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Considering the nuclear reactions which involve specific features at certain regions of the x-Bjorken variable
which was first observed by the EMC group, we indicate that the parton distributions in nuclei are not simply as the
parton densities in nucleons. In addition to the most commonly analyzed data sets for deep-inelastic scattering of
charged leptons off nuclei, we also analyze the Drell- Yan dilepton production. We investigate parametrizations of
nuclear parton distributions at the next-to-leading order (NLO) of «;. Finally, optimum nuclear structure functions
are determined by a x? analysis of experimental data for the nuclear structure function F3'/ FZA' and Drell-Yan
cross-section ratios. The related uncertainties are estimated by the Hessian method. Our results are in good
agreement with the available experimental data and better than the results of some other fitting parametrization

methods.
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I. INTRODUCTION

The nature of the short-distance structure of nucleons is one
of the central questions of present day hadron physics. One of
the major goals of quantum chromodynamics (QCD) is the
particular investigation of the parton distribution of the proton
and nuclei, which for the first time has been observed by the
European Muon Collaboration (EMC). The important issue in
this subject is the different behavior of parton densities in free
nucleons and bound nucleons, i.e., nuclei.

Deep inelastic scattering (DIS) experiments which have
been performed by NMC, SLAC, NMC, FNAL, BCDMS,
HERMES, and JLAB groups [1-16] confirm the specific
feature of nuclear reactions at certain regions of the x-
Bjorken variable, which was first observed by the EMC. This
specific feature has also been seen in Drell-Yan cross-section
ratios [17,18]. In this paper we calculate the nuclear parton
distribution functions (NPDFs), using the global analysis
of experimental data, taking into account the ratio of the
structure function, FZA/ F. A/, and Drell-Yan cross-section ratios
U‘BY / 63; by employing the QCD PEGASUS package [19].

This paper consists of the following sections. In Sec. II, a
formalism to establish an analysis method to parametrize the
experimental data is introduced. In Sec. III we do a review on
the existed data of the nuclear reactions. Section IV is allocated
to the x? analysis. The Hessian method is discussed in Sec. V.
We embark from the used analysis to follow our calculations
and will yield our results in Sec. VL.

II. FORMALISM

In order to calculate the parton distribution in nuclear
media, we need first the parton distributions in a free proton.
We then use a PDF set which has been parametrized at the
input scale Q% =2 GeV? with the following standard form,
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quoted from Ref. [20]:
xuu(x, Q(z)) = Aux® (1 — x)P(1 4+ yux® 4+ nux),
xdy(x, Q) = Agx® (1 — x)P1(1 + yax® + nax),
xs(x, 0F) = Ax® (1 — )P (1 + yx® + nyx), (1)
x8(x, QF) = Asx (1 — x)PT(1 + ypx® + ),
xg(x, 0F) = Agx® (1 — x)P(1 4 yox® + nyx).

The PDFs above are used as the valance quark distributions

Xu,, xd,, the antiquark distributions xs = w, X8 =

x(d — ), and gluon distribution xg. Typical results of using
these PDFs to produce F, proton structure functions are
depicted in Fig. 1. In this figure a comparison between the
results of the model used in Ref. [20] and the experimental
groups BCDMS, H1, NMC, SLAC, and ZEUS [21-29] has
also been done, indicating a good agreement between them.
The required relations to provide us the unknown parameters
in Eq. (1) are given in Appendix A.

We know the NPDFs are provided by a number of
parameters at a fixed Q° which are normally denoted by Q%.
The NPDFs are related to PDFs in free protons, and for this
purpose nucleonic PDFs are multiplied by a weight function
w;:

FM(x. QF) = wilx, A, 2) fi (x. OF) @

The parameters in the weight function are obtained by a x>
analysis procedure which is dependent on x, A (mass number),
and Z (atomic number).

