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Nucleon correlations and higher twist effects in nuclear structure functions
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The overlap of the nucleons in nuclei plays an important role in understanding the nuclear dependence
of deep inelastic scattering data. It is shown that the nuclear modification of the higher twist scale can be
essentially determined by the overlapping volume per nucleon and this effect gives a large contribution to
nuclear shadowing for small x and low Q2. In this kinematical region there is also a moderate enhance-
ment of the longitudinal structure function in nuclei.
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The interpretation of the HERA and RHIC data and the
future experiments at LHC require a deep understanding of
the behavior of the parton distributions in the small x
region both for the free nucleon and for nuclei.

The main ideas of the dynamical description of the small
x physics are the saturation of the parton densities and the
shadowing effects. Both these problems can be studied
from the fundamental point of view by the nonlinear
QCD evolution equations. However, since they are re-
lated with confinement, some complementary approaches,
such as classical gluon field theory [1] or the pomerons
exchange [2], take into account the nonperturbative
dynamics.

Nuclear shadowing is a crucial ingredient of the initial
state effects in hard phenomena in proton-nucleus and
nucleus-nucleus collisions and some useful, model inde-
pendent, phenomenological analyses of the nuclear mod-
ifications of the parton distributions have been proposed
[3].

The major difficulty for a clear theoretical description of
the nuclear shadowing is that the available data on deep
inelastic scattering (DIS) on a nuclear target in the small x
region are also for small Q2 and then the standard QCD
evolution becomes unreliable.

Recently the calculation of the nuclear parton distribu-
tion functions in the Gribov approach [4] has been updated
[5], and the failure of the leading twist model to describe
the DIS data indicates significant higher twist (HT) con-
tributions in the small x region. In particular, the HT
contribution to nuclear shadowing turns out about 50% of
the whole suppression, and the authors argue that, in the
kinematical range covered by data, it is possible to have
this large corrections due to diffractive effects. On the other
hand, in Ref. [6] the HT contribution turns out to be small
(as will be discussed later).

In this paper we suggest that in the small x and low Q2

region the HT contributions are relevant for the agreement
with the present day data on nuclear shadowing. This
conclusion, that can be obtained also by resumming
QCD power corrections [7], is based on an intuitive,
coarse-grain analysis of the typical nuclear HT scale by
the overlap of nucleons in the nucleus.
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Indeed, in the small x region, DIS is controlled by the
dipole nature of the interaction of the virtual photon with
the target and by the pomeron exchange. Shadowing
clearly indicates that the effective coupling of the pomeron
with a bounded nucleon is suppressed with respect to the
free nucleon case.

On the other hand, the observed flavor dependence of the
total cross sections is explained [8,9] by the suggestion that
the average spatial separation of the quarks in the target
determines the strength of the hadron-pomeron coupling,
�p. Moreover, the variation of total cross sections with the
average quark separation, r, in the hadron involved has
been quantified in Ref. [10] where it has been shown that
�p ’ r

2.
Therefore, in a nuclear environment one expects the

modifications of the structure function at small x to be
related to the overlapping volume per nucleon VopA in the
nucleus A.

This idea has been proposed to explain the EMC effect
and also the nuclear shadowing in Refs. [11,12], where the
overlapping volume has been approximately evaluated by
the geometrical two-nucleon overlap. The general reasons
to apply the same approximation to set also the HT nuclear
scale are the following:
(a) T
-1
he Glauber-Gribov theory is based on the nuclear
corrections due to scattering of any pair of nucleons
in the nucleus and on diffractive effects;
(b) T
he geometrical three-nucleon overlap is small [11].

We shall show that by a simple analysis, based on the

overlapping volume per nucleon in the nucleus, one can
suggest that:
(i) t
here is a nuclear modification of the HT scale
which gives a relevant contribution to nuclear shad-
owing in the present day data;
(ii) t
he nuclear correction to the longitudinal structure
function, FL2A, are small as reported in Ref. [13].
Let us first discuss the higher twist effects which are
subasymptotic scaling violations, O��2=Q2�, whose typi-
cal scale �2 is fixed by the matrix elements of the relevant
operators in the light-cone expansion of the product of the
currents operators. In particular, Jaffe and Soldate [14]
found a complete set of nine operators, totally symmetric,
© 2005 The American Physical Society
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traceless in Lorentz indices and depending on color, spin
and flavor indices, which permits us to evaluate the twist-
four, spin-two contribution to electroproduction in QCD.

