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We present a comprehensive study of shadowing effects in deep-inelastic scattering off nuclei in
kinematic regions accessible by future experiments at electron-ion colliders. The calculations
of shadowing are performed within the color dipole formalism using a rigorous Green function
technique. This allows incorporating naturally the effects of quantum coherence and color transparency, which are not consistently included in present calculations. We analyze as well the
magnitude of gluon shadowing representing the shadowing correction coming from higher Fock
states of the photon containing gluons. We present for the first time the impact parameter behavior
of shadowing effects and analyze the theoretical uncertainties in their estimations using different
models for the dipole cross section. Our predictions for the onset of gluon shadowing corrections
at small Bjorken 𝑥 𝐵 𝑗 can be verified by future experiments at electron-ion colliders.
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1. Introduction

𝑙𝑐 =

2𝜈
,
𝑄 2 + 𝑀𝑞2𝑞¯

(1)

where 𝜈 and 𝑄 2 are the photon energy and virtuality, and 𝑀𝑞 𝑞¯ is the effective mass of the 𝑞 𝑞¯ pair.
For the maximal onset of shadowing effects, the CL should considerably exceed the nuclear
radius 𝑅 𝐴, 𝑙 𝑐  𝑅 𝐴. Otherwise, the destructive interference of amplitudes corresponding to
interactions which occur on different bound nucleons, is reduced due to a shorter lifetime of the
|𝑞 𝑞i
¯ Fock state, causing weaker shadowing effects. In the present paper, we include effects of
quantum coherence properly with no restrictions for CL using a rigorous path integral technique
[3]. The same formalism is also used for calculations of shadowing corrections from higher multigluon Fock components of the photon. In comparison with the photon 𝑞 𝑞¯ fluctuations, they have
shorter lifetimes due to their larger effective masses, and the corresponding proper manifestation of
shadowing effects requires larger photon energies. In the next Section, we present a brief review
of the color dipole formalism as well as an outline of the Green function technique controlling the
nuclear shadowing dynamics as a function of CL. The corresponding results of nuclear shadowing
are in Sect. 3 and conclusions in Sect. 4.

2. Nuclear shadowing within the color dipole formalism
In the rest frame of the nucleus the photo-nuclear cross section reads as follows:
𝛾∗ 𝐴

𝛾∗ 𝑁

𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) = 𝐴 𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) − Δ𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) ,
2

(2)
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The future Electron-Ion colliders (EICs) [1, 2] will represent an effective tool for precise study
of the nuclear structure, as well as QCD aspects of various processes and effects occurring in
interactions with nuclei. One of the main topics will concern to nuclear shadowing at small Bjorken
𝑥 𝐵 𝑗 , which is best studied in nuclear deep inelastic scattering (nDIS) process. Particularly, the
usually used and experimentally measured observable for the study of shadowing phenomena in
DIS is the nuclear structure function 𝐹2𝐴. In the region of small 𝑥 𝐵 𝑗 the effect of nuclear shadowing
manifests itself as an inequality 𝐹2𝐴/( 𝐴 𝐹2𝑁 ) < 1, where 𝐴 is the number of nucleons in a nuclear
target, and 𝐹2𝑁 represents the free nucleon structure function. For the nuclear shadowing topic
overview, see [3].
The precise knowledge and understanding of shadowing effects is crucial for a correct theoretical description and interpretation of various processes off nuclei in the region of small Bjorken
𝑥𝐵 𝑗 <
∼ 0.01, such as diffractive photo- and electroproduction of vector mesons, Drell-Yan process,
direct photon production, semi-inclusive production of hadrons, etc.
In this report, we will treat the nuclear shadowing within the light-front (LF) color dipole
formalism. Within the LF formalism, the nuclear target is in the rest frame, and the incoming
colliding object can be seen as a superposition of various Fock components with different lifetimes
related to their effective masses. This means that the incoming virtual photon will fluctuate
preferably into a 𝑞 𝑞¯ Fock state at smaller energies with a gradual manifestation of multi-gluon
Fock fluctuations (𝑞 𝑞𝐺,
¯ 𝑞 𝑞2𝐺,
¯
etc.) at smaller 𝑥 𝐵 𝑗 . Consequently, the dynamics of the nuclear
shadowing is controlled by the lifetime of such fluctuations which is also known as the coherence
time or length (CL). For the lowest |𝑞 𝑞i
¯ Fock state the CL reads,
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where Δ𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) represents the summation of shadowing corrections coming from different
Fock states, |𝑞 𝑞i,
¯ |𝑞 𝑞𝐺i,
¯
|𝑞 𝑞2𝐺i,
¯
···
𝑞 𝑞¯
𝑞 𝑞𝐺
¯
𝑞 𝑞2𝐺
¯
Δ𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) = Δ𝜎𝑡𝑜𝑡
(𝑥 𝐵 𝑗 , 𝑄 2 ) + Δ𝜎𝑡𝑜𝑡
(𝑥 𝐵 𝑗 , 𝑄 2 ) + Δ𝜎𝑡𝑜𝑡
(𝑥 𝐵 𝑗 , 𝑄 2 ) + · · · .