Here we follow the analysis given by Refs. [30-35] and
assume the functional form below for the weight function in
Eq. (2):

1
wix, A, Z) =1+ (1 - F)
ai(A, Z) + bi(A)x + ¢;(A)x* + d;(A)x?
x (1 —x)P '

3)
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FIG. 1. (Color online) Proton structure function, resulting from
the analysis in Ref. [20].

Combining the weight function in Eq. (3) with PDFs in Eq. (2)
will yield us us NPDFs as follows:

Zuy(x. 03) + N, (x. 03)

w) (x, QF) = wy,(x, A, Z)

A ]
2 2
df (x, Q5) = wa,(x, A, Z)Zd“(x’ 03) ‘;Nuu(x» Q0)7
_ 5 _ ,
e ) e BN )
_ , - .
gA(x’ 03) = wy(x, A, Z)Zd(x, 0}) ZNu(x, QO)’
2

sA(x, Qo) = wgz(x, A, Z)s(x, Q%),
gA (x, Q%) = w(x, A, Z)g(x, Q(z)).

In the first four equations, the Z term as atomic number
indicates the number of protons and the N (= A — Z) term
indicates the number of neutrons in the nuclei while the
SU(3) symmetry is apparently broken there. If the number
of protons and neutrons in a nucleus are equal to each other
(isoscalar nuclei) such as in 2D, “He, '>C, and “°Ca nuclei,

_ —A
the valence quarks u and d” and u* and d~ would have
similar distributions. In the case that Z and A numbers are
not equal in the nuclei, it can be concluded that antiquark

distributions (EA, EA, 54) in the nuclei would not be equal to
each other [36,37]. For the strange quark distributions in the
nuclei some research studies are still being done [38], but we
assume the common case in which it is assumed s = 5. In
Eq. (3) we take @ = 1/3 as in Ref. [39], considering nuclear

PHYSICAL REVIEW C 86, 064301 (2012)

volume and surface contributions. In addition there are three
constraints for the parameters in Eq. (3), namely the nuclear
charge Z, baryon number (mass number) A, and momentum
conservation [30,31,40] as follows:

z= [ Sl - at)(x. Qiax.
3= [ [ut + a¥)x. O, ©

1= /’“[uf +d + 20 +d" +5Y) + 5" (v, OF)dx.

III. OVERVIEW OF THE AVAILABLE
EXPERIMENTAL DATA

In Table I, we list some of the data prepared by different
experimental groups for the Fj'/F)p ratio. In this ratio the
numerator denotes the structure function of a nuclei and the

TABLE I. Different experimental results for the F;'/F,” ratio at
0? > 1.0 GeV>. The number of data points and the related references
are also listed.

Nucleus Experiment No. of data Reference
(F{/FP)
He/D SLAC-E139 18 [13]
NMC-95 17 [1]
Li/D NMC-95 17 [1]
Li/D (Q? dep.) NMC-95 179 [1]
Be/D SLAC-E139 17 [2]
C/D EMC-88 9 [8]
EMC-90 5 [13]
SLAC-E139 7 [2]
NMC-95 17 [1]
FNAL-E665 5 [11]
JLAB-E03-103 103 [10]
C/D (Q? dep.) NMC-95 191 [1]
N/D BCDMS-85 9 [14]
HERMES-03 153 [16]
Al/D SLAC-E49 18 [3]
SLAC-E139 17 [2]
Ca/D EMC-90 5 [13]
NMC-95 16 [1]
SLAC-E139 7 [13]
FNAL-E665 5 [11]
Fe/D SLAC-E87 14 [4]
SLAC-E139 23 [2]
SLAC-E140 10 [5]
BCDMS-87 10 [6]
Cu/D EMC-93 19 [7]
Kr/D HERMES-03 144 [16]
Ag/D SLAC-E139 7 [2]
Sn/D EMC-88 8 [8]
Xe/D FNAL-E665-92 5 [9]
Au/D SLAC-E139 18 [2]
SLAC-E140 1 [5]
Pb/D FNAL-E665-95 5 [11]
F}/FP total 1079
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TABLE II. Different experimental results for the Fy'/F;" ratio at
Q? > 1.0 GeV2. The number of data points and the related references
are also listed.

