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Saturation and the Ratio σdi f f /σtot in an Electron-Ion Collider

V. P. Gonçalves1, M. S. Kugeratski2, and F. S. Navarra2
1Instituto de Fı́sica e Matemática,
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In this paper we investigate the saturation physics in diffractive deep inelastic electron-ion scattering. We
estimate the energy and nuclear dependence of the ratio σdi f f /σtot . We show that saturation physics predicts
that up to 37 % of the events observed at eRHIC should be diffractive. We have also studied how our results
depend on the prescription to extend the saturation scale to the nuclear case.
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I. INTRODUCTION

Significant progress in understanding diffraction has been
made at the ep collider HERA (See, e.g. Refs. [1]). Currently,
there exist many attempts to describe the diffractive part of the
deep inelastic cross section within pQCD (See, e.g. Refs. [2–
4]). One of the most successful approaches is the saturation
one [2] based on the dipole picture of DIS [5, 6]. It naturally
incorporates the description of both inclusive and diffractive
events in a common theoretical framework, as the same dipole
scattering amplitude enters in the formulation of the inclusive
and diffractive cross sections. As shown in Ref. [3], current
data are not yet precise enough, nor do they extend to suffi-
ciently small values of xIP, to discriminate between different
theoretical approaches.

Recently, in Refs. [7, 8], we have considered a set of inclu-
sive observables which could be analyzed in a future electron-
ion collider [9]. Our results have demonstrated that the satura-
tion physics cannot be disregarded in the kinematical range of
eRHIC. Our goal in this work is to understand to what extent
the saturation regime of QCD manifests itself in diffractive
deep inelastic eA scattering. In particular, we will study the
energy and nuclear dependence of the ratio between diffrac-
tive and total cross sections (σdi f f /σtot ).

Diffractive processes in eA collisions were studied in Refs.
[10–14]. Here we extend these studies to a large number of
observables, considering the dipole approach and a general-
ization for nuclear targets of the CGC dipole cross section
proposed in Ref. [15]. As this model successfully describes
the HERA data, we believe that it is possible to obtain real-
istic predictions for the kinematical range of the electron-ion
collider eRHIC.

II. DIPOLE FORMALISM OF DIFFRACTIVE DIS

At small x, Deep Inelastic Scattering (DIS) is most con-
veniently computed with the dipole formalism. The virtual
photon splits into a quark anti-quark dipole (represented by
the quantity |ΨT,L(α,r,Q2)|2), which interacts with the target

[1] (σdip(x,r) describes this interaction). In this formalism the
structure function of the target can be expressed as:

F2(x,Q2) =
Q2

4π2αem
(σT +σL) (1)

where

σT,L(x,Q2) =
∫ 1

0
dα

∫
d2r|ΨT,L(α,r,Q2)|2σdip(x,r) (2)

Similarly, the total diffractive cross sections take on the fol-
lowing form (See e.g. Refs. [1, 2, 5])

σD
T,L =

∫ 0

−∞
dt eBDt dσD

T,L

dt

∣∣∣∣∣
t=0

=
1

BD

dσD
T,L
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∣∣∣∣∣
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(3)

where

dσD
T,L

dt

∣∣∣∣∣
t=0

=
1

16π

∫
d2r

∫ 1

0
dα|ΨT,L(α,r)|2σ2

dip(x,r
2) , (4)

and we have assumed a factorizable dependence on t with the
diffractive slope BD.

At high energies [16, 17], σdip can be computed in the
eikonal approximation and it is given by:

σdip(x,r) = 2
∫

d2bN (x,r,b) (5)

where N (x,r,b) is the forward scattering amplitude for a di-
pole with size r and impact parameter b. Here we assume that
the impact parameter dependence of N can be factorized as
N (x,r,b) = N (x,r)S(b). So, σdip(x,r) = σ0 N (x,r).

In the IIM parametrization [15] the dipole-target forward
scattering amplitude was assumed to have the form:

N =





N0

(
rQs

2

)2
(

γs+
ln(2/rQs)

κλY

)

rQs ≤ 2

1− exp−a ln2 (brQs) rQs > 2
(6)

where N0 = 0.7 and we will call the exponent in first line of
Eq. (6) as γe f f . The expression in the second line of Eq. (6)



802 V. P. Gonçalves, M. S. Kugeratski, and F. S. Navarra

has the correct functional form for r À 2/Qs, as obtained ei-
ther by solving the BK equation [16, 18] or from the theory
of the CGC [19]. This is strictly valid only to LO accuracy,
but here it is used merely as a convenient interpolation. The
details of this interpolation are unimportant for the calcula-
tion of σγ∗p. The coefficients a and b are determined uniquely
from the condition that N (rQs,Y ) and its slope be continuous
at rQs = 2. The overall factor N0 in the first line of Eq. (6)
is ambiguous, reflecting an ambiguity in the definition of Qs,
which is given by:

Q2
s = Q2

0 (
x0

x
)λ (7)

where x = Q2/(W 2 +Q2), W is the photon-proton (or photon-
nucleus) center of mass energy, Q2

0 = 1.0 GeV2 and the coef-
ficients γs and κ are fixed to their LO BFKL values: γs = 0.63
and κ = 9.9. The only free parameters are σ0, x0 and λ, which
were fixed by fitting the structure function F2, given by (1), to
HERA data. This fit was performed in [15]. Since the dipole
cross section is universal, i.e., the same for γp and pp scatter-
ings, a better procedure would be to fit simultaneously HERA
and RHIC data. The determination of a dipole cross section
compatible with both sets of data was discussed in [20, 21].