The HT formalism has been largely applied [15] and it
requires a specific model to evaluate the nonperturbative,
target-dependent matrix elements. For example, in the MIT
bag model the twist-four correction to the nucleon struc-
ture function F2N turns out

Z
dxFHT

2N �
1

2

��c
Q2MNVN

�
�

131

27
K1 � 8K2

�
; (1)

where MN and VN are, respectively, the nucleon mass and
volume; �C is an effective coupling constant in the bag
(usually �c � 0:5 is assumed); and K1 � 1:08 and K2 �
0:17 are integrals over VN of the bag model spinors for
massless quarks in the lowest modes [14].

This result, by itself, is not useful for the comparison
with DIS data because one needs to analyze the x depen-
dence and, moreover, in the small x, low Q2 region the
valence approximation of the bag model is not reliable. A
complete calculation of the matrix elements is still missing
and, on the other hand, it is quite useful to have, at least, a
phenomenological understanding of the HT contributions,
crucial for the agreement with data at small Q2.

Then, following the structure of Eq. (1), let us write

FHT
2N �

1

2

��c
Q2MNVN

CN�x� (2)

and try to have some indication of the effective weight of
the matrix elements for determining the HT scale of the
nucleon in the small x region. The next step will be to
generalize the analysis for a nuclear target.

However, before entering in the phenomenological de-
tails, let us consider some results which follow from gen-
eral arguments.

Let us write the F2 structure functions as a leading twist
term (LT) plus an O�1=Q2� HT contribution. For the nu-
cleon case we shall approximate F2N � F2D=2 since at
high energy the nuclear effects in deuterium are negligible
and from now on the formulas refer to structure functions
per nucleon. For deuterium one has F2D � FLT

2D � F
HT
2D and

for a larger nucleus A, F2A � FLT
2A � F

HT
2A . By defining

RLT
A � FLT

2A=F
LT
2D and RA � F2A=F2D, to order O�1=Q2�,

one obtains

RA

�
1�

FHT
2A

F2A
�
FHT

2D

F2D

�
� RLT

A : (3)

Then the HT corrections can suppress the (LT) term only if
RAFHT

2D > FHT
2A . Since in the small x region RA < 1, if the

HT correction increases the (LT) term (i.e. it is positive)
then the effective HT scale must be larger in deuterium
with respect to the larger nucleus A. Vice versa, if the HT
terms are negative the larger nuclei have a larger effective
scale at small x.

Concerning the sign of the HT correction to F2D let us
notice that (1) in the MIT bag model this overall correction
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is negative [see Eq. (1)]; (2) in the parameterization of the
deuteron structure function data in Ref. [16] the O�1=Q2�
leading correction in the small x region is negative.

By assuming this indication, one concludes that the
nuclear HT corrections are negative and there is a larger
HT effective scale at small x with respect to the nucleon
case. Moreover one can use the phenomenological input
given in Ref. [16] and write that

FHT
2D �

1

2

��c
Q2MNVN

CD�x� ’ �
c1x� c2x2

Q2 ; (4)

where c1 � 1:509 GeV2 and c2 � �8:553 GeV2 [16]. Of
course this approximation is valid only in the small x
region considered in the data of Ref. [16].

Let us now consider the nuclear effects. The HT correc-
tions come essentially from the matrix elements of quark-
quark-gluon and/or four quark operators [14] in the target
and then in a nucleus there are peculiar contributions, with
respect to the free nucleon, due to the nuclear binding and
to partons coming from different nucleons in the nucleus.
A rigorous calculation is quite hard, but, according to the
parameterization in Eq. (2), it is natural a description of the
nuclear effects which takes into account the nuclear bind-
ing energy by an effective mass of the nucleon, M� �
MN � � (where � is the removal energy; see the discussion
in [17]), and the correlation among nucleons by their over-
lap in the nucleus as previously discussed.

More precisely, as discussed in Ref. [12], which essen-
tially is the first simple explanation of shadowing in the
dipole picture, one considers VN ’ �r

2�3=2 and the HT
contribution to F2A per nucleon can be parameterized as
[see Eq. (2)]

FHT
2A �

1

2

��c
Q2M�VA

CA�x�; (5)

where VA=VN � 1� VopA =VN and CA�x�, related to the
matrix element of the relevant operator in the nucleus,
takes also into account the HT contribution due to partons
from different nucleons. It is reasonable to assume that this
dynamical effect is proportional to the overlapping volume
per nucleon, VopA , and then to write

CA�x� � CD�x� � C�x�
VopA
VN

; (6)

where C�x� is independent on A.
Then the HT nuclear correction turns out that

FHT
2A � FHT

2D
MN

M�
VN
VA

�
1� ��x�

Vop

VN

�
� FHT

2D�A; (7)

where ��x� � CA�x�=CN�x� will be approximated, in the
small x region, with a constant parameter �, in such a way
that the HT nuclear scale is completely determined by the
overlapping volume per nucleon.