Nucleus Experiment No. of data Reference
(Ff'/F3)
Be/C NMC-96 15 [15]
Al/C NMC-96 15 [15]
Ca/C NMC-96 24 [1]
NMC-96 15 [15]
Fe/C NMC-96 15 [15]
Sn/C NMC-96 146 [15]
NMC-96 15 [15]
Pb/C NMC-96 15 [15]
C/Li NMC-95 24 [1]
Ca/Li NMC-95 24 [1]
F}/F} total 308

denominator represents the structure function of deuterium.
The total number of data for the ratio in which the numerator
includes nuclei such as helium (He), lithium (Li), etc. is equal
to 1079. In Table II the number of Fj'/F;" ratios for Be/C,
Al/C, Ca/C, Fe/C, Sn/C, Pb/C, and C/Li is 308. For Drell-
Yan cross section ratios in Table III the number of data is
equal to 92 while the related ratios are C/D, Ca/D, Fe/D,
W/D, Fe/Be, and W/Be. In the employed analysis the total
number of data is 1479. The interval range of Q2 values is
0? > 1 GeV? and the smallest value for the Bjorken variable
x is equal to 0.0055.

IV. ANALYSIS OF THE x2 VALUE

We use the MINUIT fitting package [41] to fit the exper-
imental data the structure function FzA / FzA/ and Drell-Yan
cross-section ratios.

The optimized value of total x? is defined by

=Y (Rj — RY)’
7 ey’

This relation yield us the proper parameters for NPDFs. Here
R?m indicates the experimental values for the Fj'/ F2A/ or

(6)

TABLE III. Different experimental results for the Drell-Yan
cross-section ratios, o/, /ofy, at Q% > 1.0 GeV2. The number of
data points and the related references are also listed.

Nucleus Experiment No. of data  Reference

@By /%)
C/D FNAL-E772-90 9 [18]
Ca/D FNAL-E772-90 9 [18]
Fe/D FNAL-E772-90 9 [18]
W/D FNAL-E772-90 9 [18]
Fe/Be FNAL-E866/NuSea 28 [17]
W/Be FNAL-E866/NuSea 28 [17]

ohy/opy total 92
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o 31/ / ag/y ratio and R;he” denotes the theoretical result for the

parameterized NPDFs. In our calculations, we take Q% =2
GeV? [20] and the x? analysis is done based on the DGLAP
evolution equations [19]. Our calculations are done in the next-
to-leading order (NLO) approximation in which the modified
minimal subtraction scheme MS) is used [42].

Therefore the nuclei structure function is written as follows:

Frx, Q)= ) ex[l+a,C,0)1(g] +7/)(x, 07

i=u,d,s

1 A 2
+ 366 () @ xg"(x, Q). (7

In this equation, the symbol ® denotes the convolution
integral:

L
F)® gx) = / %f (;ﬁ) 2. @)

We employ the CERN program library MINUIT to minimize the
x? value. Following that an error analysis can be done, using
the Hessian matrix. The NPDF uncertainties are estimated,
using the Hessian matrix as follows:

A
[(SfA(.X)]ZZAX2Z<8f (x7$)>
i,j 9§ &=¢

(A8
i (TE0) 9
< (%) ©)

where H;; is the Hessian matrix, §; is a quantity referring to the
parameters which exist in NPDFs, and éf indicates the amount
of the parameter which makes an extremum value for the

related derivative. The A x2 value determines the confidence
region and is given by

Ax* = x}@+8a)— x*@ =) Hyjdaida;.  (10)
iJ

The Ax? value is calculated considering the confidence
level P which is defined as

[ )
“ ) oa@m\z) TP

The numerical value of Eq. (11) which corresponds to lo
error is P = 0.6826. This numerical value relates to a given
number of parameters (N ) by assuming the normal distribution
in the multiparameter space. In this equation I'(m) denotes the
gamma function. In an analysis with the 16 parameters, we
achieve A y? = 18.112. The Hessian method can also be used
to estimate the polarized PDFs and fragmentation functions
[43].