(3)

𝛾∗ 𝑁

Within the color dipole approach, the variable 𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) can be expressed in the quantummechanical form,
∫
∫ 1
2
𝛾∗ 𝑁
𝑑𝛼 Ψ𝑞 𝑞¯ (®
𝑟 , 𝛼, 𝑄 2 ) 𝜎𝑞 𝑞¯ (®
𝑟 , 𝑠) , (4)
𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) = hΨ𝑞 𝑞¯ (𝑟, 𝛼)|𝜎𝑞 𝑞¯ (𝑟)|Ψ𝑞 𝑞¯ (𝑟, 𝛼)i = 𝑑 2𝑟
where Ψ𝑞 𝑞¯ (®
𝑟 , 𝛼, 𝑄 2 ) is the LF wave function of the |𝑞 𝑞i
¯ Fock state with transverse separation 𝑟®,
2
which depends also on the photon virtuality 𝑄 and the longitudinal momentum fraction 𝛼 = 𝑝 +𝑞 /𝑝 +𝛾
of the photon’s LF momentum carried by the quark where 𝜎𝑞 𝑞¯ (®
𝑟 , 𝑠) is the dipole cross section.
Quark shadowing. Assuming the lowest Fock component |𝑞 𝑞i,
¯ the effect of the second term in
Eq. (2) corresponds to the higher twist quark shadowing. Application of the Green function technique allows controlling precisely the coherence length effects and consequently, the corresponding
shadowing dynamics by means of the following formula [4],
Δ𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) =

1
Re
2

∫

𝑑2 𝑏

∫

∞

∫

∞

𝑑𝑧1 𝜌 𝐴 (𝑏, 𝑧1 )
−∞

∫
𝑑𝑧 2 𝜌 𝐴 (𝑏, 𝑧2 )

𝑧1

1

𝑑𝛼 𝐴(𝑧 1 , 𝑧2 , 𝛼) , (5)
0

where
∫
∫
𝐴(𝑧 1 , 𝑧2 , 𝛼) = 𝑑 2𝑟 2 Ψ∗𝑞 𝑞¯ (𝑟®2 , 𝛼, 𝑄 2 )𝜎𝑞 𝑞¯ (𝑟 2 , 𝑠) 𝑑 2𝑟 1 𝐺 𝑞 𝑞¯ (𝑟®2 , 𝑧2 ; 𝑟®1 , 𝑧1 )𝜎𝑞 𝑞¯ (𝑟 1 , 𝑠)Ψ𝑞 𝑞¯ (𝑟®1 , 𝛼, 𝑄 2 ) .
(6)
Here 𝜌 𝐴 (𝑏, 𝑧) represents the nuclear density function defined at the point with longitudinal coor® The Green function 𝐺 𝑞 𝑞¯ (𝑟®2 , 𝑧2 ; 𝑟®1 , 𝑧1 ) describes the propagation
dinate 𝑧 and impact parameter 𝑏.
of the 𝑞 𝑞¯ pair through the nucleus between points with longitudinal coordinates 𝑧 1 and 𝑧 2 and
with initial and final transverse separations 𝑟®1 and 𝑟®2 . It satisfies the following two-dimensional
Schrödinger equation,


