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Outline

1. Leading twist shadowing is unambiguous consequence of QCD 
factorization theorem for hard diffraction. 

2. Numerical estimates for large virtualities.

3. Black disk limit for parton interactions - numerical estimates and way to observe it. 



Usually one starts from an impulse approximation form  for the scattering of a hard 
probe (γ*, W) off  a nucleus.  In the parton language - QCD factorization. Can we 
trust impulse approximation form in the hadronic basis for the nucleus wave function?

Nuclear shadowing and diffraction

Consider interference between scattering off two different nucleons
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For nucleus to have significant overlap of |in> and <out| states
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⇒
⇒

Interference is very small for  x> 0.1 and impossible for x>0.3.  

Large interference for  x< 0.01 due to the final states where small light cone fraction 
is transfered to the nucleon ≡ diffraction. It results in  the  leading twist shadowing as 

well as higher twist shadowing.

How big is HT shadowing is an open question. Issue of duality. 



Deep connection between phenomenon of diffraction and nuclear shadowing - Gribov 
1968 - relates cross section of diffraction in elementary reaction γ*+N → X +N    and 

deviation of cross section of scattering off nuclei from additivity.

Qualitatively,  the connection is due to a possibility of small momentum 
transfer to the nucleon at small x, where 

I f
√
−t ≤ ”average momentum in nucleon(nucleus)

amplitudes of diffractive scattering off proton and off neutron interfere
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Double scattering diagram for the γ∗D scattering
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d σ γ*+D→MX +(pn)

dt dMX2

d σ γ*+N→MX +(pn)

dt dMX2
= (2+2FD(4t))

Here    FD(t) is the deuteron form factor. For t=0 - 100% constructive 
interference - (pn) system is D.   Coherence dies out at large t.

Integrate over t, MX    ➨ positive correction to the impulse 
approximation.  Coincides with the Gribov shadowing correction to 
the total cross section (up to small corrections due to the real part 
of the amplitude).  However the sign is opposite !!!

Explanation is unitarity - Abramovskii, Gribov, Kancheli cutting rules (AGK)
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which relate  different cuts of a particular diagram. In particular contribution  
to the total cross section (screening) is equal with opposite sign to that of 
diffraction.  ➨Using AGK we  rederived original Gribov result extending 
it to include the real part effects.  This approach does not require 
separation of diffraction into leading twist and higher twist parts.



Detour: Diffractive phenomena - inclusive diffraction and 
measurement of diffractive pdf’s 

Collins factorization theorem:  consider  hard processes like 

γ∗+T → X+T (T ′), γ+T → jet1 + jet2+X+T

one can define conditional (fractional) parton distributions

f Dj (
x
xIP

,Q2,xIP, t) xIP ≡ 1− xTf where

xIP, tTheorem:  for fixed          the same Q evolution 
for diffractive pdf’s as for normal pdf’s.

7

Consistent with the HERA studies of hard diffraction



Combining Gribov theory  of shadowing and pQCD factorization theorem for diffraction in 
DIS allows to calculate LT shadowing  for all parton densities  (FS98) (instead of calculating 
F2A only)

 Theoretical expectations for shadowing in the  LT limit

Theorem:   In  the low thickness limit the leading twist nuclear shadowing is 
unambiguously expressed through the nucleon diffractive  pdf’s:                     
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Theorem: in the low thickness limit (or for  x>0.005) 
f j/A(x,Q2)/A= f j/N(x,Q2)− 1

2+2η2
R
d2b

R ∞
−∞dz1

R ∞
z1 dz2

R x0
x dxIP·

· f Dj/N
(
β,Q2,xIP, t

)
|k2t =0ρA(b,z1) ρA(b,z2) Re

[
(1− iη)2 exp(ixIPmN(z1− z2))

]
,

f j/A(x,Q2), f j/N(x,Q2)

η= ReAdi f f/ImAdi f f ≈ 0.3, ρA(r)

x0(quarks)∼ 0.1, x0(gluons)∼ 0.03

where are nucleus(nucleon) pdf's,
nuclear matter density.