V. NEIGHBORHOODS AND THE HESSIAN METHOD

We here give just the essential concepts of the Hessian
method while the full details can be found in Refs. [43,44].
According to what has been presented in Sec. IV we can find
a set of the appropriate parameters which minimize the global
x 2 function. We call this NPDF set Sy. The numerical values of
this set, i.e., p(l), ..., pY are presenting in Sec. VI. By changing
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FIG. 2. (Color online) Ax? as a function of ¢ defined in Eq. (18)
for some random sample eigenvectors.

the parameters from their specified values, nglobal increases by
the amount A x .., which is defined as

d
AXéobal = Xg21oba1 - Xg = Z H;; (Pi - P?) (Pj - P(}),
i, j=1
: (12)
where the Hessian matrix H;; is defined by
1 82nglobal
v E apiapj min (13

We should note that C = H~' (C denotes the covariant
matrix). Now it is convenient to work in term of eigenvalues

4.2 40, 20 208, 82
o He, Ca,, Pb

aw’ 1 ‘/\J
0.9
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FIG. 3. (Color online) The weight functions for “He, *°Ca, and
28Pb nuclei at Q3 = 2 GeV>.
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FIG. 4. (Color online) Parton distribution for lead at Q2 =
200 GeV?, including the error band.

and eigenvectors of the covariance matrix

Zcijvjk = MVjk, (14)

j=1

where C;; is ijth component of the covariance matrix and A
and v;; are the kth eigenvalue and ith component of the kth
eigenvector respectively. Also the displacement of parameter
p; from its minimum p? can be expressed in terms of rescaled
eigenvectors e;; = /Arvi:

n
pi—p =) et 15)
k=1
14} 56, 26 7
| Fe "
1.2} NLO ; -
Q=200 GeV

FIG. 5. (Color online) Parton distribution for iron at Q2 =

200 GeV?, including the error band.

064301-4



NUCLEAR PARTON DENSITIES AND THEIR ...

PHYSICAL REVIEW C 86, 064301 (2012)

A 2 A 2
F, (QVF, Q%)
lv JLAB 4 2 21 o NnMc "L/ p! v JLAB °g.* ; 2p! A EI39 126 , 2.1
1.1 s E139 He, / "D, 4 1 s E139 5 1 12 |o Eees C,/ D,
o NMC ¢+ 17 4 { * EMC
1t o
¢ v
? 081 Q-10Gev’ __ (1
0.9 3 NLO 4 Q2=5 GeVz . 0.9
0.001 0.01 0.1 1 0.001 0.01 0.1 1 0.001 0.01 0.1 1 0.001 0.01 0.1 1
X X X X
14 E139 27 13 2.1 1.2 |4 E139 40, 20 2D1 1.4 | < BCDMS ¢ EMCe63 , 29 , 2.1
21 gigo Al / Dy = E665 Can/ Dy A E139 S6p 26 2pl Cuy, /D,
¢ EMC 12 | > E140 3 !
1te |« E87
0.8 Tos |
0.001 0.01 0.1 1 0.001 0.01 0.1 1 0.001

0.8

A E139

197 9 2.1
> EMOPTAT 1D

0.1
X

0.001  0.01

208 . 82 2.1
1.2 |z E665 P, / ‘D)

lo.8 t

0.1
X

0.1 0.01
X

0.01

0.001 1 0.001
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10 GeV?2. Comparison with the available date has also been done [1-16].