𝜖 2 − Δ𝑟2
𝑑
𝐺 𝑞 𝑞¯ (𝑟®2 , 𝑧2 ; 𝑟®1 , 𝑧1 ) =
+ 𝑉𝑞 𝑞¯ (𝑧 2 , 𝑟®2 , 𝛼) 𝐺 𝑞 𝑞¯ (𝑟®2 , 𝑧2 ; 𝑟®1 , 𝑧1 ) ,
(7)
𝑖
𝑑𝑧2
2 𝜈 𝛼 (1 − 𝛼)
with the boundary condition
𝐺 𝑞 𝑞¯ (𝑟®2 , 𝑧2 ; 𝑟®1 , 𝑧1 )| 𝑧2 =𝑧1 = 𝛿2 (𝑟®1 − 𝑟®2 ) .

(8)

In (7) the variable 𝜀 2 = 𝑚 2𝑞 +𝛼(1−𝛼)𝑄 2 and the imaginary part of the LF potential 𝑉𝑞 𝑞¯ (𝑧 2 , 𝑟®2 , 𝛼)
describes the attenuation of the 𝑞 𝑞¯ photon fluctuation in the medium and has the following form,
Im 𝑉𝑞 𝑞¯ (𝑧 2 , 𝑟®, 𝛼) = −

𝜎𝑞 𝑞¯ (®
𝑟 , 𝑠)
𝜌 𝐴 (𝑏, 𝑧2 ) .
2

(9)

The numerical solution of the corresponding evolution equation for the Green function can be
found in [5] and allows to adopt an arbitrary phenomenological model for dipole cross section, as
well as the realistic nuclear density function. Nevertheless, when the CL is long enough, 𝑙 𝑐  𝑅 𝐴
3

PoS(ICHEP2020)547

0

Michal Krelina

Nuclear shadowing in DIS in future electron-ion colliders

𝑅𝐺 (𝑥 𝐵 𝑗 , 𝑄 2 ) =

𝐺 𝐴 (𝑥 𝐵 𝑗 , 𝑄 2 )
Δ𝜎𝑡𝑜𝑡 (𝑞 𝑞𝐺)
¯
,
∼1−
∗𝑁
𝛾
2
𝐴 𝐺 𝑁 (𝑥 𝐵 𝑗 , 𝑄 )
𝐴 𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 )

(10)

𝛾∗ 𝐴

where the inelastic correction Δ𝜎𝑡𝑜𝑡 (𝑞 𝑞𝐺)
¯ to the total cross section 𝜎𝑡𝑜𝑡 (𝑥 𝐵 𝑗 , 𝑄 2 ) reads,
∫∞
∫∞
∫𝑧2
∫
∫
𝑑𝛼𝐺
2
Δ𝜎𝑡𝑜𝑡 (𝑞 𝑞𝐺)
¯ = Re 𝑑 𝑏 𝑑𝑧2 𝑑𝑧1 𝜌 𝐴 (𝑏, 𝑧1 ) 𝜌 𝐴 (𝑏, 𝑧2 ) 𝑑 2 𝑥 2 𝑑 2 𝑦 2 𝑑 2 𝑥 1 𝑑 2 𝑦 1
𝑑𝛼𝑞
𝛼𝐺
×