Next step: use  the HERA measurements of diffractive quark and gluon PDFs 
which indicate dominance of the gluon induced diffraction to calculate gluon 
and quark shadowing.  Detailed analysis in Guzey, FS & McDermott + further studies 
in Guzey et al 04.  Numerical studies include higher order rescattering  terms and   
HERA measurements of diffractive quark and gluon PDFs which indicate dominance of 
the gluon-induced diffraction to calculate gluon and quark shadowing. Higher order terms  
are a small correction for x> 0.003 - so in this region predictions for sufficiently high Q 
are not sensitive to higher twist effects due to nonlinearities  at low Q as one uses HERA 
diffractive pdfs which are fitted to data at large virtualities.
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FIG. 3: The forward γ∗-nucleus triple scattering amplitude.

Corrections to the elastic rescattering approximation can be estimated by taking into

account the effects of fluctuations of the strength of the rescattering interaction. Modeling

of these effects was performed in [23] with the conclusion that for a wide range of cross

section fluctuations, the reduction of nuclear shadowing (for fixed σeff ) remains a rather

small correction for all nuclei.

After introducing the attenuation factor into Eq. (2), the complete expression for the

shadowing correction, δfj/A, becomes

δfj/A(x, Q2) =
A(A − 1)

2
16πRe

[
(1 − iη)2

1 + η2

∫
d2b

∫ ∞

−∞
dz1

∫ ∞

z1

dz2

∫ xIP,0

x

dxIP

×fD(4)
j/N (β, Q2, xIP , tmin)ρA(b, z1)ρA(b, z2)e

ixIP mN (z1−z2)e−(A/2)(1−iη)σj
eff

∫ z2
z1

dzρA(b,z)

]
. (6)

This is our master equation (see also Eq. (14)). It contains several sources of model-

dependence and theoretical ambiguity. First, the attenuation factor T (b, z1, z2) assumes

that multiple rescatterings can be described by a single rescattering cross section [58] σj
eff ,

i.e. cross section fluctuations are neglected in the interaction with three and more nucleons.

Note that in the phenomenologically important kinematic region of fixed-target experiments,

x > 0.01 and Q2 > 2 GeV2, the uncertainty associated with the attenuation factor T (b, z1, z2)

is negligible since the rescattering contribution to shadowing is small, see Fig. 8. Second, the
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FIG. 2: The forward γ∗-nucleus rescattering amplitude that gives the principal contribution to

nuclear shadowing.

nuclear wave function squared can be approximated well by the product of individual

ρA(b, zi) for each nucleon (the so-called independent particle approximation).

• The factor eixIP mN (z1−z2) is a consequence of the propagation of the diffractively pro-

duced intermediate state between the two nucleons involved.

Step 2. The QCD factorization theorems for inclusive [25] and hard diffractive DIS [7]

can be used to relate the structure functions in Eq. (1) to the corresponding – inclusive and

diffractive – parton distribution functions. Since the coefficient functions (hard scattering

parts) are the same for both inclusive and diffractive structure functions, the relation between

the shadowing correction to nPDFs and the proton diffractive parton distribution functions

(PDFs) is given by an equation similar to Eq. (1). The shadowing correction to the nPDF

of flavor j, fj/A, δf (2)
j/A, is related to the proton (nucleon) diffractive PDF fD(4)

j/N of the same

flavor

δf (2)
j/A(x, Q2) =

A(A − 1)

2
16πRe

[
(1 − iη)2

1 + η2

∫
d2b

∫ ∞

−∞
dz1

∫ ∞

z1

dz2

∫ xIP,0

x

dxIP

×fD(4)
j/N (β, Q2, xIP , t)|t=tmin

ρA(b, z1)ρA(b, z2)e
ixIP mN (z1−z2)

]
. (2)

8

9



0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

C-12

u
A
/(
A
u
p
)

_
_

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Pb-208

0.2

0.4

0.6

0.8

1

1.2

10
-5

10
-4

10
-3

10
-2

10
-1

x

g
A
/(
A
g
p
)

C-12

0.2

0.4

0.6

0.8

1

1.2

10
-5

10
-4

10
-3

10
-2

10
-1

x

Pb-208

Dependence of GA/AGN and q̄A/Aq̄N on x for Q=2 (solid), 10 (dashed),
100 GeV (dot-dashed) curves calculated using diffractive parton densities
extracted from the HERA data, the quasieikonal model for N ≥ 3, and
assuming validity of the DGLAP evolution.