Replacing Eq. (15) in Eq. (12) and considering the orthogo-
nality of v, we achieve

n

2 _ n

AXglobal - sz'
k=1

Now the relevant neighborhood of nglobal is the interior of a
hypersphere with radius T':

n
Zz,% <77
k=1

(16)

A7)

and the neighborhood parameters are given by

pi(s) = pi £ tei. (18)
where s, is the kth set of NPDFs and ¢ is adapted to
make the desired T = (A nglobal)% and t = T in the quadratic

approximation. In Fig. 2 we depict the dependance of A nglobal
along some random samples of eigenvector directions to test
the quadratic approximation of Eq. (12).
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FIG. 7. (Color online) Q? dependence of F}'/FP [16].

VI. RESULTS

In our analysis we use the weight function method as
in Ref. [32]. However, in this analysis we assume that the
coefficients in Eq. (3) depend on nuclear mass number A. By
this assumption we can get to a better value for x2/D.O.F.
with respect to what was done in Ref. [32]. We also use
the JLAB experimental data for the FS/FP ratio [10]. In
our analysis, which is done in the NLO approximation,
we get x2/D.O.F. = 1597.94/1463 = 1.092, which is a 9%
improvement with respect to what was done in Ref. [32], and
we achieve a,(Q?) = 0.112098 [20] at the energy scale of
the Z-boson mass, Q% = M?2. The number of data points for
the nuclei and Drell-Yan ratios totals 1479. The number of
parameters used in our fitting procedure is equal to 16. It
is worthmentioning that some groups have already worked
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FIG. 8. (Color online) Q? dependence of FX"/FP [16].
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FIG. 9. (Color online) Q* dependence of F;"/F5 [15].

on this subject and provided very elegant FORTRAN codes to
analyze the DIS data concerning the nuclear reactions [45-49].
In Fig. 3 we depict the weight functions for the helium,
calcium, and lead nuclei at initial value Q} = 2 GeV2. In
this figure the uncertainties are indicated by the bands. We
extract the NPDFs for lead and iron nuclei at Q% = 200 GeV?
with the related uncertainties for valance quark, sea quark, and
gluon distributions and indicate them in Figs. 4 and 5.

We compare in Fig. 6 our theoretical results with the
related DIS data. In Figs. 7, 8, and 9 we depict the ratios
FYN/FP, FX"/FP, and F;"/Ff with respect to Q? values
and compare them with the available experimental data
[15,16]. The nuclear parton distribution functions and their
uncertainties are determined by analyzing the F, and Drell-Yan
experimental data. The uncertainties are again estimated by the
Hessian method.

We also calculated the calcium and lead parton distributions
and compared them with nuclear PDFs resulting from the
CTEQ Collaboration (n-CTEQ) [45], HKN-04 [31], and HKN-
07 [32] results at Q2 =100 GeV? in Figs. 10 and 11. In
Fig. 12 we compare the xenon nucleon parton distributions
at Q% = 20 GeV? with HKN-07 results [32].

Flavor symmetry in nuclei such as °D, “*He, '2C, and “’Ca

are similar in that w = d = s. For other nuclei such that the
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FIG. 10. (Color online) Parton distributions for Calcium at Q% =
100 GeV?. Comparison with the n-CTEQ [45], HKN-04 [31], and
HKN-07 [32] models has also been done.

numbers of their protons and neutrons are not equal, we have
the SU(3) flavor symmetry breaking. We compare our model
assuming u # d # s with HKN-07 [32] and n-CTEQ [45]
results. This analysis has been done for gold in Fig. 13 at
0? = 5 GeV? in which we have SU(3) symmetry breaking.

If we choose the weight functions to be A dependent, our
analysis for the nuceli ratio data would be more precise.
Following that, we compare the results of our model at
Q% =5 GeV? with the available experimental data for gold
and calcium nuclei in Fig. 14. As can be seen, in this case we
get better agreement with the already existing experimental
data.

