexp

−Rtheod /Rtheo are shown.

FIG. 5. (Color online) Parametrization results are compared
with the data ofF2 ratios F2

Ca/F2
D and Drell-Yan ratiossDY

pCa/sDY
pD.

The theoretical curves and uncertainties are calculated atQ2

=5 GeV2 for the F2 ratios and atQ2=50 GeV2 for the Drell-Yan
ratios.
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Sn/C ratios at small and mediumx. The tin shadowing is
underestimated in comparison with the carbon shadowing as
indicated in the previous subsection. However, we notice that
the experimental data are not “consistent” in the sense that
the F2

Kr /F2
D and F2

N/F2
D ratios tend to decrease atx=0.035

and 0.045 with increasingQ2, whereas theF2
Sn/F2

C ratio in-
creases. Obviously, more detailed experimental investiga-
tions should be done for clarifying theQ2 dependence. It is
especially important for fixing the gluon distributions in nu-
clei. The Q2 dependence is related partially to the nuclear
gluon distributions through theQ2 evolution equations. If the
experimentalQ2 dependence becomes clear, we should be
able to pin down the nuclear gluon modification.

C. Optimum parton distribution functions

We show the nuclear parton distribution functions ob-
tained by thex2 analysis. As a typical medium-sized nucleus,
the calcium is selected for showing the distributions. Be-
cause it is an isoscalar nucleus, theuv

A anddv
A are identical.

Therefore,uv
Ca s=dv

Cad, q̄Ca, andgCa and their weight functions
are shown in Fig. 9 atQ0

2.
The valence-quark modificationwuv

is precisely deter-
mined by the data in the medium- and large-x regions. How-

ever, the uncertainty band becomes larger in the region
x,0.03 although it is constrained somewhat by the charge
and baryon-number conservations. Obviously, we should
wait for NuMI (Neutrinos at the Main Injector) [39] and
neutrino-factory [40] projects for clarifying the valence-
quark shadowing by the structure functionF3. Although the
uncertainties of the nuclear modificationwuv

Ca are relatively
large atx,0.03, it is not so obvious in the valence-quark
distributionsxuv

Cad, as shown on the right-hand side of Fig. 9,
because the distribution is small in the small-x region.

We should mention the possibility that the uncertainties
could be underestimated because we fixed some parameters
such asa andb in the analysis. In addition, there should be
uncertainties from the assumed functional form. These addi-
tional factors will be investigated in the future. In this re-
spect, it is certainly worthwhile investigating theF3 shadow-
ing at future neutrino facilities[39,40] in spite of the analysis
result for the valence-quark shadowing in Fig. 9.

The uncertainties of the antiquark modificationwq̄
Ca are

small in the regionx,0.1 because it is fixed by theF2 and
Drell-Yan data. However, it has large uncertainties in thex
region,x.0.2. The antiquark distributionxq̄Ca itself is small
at x.0.2, so that it becomes difficult to take accurate data
for the nuclear modification. In order to determine the distri-
bution in this region, we need another Drell-Yan experiment
which is intended especially for large-x physics[41].

The gluon distribution is especially difficult to be deter-
mined by the present data. It is clearly shown in Fig. 9 that
the modificationwg

Ca and the distributionxgCa have large
uncertainties. As explained in the previous subsection, the
nuclearQ2 dependence is not clear from the data. This fact
makes it difficult to fix the nuclear gluon distributions. How-
ever, we notice that the gluon distribution seems to be shad-
owed although the uncertainties are large atx,0.1.

We notice that the functional form of the gluon weight
function wg is different from those of the valence-quark and

FIG. 6. (Color online) Q2 dependence ofF2
Kr /F2

D. The curves
indicate parametrization results.

FIG. 7. (Color online) Q2 dependence ofF2
N/F2

D.

FIG. 8. (Color online) Q2 dependence ofF2
Sn/F2

C.
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antiquark functions,wv and wq̄. A similar functional form
was also tested in the analysis. We provided a weight func-
tion wg, which has the same functional form withwq̄, as the
initial one for thex2 analysis without fixing the parametercg.
However, the analysis ended up with gluon distributions
which are similar to the one in Fig. 9. It is simply because of
the lack of data which are sensitive to the gluon distributions.
It is the reason why we decided to fix the parametercg in the
current analysis. The gluon distributions play an important
role in many aspects of high-energy heavy-ion collisions, so
that they should be determined by future experimental data.
For example, the eRHIC project[42] could be a promising
one for determining the nuclear PDFs at smallx. In order to
illustrate the nuclear dependence of the PDFs, we show the
weight functions for the nuclei,4He, Ca, and Au, in Fig. 10.

