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1. Motivation

• Nuclear structure functions: key tools to study the
behavior of partons inside nuclei.

• For x� 1 (high energies) and in the unpolarized
case,

F2A(x,Q2) =
Q2

πe2
(σA

T + σA
L ). (1)

• For x� 1, structure functions in nucleons increase
strongly (experimentally ∝ x−∆, ∆ ∼ 0.2 ÷ 0.3), so
high-density effects are expected. We are interested in
shadowing: F2A/(AF2N) < 1.

• Two different approaches to the problem:

A) Perturbative −→ non-perturbative: evolution
equations in lnQ2 or ln 1/x, computable in pQCD;
they serve to determine initial conditions of a non-
perturbative origin, in the spirit of global fits (EKS98,

HKM).

B) Non-perturbative −→ perturbative: models
to compute initial conditions. Two alternative
descriptions:
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B.1) In the rest frame of the nucleus: multiple
scattering of the qq̄ fluctuation of the γ∗ with the
nucleons. The scattering can be formulated in
partonic or hadronic (Regge-Gribov-Glauber) degrees
of freedom.

b

R

l  ~ 1/(m  x)> Rc N A

A

z  ~ 1/(m  x) > Ri N A1/Q

B.2) In a frame in which the nucleus is moving fast:
interaction among partons probed by the qq̄ dipole of
transverse size ∝ 1/Q. The interaction can be treated
perturbatively: semi-classical methods, CGC.
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• In both cases saturation appears for Q2 < Q2
s: either

multiple scattering leads to a geometrical cross section
(unitarity), S(b) = 0, σtot = 2

∫

d2b Re[1 − S(b)],
σhA = 2πR2

A < AσhN , or the number of gluons and
the associated field are bounded.

• Apart from the information about partons in nuclei,
these studies are required to compute multiparticle
production in nuclear collisions:

a) In the framework of factorization theorems in QCD,
partonic distributions fi/A are needed:

σAB→OX =
∑

i,j

fi/A(xi, Q
2)fj/B(xj, Q

2)σij→O. (2)

b) In string models based in Regge-Gribov-Glauber,
nuclear corrections have their origin in multiple
scattering: relation with diffraction on nucleons
measured at HERA (see the talk by J. López-Albacete).

• In this way, the study of nuclear structure functions at
small x is related to multiparticle production in nuclear
collisions at high energies: link of HERA with RHIC
and LHC (D.E.Kharzeev et al., PLB523 (01) 79; A.Capella et

al., PLB511 (01) 185).
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2. Description of the model

• We work in the dipole model:

σA
T,L(x) =

∫

d2r

∫ 1

0

dz |ψT,L(r, z,Q2)|2σdA(x, r).

(3)

−

q, z
γ∗

A

q, 1−z
r

. . .

• (Simplest) ansatz: extension of the dipole-nucleon
cross section to the nuclear case in Glauber-Gribov
(eikonal):

σdA(x, r) =

∫

d2b 2

[

1 − exp

(

−
1

2
ATA(b)σdp(x, r)

)]

,

(4)
TA(b) =

∫ +∞

−∞
dz ρA(~b, z),

∫

d2b TA(b) = 1.
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• For the proton: model of Golec-Biernat and Wüsthoff
(also AC et al., PRD63 (01) 054010; NPB593 (01) 336):

σdp(x, r) = σ0

[

1 − exp

(

−
Q2

s(x)r
2

4

)]

, (5)

Q2
s(x) = Q2

0

(x0

x̃

)λ

, x̃ = x

(

1 +
4m2

f

Q2

)

, (6)

Q2
0 = 1 GeV2, mu,d,s = 0.14 GeV, mc = 1.5 GeV,

σ0 = 23.03 (29.12) mb, λ = 0.288 (0.277) and x0 =
3.04 · 10−4 (0.41 · 10−4) for the 3(4)-flavor version.
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Figure 1: Comparison of the results of the model in the 3-flavor

(solid lines) and 4-flavor (dashed line) versions with experimental

data at small x for the ratios C, Ca and Pb over D, from E665:

M.R.Adams et al., ZPC67 (95) 403.
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Figure 2: Comparison of the A-evolution of the model in the

3-flavor (open circles) and 4-flavor (open triangles) versions with

experimental data at small fixed x for Be, Al, Ca, Fe, Sn and Pb

over C, from NMC: M.Arneodo et al., NPB481 (96) 3.
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Figure 3: Comparison of the Q2-evolution of the results of

the model in the 3-flavor (solid line) and 4-flavor (dashed line)

versions with experimental data for Sn over C at small fixed x,

from NMC: M.Arneodo et al., NPB481 (96) 23.
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3. Unintegrated gluon and Q2
s

• To compute particle production in processes in which
Λ2

QCD � Q2 � E2
cm (LL1/x), kT -factorization is

expected to work:

^Ι

ϕ

ϕ

A

B

k

(p−k)

A

p
T

B

T

T

In collinear factorization, Λ2
QCD � Q2 ≤ E2

cm (DLL).

• ϕA(x, k, b), the unintegrated gluon distribution,
cannot be determined in pQCD but its ln 1/x-evolution
does: BFKL, BK. For the collinear gluon, lnQ2-
evolution: DGLAP, MQ.