By combining the previous Eqs. (3) and (7), the relation
between RLT

A and RA in terms of the HT corrections is given
by
-2
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FIG. 2. Comparison of the leading twist theory plus higher
twist contributions, according to Eq. (8) to the NMC data [20] on
F2Ca=F2D (see text). The statistical and systematic errors are
quadratically added.
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RA �
RLT
A �

FHT
2D
F2D

�A

1�
FHT

2D
F2D

; (8)

which is the starting point for the comparison with the
experimental data.

In the previous formula the only free parameter is �.
Indeed the overlapping volume per nucleon has been eval-
uated in Ref. [11] by including a Reid-soft core potential
between nucleons and considering only the two-nucleon
overlap. In Ref. [18] the previous evaluation has been
reanalyzed with a reduction of a factor ’ 0:65 with respect
to the initial values. Then the overlapping volume per
nucleon for different nuclei is fixed as the 65% [19] of
the values obtained in Ref. [11]. The removal energy � is
small (few MeV) and negative, and it has a negligible
quantitative effect. FHT

2D is given in Eq. (4) and F2D is
experimentally known for small value of x and accurately
parameterized [16]. Finally, one has to know RLT

A
and different LT inputs change the fitted value of the
parameter �.

From this point of view, it should be clear that the
agreement with data depends on the relative weight be-
tween the LT and the HT contributions. The power correc-
tions are an important element of the whole analysis but
their magnitude is correlated with the initial parameteriza-
tion of the structure functions for the Q2 evolution. In
Ref. [5] a model of diffraction is used in order to obtain
an initial condition for evolution equation at Q2

O �
4 GeV2. On the contrary, in Ref. [6] a model, to all twist
orders, is proposed for the full low Q2 region and there is
no QCD evolution. In this latter framework, where a small
HT correction is reported, it is not simple to handle the
O�1=Q2� and clearly separate a ‘‘LT’’ term. Then, in the
present analysis, one considers the leading twist results in
the Gribov approach obtained in Ref. [5]. In Fig. 1 we
report the comparison of the leading twist theory plus
higher twist contributions, according to Eq. (8) to the
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FIG. 1. Comparison of the leading twist theory plus higher
twist contributions according to Eq. (8) to the NMC data [20] on
F2C=F2D (see text). The statistical and systematic errors are
quadratically added.
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NMC data [20] on F2C=F2D. The dashed and dotted-
dashed lines are, respectively, for � � 3 and � � 4 and
the dotted line is the leading twist result in Ref. [5].
Figure 2 has the same comparison with the Ca-40 data,
and in Fig. 3 the comparison is with the ratio F2PB=F2C. In
Fig. 4 we have considered the Q2 dependence at fixed x �
0:0125 of the ratio F2Sn=F2C [21].

The comparison with data is confined to the small x
region due to the reliability of the parameterization in
Eq. (4) and because the antishadowing and the energy-
momentun sum rule are not implemented in the present
analysis.

The phenomenological fit gives � ’ 3 which sets the
ratio of the HT nuclear scale with respect to the free
nucleon case, �A. It is quite interesting to notice that,
with the previous value of �, �A reproduces within 15%
the nuclear scale associated with parton saturation obtained
[22] by fitting the whole deep inelastic scattering nuclear
data in the small x region.

Let us now comment on the longitudinal structure func-
tion FL2A. In Ref. [23] the authors initially reported a quite
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FIG. 3. Comparison of the leading twist theory plus higher
twist contributions to the NMC data on F2Pb=F2C (see text). The
statistical and systematic errors are quadratically added.
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FIG. 4. Comparison of the leading twist theory plus higher
twist contributions to the NMC data on F2Sn=F2C at x � 0:0125
and different Q2 (see text). The statistical and systematic errors
are quadratically added. The dotted line is the leading twist result
0.975 [5].
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large value (about a factor 4) of the ratio between the
longitudinal and transverse structure functions in N-14
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for x ’ 0:0045 and low Q2 with respect to the deuterium
case.

This enhancement has been investigated by many au-
thors [7,24,25] with the conclusion that a large HT correc-
tion for nytrogen is required. Indeed, also in this case, the
effect is due to a balance between the LT term and HT
correction which depends on the absolute value of the HT
scale rather than on the ratio between the nitrogen and
deuterium HT scale.