For general users, a computer code is available on the
web site[43] for calculating the parton distribution functions
for nuclei at givenx and Q2. The details are explained in
Appendix B.

IV. SUMMARY

The nuclear parton distribution functions and their uncer-
tainties are determined by analyzing the experimental data of

F2 and Drell-Yan data. The uncertainties are estimated by the
Hessian method. The valence-quark distributions are well de-
termined except for the regionx,0.03. The antiquark distri-
butions have small uncertainties atx,0.1; however, they
cannot be fixed in the region,x.0.2. The gluon distributions
have large uncertainties in the whole-x region. Obviously, we
need much accurate scaling violation data or other ones for
fixing the gluon distributions in nuclei.
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APPENDIX A: NUCLEAR DEPENDENT PARAMETERS

In Table II, the constantsauv
, adv

, and aq̄ are not listed.
These constants are fixed by the three conservation equa-
tions, so that they depend on the mass numberA and the
atomic numberZ. For practical usage, we express these con-
stants by eight integral valuesI1−8 as explained in Ref.[4]:

FIG. 9. (Color online) The
weight functions and the nuclear
parton distribution functions are
shown for the calcium nucleus at
Q0

2. The uncertainties are shown
by the bands.
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auv
sA,Zd = −

ZI1 + sA − ZdI2

ZI3 + sA − ZdI4
,

adv
sA,Zd = −

ZI2 + sA − ZdI1

ZI4 + sA − ZdI3
,

agsA,Zd = −
1

I8
Fauv

sA,ZdHZ

A
I5 + S1 −

Z

A
DI6J

+ adv
sA,ZdHZ

A
I6 + S1 −

Z

A
DI5J + I7G . sA1d

Values of the integrals are listed in Table IV from the
current analysis. Using these values together with Eq.(A1),

one could calculate the constantsauv
, adv

, and aq̄ for any
nucleus. Then, it is possible to express the nuclear parton
distribution functions analytically atQ0

2 for a given nucleus
together with the MRST01 distributions[37] in the nucleon.

APPENDIX B: PRACTICAL CODE FOR CALCULATING
NUCLEAR PDFS

One could calculate nuclear PDFs by using the informa-
tion provided in Appendix A and in Table II. However, the
distributions should be evolved if one wishes to obtain them
at differentQ2. For those who are not familiar with suchQ2

evolution, we prepared a practical code for calculating the
nuclear PDFs at a givenx and Q2. The code could be ob-
tained from the website in Ref.[43].

Instructions for using the code are provided in the pack-
age. The only restrictions are the kinematical ranges, 10−9

øxø1 and 1 GeV2øQ2ø108 GeV2. The largest nucleus in
the analysis is the lead, so that it is suitable to use the code
within the rangeAø208. However, variations of the NPDFs
are rather small fromA=208 to the nuclear matter, one could
possibly also use the code for large nuclei withA.208. In
the NPDF library, we provide the distributions at very small
x as small as 10−9 for those who use them in integrating the
distributions over the wide range ofx. However, one should
be careful that the distributions are not reliable in the region
x,0.006, where no experimental data exist. Furthermore,
there is a possibility that higher-twist effects could alter the
results in the small-x region.

The analysis was made in the region,Q2ù1 GeV2, where
the perturbative QCD is considered to be applicable. The
obtained NPDFs can be used for high-energy nuclear reac-
tions with Q2ù1 GeV2. However, there are data which are
slightly below this region. For example, many long-baseline
neutrino data are taken in the smallerQ2 region. A useful
parametrization was proposed to describe the cross section
from the deep inelastic region to the resonance one[44]. We
could possibly make a similar analysis in the future for de-
scribing lepton-nucleus cross sections also in the resonance
region.

FIG. 10. (Color online) The weight functions are shown for the
nuclei, 4He, Ca, and Au, atQ0

2.

TABLE IV. Values of the eight integrals.

Integral Value Integral Value

I1 0.2611 I5 0.3445

I2 0.1313 I6 0.1345

I3 2.018 I7 0.2162

I4 1.016 I8 0.3969
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