Large gluon shadowing at x~ 0.003 agrees semi quantitatively with dA RHIC data:  
PHENIX data on J/ψ production. 
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Shadowing strongly depends  on the impact parameter. Dependence of parton 
densities on impact parameter in the quasieikonal model (GFS -03) at Q=2 GeV.

 

 b-dependence  can be studied experimentally by comparing 
the rapidity dependence of the hard processes  in peripheral 

and central collisions
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FIG. 9: Nuclear shadowing at zero impact parameter: The ratios ūA(x,Q2, 0)/(AT (0)ūN (x,Q2, 0))

and gA(x,Q2, 0)/(AT (0)gN (x,Q2, 0)) for 197Au at Q2 = 4 GeV2 (solid), Q2 = 10 GeV2 (dashed)

and Q2 = 100 GeV2 (dot-dashed).

V. COMPARISON TO THE DATA AND EVIDENCE FOR HIGHER TWIST EF-

FECTS

Our predictions for the F A
2 /(AF N

2 ) ratio, where F N
2 = (F p

2 + F n
2 )/2, can be compared

to the NMC data [44, 45]. However, since the low-x data points correspond to low Q2,

we cannot make a direct comparison with those points. Therefore, we simply evaluate

F A
2 /(AF N

2 ) at Q2 = Q2
0 = 4 GeV2 for the data points with Q2 < 4 GeV2. Figures 10 and 11

compare predictions of our leading twist model (upper set of solid curves with the associated

error bands denoted by dashed curves) to the NMC data on 12C and 40Ca [44]; Fig. 12 makes
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FIG. 9: Nuclear shadowing at zero impact parameter: The ratios ūA(x,Q2, 0)/(AT (0)ūN (x,Q2, 0))

and gA(x,Q2, 0)/(AT (0)gN (x,Q2, 0)) for 197Au at Q2 = 4 GeV2 (solid), Q2 = 10 GeV2 (dashed)

and Q2 = 100 GeV2 (dot-dashed).

V. COMPARISON TO THE DATA AND EVIDENCE FOR HIGHER TWIST EF-

FECTS

Our predictions for the F A
2 /(AF N

2 ) ratio, where F N
2 = (F p

2 + F n
2 )/2, can be compared

to the NMC data [44, 45]. However, since the low-x data points correspond to low Q2,

we cannot make a direct comparison with those points. Therefore, we simply evaluate

F A
2 /(AF N

2 ) at Q2 = Q2
0 = 4 GeV2 for the data points with Q2 < 4 GeV2. Figures 10 and 11

compare predictions of our leading twist model (upper set of solid curves with the associated

error bands denoted by dashed curves) to the NMC data on 12C and 40Ca [44]; Fig. 12 makes
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The range of input nuclear pdf’s allowed 
by the HERA diffraction data for Q=2 
GeV vs  EKS98 fit  (dashed curves)

Main differences with EKS

●  EKS =LO fit to the data 
assuming no higher twist  
effects for Q2> 1GeV2 - a 
dangerous assumption - 

Qiu & Vitev, FGS

●
Ad hoc extrapolation to 
small where no data are 

available assuming that for 
small x shadowing is x 

independent.



We expect large effects at LHC due the breakdown of the QCD factorization 
due to proximity to the black disk limit in which the strength of parton 

interaction is close to maximal

The average p2
T    for a parton passing through the nuclear media at small 

impact parameter can be estimated using unitarity considerations for the 
scattering of a small color dipole (Frankfurt, Weiss, MS)

Average  p2
T  (gluon)

for b=0 - for quarks p2
T is a 

factor of 2 smaller  
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Figure 17: Black–disk limit in central pA collisions at LHC: (a) The profile function for the

scattering of a leading gluon in the proton (regarded as a constituent of a gg dipole) from

the nucleus at zero impact parameter, ΓdA(b = 0), as a function of the transverse momentum

squared, p2
⊥. (b) The maximum transverse momentum squared, p2

⊥,BDL, for which the interaction

of the leading gluon is “black”, ΓdA > Γcrit, as a function of the gluon’s momentum fraction, x1.