In [13] the data have been reanalyzed and there is no
large nuclear correction to the longitudinal structure func-
tion. By the present analysis, an enhancement should be
found because the HT nuclear scale increases. However it
turns out that the effective HT nytrogen scale at x ’ 0:0045
is much smaller than the value of 0:056 GeV2 required [25]
to obtain the previously reported large corrections and then
the final effect is small and well within the experimental
error in Ref. [13]

The author thanks Nestor Armesto, Carlos Salgado,
U. Wiedemann, and M. Strikman for very useful sugges-
tions and the CERN Theory Division for its hospitality.
[1] L. McLerran and R. Venugopal, Phys. Rev. D 49, 2233
(1994); for a review see L. McLerran, in Hard Probes
2004, Proceedings of the International Conference of
Hard and Electromagnetic Probes of High Energy
Nuclear Collisions, Ericeira, Portugal, 2004 (Report
No. Ericeira-5-10).

[2] A. Donnachie and H. G. Dosch Phys. Rev. D 65, 014019
(2002); A. Donnachie and P. V. Landhoff, Acta Phys. Pol.
B 34, 2989 (2003).

[3] K. J. Eskola, V. J. Kolhinen, and P. V. Ruuskanen, Nucl.
Phys. B535, 351 (1998); K. J. Eskola, V. J. Kolhinen, and
C. A. Salgado, Eur. Phys. J. C 9, 61 (1999); M. Hirai, S.
Kumano, and M. Miyama Phys. Rev. D 64, 034003
(2001); D. de Florian and A. R. Sassot, Phys. Rev. D 69,
074028 ( 2004).

[4] L. Frankfurt and M. Strikman, Eur. Phys. J. A 5, 293
(1999); L. Frankfurt, V. Guzey, M. McDermott, and
M. Strikman, J. High Energy Phys. 02 (2002) 27.

[5] L. Frankfurt, V. Guzey, and M. Strikman, Phys. Rev. D 71,
054001 (2005).

[6] N. Armesto, A. Capella, A. B. Kaidalov, J. Lopez-
Albacete, and C. A. Salgado, Eur. Phys. J. C 29, 531
(2003).

[7] J. Qiu and I. Vitev, Phys. Rev. Lett. 93. 262 301 (2004).
[8] J. F. Gunion and D. E. Soper Phys. Rev. D 15, 2617

(1977).
[9] P. V. Landshoff and O. Nachtmann, Z. Phys. C 35, 405

(1987).
[10] B. Povh and J. Hufner, Phys. Rev. Lett. 58, 1612 (1987).
[11] F. E. Close, R. L. Jaffe, R. G. Roberts, and G. C. Ross

Phys. Rev. D 31, 1004 (1985).
[12] P. Castorina and A. Donnachie, Phys. Lett. B 215, 589
(1988); P. Castorina, A. Donnachie, and P. Harriman,
Z. Phys. C 60, 135 (1993).

[13] A. Airapetian et al. (HERMES Collaboration), hep-ex/
0210068.

[14] R. L. Jaffe and M. Soldate, Phys. Lett. 105B, 467 (1981).
[15] S. R. Luttrell, S. Wada, and B. R. Weber, Nucl. Phys.

B188, 219 (1981); S. R. Luttrell and S. Wada, Nucl.
Phys. B197, 290 (1982); B. A. Ijima, Massachusetts
Institute of Technology, Report No. CPT-993, 1982 (un-
published); P. Castorina and P. Mulders, Phys. Rev. D 31,
2760 (1985); Phys. Rev. D 31, 2760 (1985).

[16] M. Arneodo et al. (NMC Collaboration), Phys. Lett. B
364, 107 (1995).

[17] M. Arneodo, Phys. Rep. 240, 301 (1994); G. Piller and
W. Weise, Phys. Rep. 330, 1 (2000).

[18] M. M. Sargsian, S. Simula, and M. I. Strikman, Phys. Rev.
C 66, 024001 (2002).

[19] A. Accardi, V. Muccifora, and H. J. Pirner, Nucl. Phys.
A720, 131 (2003).

[20] M. Arneodo et al. (NMC Collaboration), Nucl. Phys.
B481, 3 (1996); Nucl. Phys. B441, 12 (1995).

[21] M. Arneodo et al. (NMC Collaboration), Nucl. Phys.
B481, 23 (1996).

[22] N. Armesto, C. A.Salgado, and U. Wiedemann, Phys. Rev.
Lett. 94, 022 002 (2005).

[23] K. Ackerstaff et al. (HERMES Collaboration), Phys. Lett.
B 475, 386 (2000).

[24] X. F. Guo, J. W.Qiu, and W. Zhu, Phys. Lett. B 523, 88
(2001).

[25] P. Castorina, Phys. Rev. D 65, 097502 (2002).
-4