In [7, 8] we have generalized the IIM model for nuclear
collisions assuming the following basic transformations:

σ0 → σA
0 = A

2
3 ×σ0 (8)

Q2
s (x)→ Q2

s,A = A
1
3 ×Q2

s (x) (9)

Another A dependence of the saturation scale was proposed in
[22]:

Q2
s,A =

(
AπR2

p

πR2
A

)1/δ

× Q2
s (x) (10)

where δ = 0.79 and Rp = 0.641fm. When extending (3) to
the nuclear case we need to change the slope BD to the nu-
clear slope parameter, BA. In the absence of more reliable
information concerning BA we will assume that it may be ap-

proximated by BA = R2
A

4 , where RA is given by RA = 1.2A1/3

fm [23].

III. RESULTS AND DISCUSSION

In order to obtain an approximate expression for the ratio
σdi f f /σtot we will disregard the r-dependence of the effective
anomalous dimension, i.e. γe f f = γ = constant. In this case,
we obtain:

σdi f f /σtot ≈ [
Q2

s

Q2 ]1−γ (11)

Assuming γ = 0.84, as in Ref. [15], we predict that the ratio
decreases with the photon virtuality and presents a weak en-
ergy dependence. However, analyzing the A-dependence, we

expect a growth of approximately 30 % when we increase A
from 2 to 208.

In the ratio (11) both cross sections grow with the atomic
number A, but the diffractive one, in the numerator, grows
faster. This behavior comes from the dipole cross section and,
more precisely, from the non-trivial A dependence of the satu-
ration scale. The geometrical A dependence of the pre-factors
σ0 and BA cancels out. The approximate analytical behavior
of (11) with A is discussed in more detail in [8].

In the kinematical range where Q2 < Q2
s the ratio of cross

sections presents a similar behavior. The main difference is
that in the asymptotic regime of very large energies the cross
section for diffraction reaches the black disk limit of 50% of
the total cross section.

In Fig. 1 we show the ratio σdi f f /σtot , as a function of W
and x for different values of A. We have used (9) as the nu-
clear saturation scale. The black disk limit, σdi f f /σtot = 1/2,
is also presented in the figure. We can see that the ratio de-
pends weakly on W and on x but is strongly suppressed for
increasing Q2. This suggests that in the deep perturbative re-
gion, diffraction is more suppressed. This same behavior was
observed in diffractive ep data [24]. Moreover, the energy de-
pendence of the ratio is remarkably flat, increasing with A, be-
coming up to 30 % larger for lead in comparison to deuteron.
This behavior agrees qualitatively with the previous calcula-
tion of [12] and with our previous estimate. Similar results
have been obtained in Ref. [10] in a different context. The
appearance of a large rapidity gap in 37 % of all eA scatter-
ing events would be a striking confirmation of the saturation
picture.
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FIG. 1: The ratio between the diffractive and total cross section as a
function of x and W for different values of A and Q2. The black disk
limit, σdi f f /σtot = 1/2, is also presented.

In order to check how sensitive the results of Fig. 1 are
to the A dependence of the saturation scale, we calculate the
same ratio using (10) instead of (9) and show the result in
Fig. 2. As it can be seen in the figure, the two possible nuclear
extentions of Qs, called IIM1 (with(9)) and IIM2 (with (10)),
lead to similar results.
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FIG. 2: The ratio between the diffractive and total cross section as a
function of W for different values of A and Q2 = 1 GeV2. IIM1 and
IIM2 are calculated with (9) and (10) respectively.

The two upper dot-dashed lines in the figure define a band
which is a measure of the uncertainty associated with our poor
knowledge of the A dependence of the saturation scale. There
are several other uncertainties in our calculations: i) in ex-
pression (3) it is assumed that σD depends on t only through
the multiplicative exponential factor exp(Bt); ii) equation (5)
implies the eikonal approximation; iii) the factorization of the
dipole amplitude N (x,r,b) = N (x,r)S(b) is also an approxi-
mation; iv) eq. (6) is an assumption. Although the constants a,
b, γs and κ are fixed by requirements like continuity, analitic-
ity and compatibility with HERA data, the mathematical form
of (3) is not unique and we should test other forms. There

is a systematic error to be estimated; v) the same can be said
about the form assumed for the saturation scale, eq. (7); vi)

the expression BA = R2
A

4 is also an assumption and contains
some uncertainty. For the moment we are more interested in
the central values of the predictions. In the future a refinement
of these predictions will certainly include a complete estimate
of the theoretical errors.

IV. SUMMARY & CONCLUSIONS

In this work we address nuclear diffractive DIS and the ratio
σdi f f /σtot in the dipole picture. In particular, we have investi-
gated the potential of eA collisions as a tool for revealing the
details of the saturation regime. Since σdi f f is proportional
to σ2

dip, diffractive processes are expected to be particularly
sensitive to saturation effects. Moreover, due to the highly
non-trivial A dependence of σdip, diffraction off nuclear tar-
gets is even more sensitive to non-linear effects. Without ad-
justing any parameter, we have found that the ratio σdi f f /σtot
is a very flat function of the center-of-mass energy W , in good
agreement with existing HERA data. Extending the calcula-
tion to nuclear targets, we have shown that this ratio remains
flat and increases with the atomic number. At larger nuclei
we predict that approximately 37 % of the events observed at
eRHIC should be diffractive.
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