−∞
−∞
0
†
𝐹𝛾 ∗ →𝑞 𝑞𝐺
®2 , 𝑦®2 , 𝛼𝑞 , 𝛼𝐺 ) 𝐺 𝑞 𝑞𝐺
®2 , 𝑦®2 , 𝑧2 ; 𝑥®1 , 𝑦®1 , 𝑧1 )
¯ (𝑥
¯ (𝑥

𝐹𝛾 ∗ →𝑞 𝑞𝐺
®1 , 𝑦®1 , 𝛼𝑞 , 𝛼𝐺 ) .
¯ (𝑥

(11)

Here variables 𝑥® and 𝑦® represent the transverse distances from the gluon to the quark and antiquark,
respectively; 𝛼𝑞 is the fraction of the LF momentum of the 𝑞 𝑞¯ carried by the quark; 𝛼𝐺 is the
fraction of the photon momentum carried by the gluon; 𝐺 𝑞 𝑞𝐺
®2 , 𝑦®2 , 𝑧2 ; 𝑥®1 , 𝑦®1 , 𝑧1 ) is the LF Green
¯ (𝑥
∗
function for the 𝑞 𝑞𝐺
¯ state; and 𝐹𝛾 →𝑞 𝑞𝐺
¯ production in a 𝛾 ∗ 𝑁
¯ , is the amplitudes of diffractive 𝑞 𝑞𝐺
interaction.
In (11) the Green function 𝐺 𝑞 𝑞𝐺
¯ describes the propagation of the three-body system. This
requires complicated calculations. However, this can be avoided by suppressing the intrinsic 𝑞 𝑞¯
separation, i.e. assuming 𝑥® = 𝑦®. In this case, the Green function essentially simplifies and
describes the propagation of a gluon-gluon dipole through a medium. Another simplification of
gluon shadowing calculations, without any significant impact on the accuracy of the obtained
results, is based on assuming a quadratic form for the dipole cross section, 𝜎𝑞𝑁𝑞¯ (𝑟, 𝑠) = 𝐶 (𝑠)𝑟 2 .
The factor 𝐶 (𝑠) is obtained from various phenomenological dipole models, and the corresponding
differences in predictions of gluon shadowing can be treated as a measure of underlined theoretical
uncertainties. The calculational details can be found in [3].
Since the inclusion of higher multi-gluon fluctuations is very complicated, their contribution
to gluon shadowing can be effectively taken into account by eikonalization of the calculated factor
𝑅𝐺 (𝑥 𝐵 𝑗 , 𝑄 2 ) [6]. This leads to the following renormalisation of the dipole cross section anywhere
in expressions for the photoabsorption cross section, 𝜎𝑞𝑁𝑞¯ (𝑟, 𝑥) ⇒ 𝜎𝑞𝑁𝑞¯ (𝑟, 𝑥) · 𝑅𝐺 (𝑥, 𝑄 2 ).

3. Predictions for nuclear shadowing
Figure 1 shows how the nucleus-to-nucleon ratio of the proton structure functions depends
on 𝑥 𝐵 𝑗 at several fixed values of 𝑄 2 corresponding to kinematic regions accessible by future
4
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at very small Bjorken 𝑥 𝐵 𝑗 , one can apply the simplified eikonal formula [3] for calculation of quark
shadowing.
Gluon shadowing. In the rest frame of the nucleus, it corresponds to the process of gluon
radiation and shadowing corrections, related to multiple interactions of the radiated gluons in the
nuclear medium. Assuming sufficiently long-lived multi-gluon Fock states of the photon, it is a
consequence of the suppression of bremsstrahlung by the interference of radiation from different
scattering centres (the Landau-Pomeranchuk effect). The expected kinematic region at planned EICs
allows to consider only 𝑞 𝑞𝐺
¯ Fock component containing only one gluon since the CL of higher
multi-gluon photon fluctuations is too short for the manifestation of the corresponding shadowing
corrections. Similar to the quark shadowing case, we apply the Green function technique as well
for proper incorporation of realistic lifetimes of gluon fluctuations. We calculate the suppression
factor 𝑅𝐺 given as the ratio of gluon densities in nuclei and nucleon,
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experiments at EICs. Predictions were calculated using the LF Green function formalism, and
various models for dipole cross sections, such as GBW, KST, BGBK and IP-sat [8] depicted by
different colors. Consequently, the differences between the onsets of nuclear shadowing represent a
measure of theoretical uncertainty. The thick lines correspond to predictions including only higher
twist quark shadowing. The boundaries of filled areas represent our results with additional gluon
shadowing corrections adopting two different quadratic shapes of 𝜎𝑞 𝑞¯ (𝑟, 𝑠) as described in [3],
giving so a particular uncertainty arising from the gluon shadowing contribution. The sufficiently
precise data from the future EICs will allow to rule out various models for the dipole cross section.