• Relation between both: for Q2 � Λ2
QCD, Q

2
s,

xG(x,Q2) =

∫ Q2

dk2 ϕ(x, k). (7)
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• Expected (with a factor 4/9 for q relative to g):

Q2
sA ∝ αsATA(b)xGnucleon ∝ A1/3Q2

s. (8)

• But the unintegrated gluon has to be constrained,
and its universality checked. Use the relation with σdA

at small x (M.A.Braun, EPJC16 (00) 337):

ϕA(x, k, b) = −
Nc

4π2αs
k2

∫

d2r

2π
exp (ik · r)σdA(x, r, b).

(9)
• For the proton, the unintegrated gluon is:

ϕp(x, k) ∝ σ0(k
2/Q2

s) exp (−k2/Q2
s). (10)

• For the nucleus (3-flavor version):

ϕA(x, k, b) =
Nc

π2αs

k2

Q2
s

∞
∑

n=1

(−B)n

n!

n
∑

l=0

Cl
n

(−1)l

l

× exp

(

−
k2

lQ2
s

)

, B =
1

2
ATA(b)σ0. (11)
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• The saturation scale (for quarks in this case) ≡
maximum of the unintegrated gluon; estimates from
the exponent in σdA give

Q2
sA '

[

4 ln

(

2ATA(b)σ0

2ATA(b)σ0 − 1

)]−1

Q2
s ∝ A1/3. (12)

• In Balitsky-Kovchegov, similar A- but much steeper
x-dependence (0.78 compared to 0.288) are found.

Scaling with k2/Q2
s appears (h = 2π2αs

Nc
ϕ) (NA et al.,

EPJC20 (01) 517; C22 (01) 351; M.Lublinsky, EPJC21 (01)

513; K.Golec-Biernat et al., PRD65 (02) 074037; E.Iancu et al.,

NPA708 (02) 327), searched in nuclear data (A.Freund et

al., hep-ph/0210139).
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Figure 4: Upper plot: saturation momentum in the model for

proton (solid line), and for Pb in three cases: central (b = 0,

dashed-dotted line), peripheral (b = 7 fm, dashed line), and

integrated over b (dotted line). Lower plot: saturation momentum

in the numerical solution of the non-linear equation, for A = 1

(solid line) and A = 208 (dotted line). Notice the difference in

vertical scales between the plots.
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4. Conclusions

• A very simple model for nuclear structure functions
at small x based on multiple scattering (eikonalization
in the dipole model) has been presented (see the talk by

J. López-Albacete for a comparison with other approaches).

• Comparison with small x < 0.02 data on
R(A/B) = [BF2A(x,Q2)]/[AF2B(x,Q2)] reasonable,
no free parameters; extrapolations are to be tested
in future lepton-ion colliders: EIC, THERA. Range of
validity limited in Q2 by DGLAP evolution: Q2 < 20
GeV2; in x by non-linear evolution (BK) not included in
our Glauber-Gribov approach, 0.02 > x > 10−5÷10−6.
It shows explicit geometrical scaling.

• This kind of models can be used to provide the initial
condition for some DGLAP- or BFKL-like evolution,
and offer information on new phenomena (saturation)
in nuclei: validity of the perturbative/semiclassical
approach at RHIC and LHC.

• Besides, they can be used to compute multiparticle
production in nuclear collisions, both in kT -
factorization and in string models =⇒ complementary
information coming from RHIC and LHC.
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Figure 5: Id. to Fig. 1 but with data for Be, Al, Ca, Fe, Sn and

Pb over C, from NMC: M.Arneodo et al., NPB481 (96) 3.
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Figure 6: Id. to Fig. 1 but with data for C and Ca over D,

from NMC: P.Amaudruz et al., NPB441 (95) 3.
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Figure 7: Results of the model for the ratio σL/σT in C and

Pb over σL/σT in proton versus x. In the plots, lines going from

the bottom to the top correspond to Q2 = 0.1, 0.5, 1, 2.25, 5,

10 and 100 GeV2.

Nuclear effects < ±12 %, never a factor 5: no
HERMES anomaly (hep-ex/0210067).
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Figure 8: Results of the model for the x-dependence of

F2A/(AF2p). In the two upper plots, results for C (upper

plot) and Pb (middle plot) versus x are given for Q2 = 0.1, 0.5,

1, 2.25, 5, 10 and 100 GeV2 (lines going from the bottom to the

top). In the plot at the bottom, F2A/(AF2p) is plotted versus

x at Q2 = 2.25 GeV2 for Be, C, Al, Ca, Fe, Sn and Pb (lines

going from the top to the bottom).
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Figure 9: Results of the model (in GeV−2) for the unintegrated

gluon distribution for proton (solid line) and for Pb integrated

over b (dashed line). Lower plot: Results of the model for the

unintegrated gluon distribution for peripheral (b = 7 fm, solid

line) and central (b = 0, dashed line) Pb. In each case, two

curves are provided for two values of x = 10−2 (curve to the

left) and 10−6 (curve to the right).
Shape not identical, slightly increasing width with

increasing centrality or nuclear size (not with x).
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