Our analysis have been done in two steps. In the first step 19
parameters have been optimized by minimizing the x2 value,
and in the second one since we fixed three parameters 8, B4,
and B, we just need to determine 16 parameters of the weight
functions via our fitting procedure. The reason that we have
to fix these three parameters is to control the Fermi motions
of the partons inside the nuclei at small values of x. For the
weight functions of the valance and sea quark distributions, we
choose an A-dependent function while the weight function for
the gluon distribution is assumed independent of A number.
The numerical values in Table IV, are listed on this basis. The
parameters a,,, dq,, and a, are fixed by the three sum rules
given in Eq. (6).
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FIG. 11. (Color online) Parton distributions for lead with Q? =
100 GeV? and comparison with the n-CTEQ [45], HKN-04 [31], and
HKN-07 [32] results.
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FIG. 12. (Color online) Parton distributions in xenon at Q% =
20 GeV? and comparison with HKN-07 [32] results, including error
band.
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FIG. 13. (Color online) Flavor symmetry xi& — xd in gold at
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results.
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APPENDIX A

Having three sum rules which give us the nuclear charge Z,
baryon number A, and momentum conservation as in Eq. (6),
we can calculate the three parameters a, (A, Z), aq,(A, Z),
and a,(A, Z):

 ZI(A) + (A — 9)I(A)

PHYSICAL REVIEW C 86, 064301 (2012)
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FIG. 14. (Color online) DIS data in nuclear reactions (EMC
effect) for gold and calcium at Q> =5 GeV? and comparison with
the results from HKM-01 [30], HKN-04 [31], and HKN-07 [32].

A, 7Z)= ! A,Z ZI 1 z 1
aq(A, )__I_g{a”"( ) )|:Z 5+( _Z> 6i|

au, (A, Z) = ,
’ ZI+ (A - 2)4 Z Z
+ag, (A, Z)| —Isg+ |1 ——1Is ||+ I(A);.
ZD(A) + (A — D11(A) A A
ad, (A, 2)=— , Al
ZIi+(A—-2)5 (A1)
TABLE IV. Parameters obtained by analyzing the weight functions for valance quark, sea quark, and gluon distributions.
u? and d? distributions
ay bv Cy du IBU
Appendix A 2.019A8:25x107 —6.749 A 135x1073 5.18A!49x1072 0.4
g distribution
aga qu Cz4 qu 74
—0.177 A-166x1072 3.369A0206 —19.75A%2! 19.12A031 0.1
g distribution
ag by Cq dy Bs
Appendix A 2.596 0.369 0.1
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To obtain the numerical values for these parameters in any
nuclei, we need to calculate the following integrals [32]:

Hy(x, A)

B0 A odx, hia) = SR ()dx,

(1= x)b 1=x

I3 = /muv(x)dx, 14 = [mdv(x)dx,

X X
s= [t o= [

H,
17(A)=/ [(1( )ﬁ){uv(X)er(X)}

az(A) + Hz(x, A)
(1 —x)fz
H,(x, A)

T—op® “’]‘”

'8=/(1

X
_—x)ﬁgg(x)dx,

1i(A) =

2{u(x) + d(x) + 5(x)}

(A2)

PHYSICAL REVIEW C 86, 064301 (2012)

where 8, = 0.4, B; = B, = 0.1, and H;(x, A) is given by
Hy(x, A) = by(A)x + c,(A)x* + dy(A)x?,
Hy(x, A) = bg(A)x + cg(A)x* + dg(A)x?,

Hy(x) = by + dyx’dx.

(A3)

The results of the eight integrals in above depend on the
atomic number and are different for each nuclei.

APPENDIX B

The FORTRAN package containing our unpolarized structure
functions FzA(x, Q2) for nuclei, as well as the unpolar-
ized parton densities xu?(x, 0?), xd(x, Q?), xs*(x, 0?),
xiat(x, 02), xd4(x, 0%, xg4(x, Q%) and their uncertainties
at NLO approximation in the MS scheme can be found
at [http://particles.ipm.ir/links/QCD.htm] or can be obtained
via e-mail from the author. In this package we assumed
1074 < x €0.999 and 1 < Q? < 10° GeV2.
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