F2A /AF2p

0.9

Q2 = 0.1 GeV2

Q2 = 2 GeV2

Pb

0.8
0.7
0.6

F2A /AF2p

0.5
0.4
Q2 = 50 GeV2
Q2 = 10 GeV2
1.0
0.9
0.8
0.7
GBW
0.6
KST
BGBK
0.5
IP-Sat
0.4
10−6 10−5 10−4 10−3 10−2 10−6 10−5 10−4 10−3 10−2
xBj

xBj

Figure 1: Predictions for the overall nuclear shadowing including the contribution from the lowest 𝑞 𝑞¯
photon fluctuations, as well as from the higher multigluon Fock states |𝑞 𝑞𝐺...i,
¯
effectively included via
eikonalization of the gluon suppression factor 𝑅𝐺 (𝑥 𝐵 𝑗 , 𝑄 2 ). Calculations have been performed for the Pb
target as a function of 𝑥 𝐵 𝑗 at different fixed 𝑄 2 . The boundaries of filled areas correspond to contributions
from multi-gluon Fock states calculated with different factors 𝐶 (𝑠) [3]. Predictions were calculated using
several dipole models GBW, KST, BGBK and IP-sat [8].

One of the main advantages of the LF color dipole formalism based on the path integral
technique inheres in additional power to predict the impact parameter behaviour of shadowing
effects. Fig. 2 demonstrates their onset in central, peripheral and minimum bias collisions. Such
different manifestation of shadowing effects at various centrality classes can be potentially verified
by future measurements at EICs.

4. Conclusions
In this report, we adopted the LF Green function formalism for investigation of nuclear shadowing expected by experiments at future EICs. This allows a comprehensive study of coherence
effects resulting from destructive interference of the amplitudes for which the interaction takes place
on different bound nucleons. We have treated separately shadowing of quarks and gluons repre5
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1.1
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Figure 2: Prediction for the quark shadowing excluding (left panel) and including (right panel) gluon
shadowing corrections (right panel) for different centrality classes as function of 𝑥 𝐵 𝑗 using the GBW model
for the dipole cross section.

senting the higher and leading twist effects related to the lowest 𝑞 𝑞¯ and higher multi-gluon Fock
components of the photon, respectively. The later dominates at smaller 𝑥 𝐵 𝑗 since corresponding
effective masses are larger than for the |𝑞 𝑞i
¯ Fock state, thus requiring much higher photon energies
for the manifestation of the maximal onset of gluon shadowing corrections. We demonstrated
that predictions for nuclear shadowing at small 𝑥 𝐵 𝑗 are strongly correlated with phenomenological
models for the dipole cross section used in our analysis. We have also discussed how uncertainties in
the estimations of gluon shadowing corrections can affect the final results of the nucleus-to-nucleon
ratio of the proton structure functions. We have also found quite a strong dependence of shadowing
effects on the nuclear impact parameter. The new precise data from future EICs can shed light on a
magnitude of gluon shadowing corrections and can help us to better understand the manifestation
of saturation effects at small 𝑥 𝐵 𝑗 .
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