Here we assume
√

s = 14 TeV for the effective NN collisions, in order to facilitate comparison

with the case of central pp collisions in Fig. 18.

at their respective x1 is close to the BDL, p⊥,BDL. This transverse momentum represents a new

hard scale in high–energy hadron–hadron collisions, which appears because of the combined

effect of the rise of the gluon density at small x and the unitarity condition.6

To estimate the maximum transverse momentum for interactions close to the BDL, we can

treat the leading parton as one of the constituents of a small dipole scattering from the target.

This “trick” allows us to apply the results of Sec. 6 to hadron–hadron scattering. In this analogy,

the effective scale in the gluon distribution is Q2
eff = 4p2

⊥, corresponding to an effective dipole

size of d ≈ 3/(2p⊥). For simplicity, we first consider the case of central collisions of a proton

with a large nucleus, which allows us to neglect the spatial variation of the gluon density in

the target in the transverse direction. This amounts to approximating the transverse spatial

distribution of gluons in the nucleus by

GA(x, ρ; Q2
eff) ≈

GA(x; Q2
eff)

πR2
A

(ρ < RA). (40)

As a criterion for the proximity to the BDL, we require that the profile function of the dipole–

nucleus amplitude at zero impact parameter satisfy ΓdA(b = 0) > Γcrit, see Fig. 17a. For

an estimate, we choose Γcrit = 0.5, corresponding to a probability for inelastic interaction of

6The kinematics of the final state produced in the interaction of the large–x1 parton with the small–x2 gluon

field resembles the backscattering of a laser beam off a high–energy electron beam. The large–x1 parton gets a

significant transverse momentum and loses a certain fraction of its longitudinal momentum, accelerating at the

same time a small–x2 parton.

43

New NLO approach for getting a lower 
limit on pT  (Frankfurt, Vogelsang, MS) 

leads to 
pT (gluon )> 4 GeV/c for x> 0.1

pT (quark )> 2.5 GeV/c for x> 0.1



Ways to study nuclear shadowing at LHC

☀ Ultraperipheral AA collisions:  dijet production: study of 
gluon pdfs down to x~ 4 ●10-5 and pT > 6 GeV/c + ratio of 
diffractive and inclusive pdf’s which will allow to study proximity 
to BDL 

A process

☀ Hard pA processes - DY (backgrounds except very forward),  QQ, 
jets, Z - most of the problems are affected by fsi. Z-boson 
transverse distribution is very sensitive for pt< 2 GeV/c to BDL 
effect - additional suppression  of this region.

A- process

same longitudinal momentum during collision. It is the
distribution of small x partons which is influenced by the
nucleus medium. This phenomenon is the essence of
the parton model, and of the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution of hard pro-
cesses and current models for the energy losses [11]. In the
next discussion, we will use this property of QCD.

A parton with sufficiently large x belonging to the
proton emits a virtual photon (hard gluon) long before
the target and it interacts with the target, in a black
regime releasing the fluctuation, e.g., a Drell-Yan pair.
This leads to a qualitative change in the interactions for
the partons with xp; pt satisfying the condition that

xA ! 4p2
t ="xpsNN# (1)

is in the blackbody kinematics for the resolution scale
pt $ pb:b:l:

t "xA#. Here, pb:b:l:
t "xA# is the maximum pt for

which the blackbody approximation is applicable. In the

kinematics of LHC, Q2 % 4"pb:b:l:
t #2 can be estimated by

using formulas derived in [12]. At minimal xA, pb:b:l:
t may

reach 4 GeV=c. All the partons with such xp will obtain
pt"jet# & pb:b:l:

t "xA# leading to the multijet production. The
blackbody regime will extend down in xp with increasing
the incident energy. For LHC, for pt $ 3 GeV=c, this
regime may cover the whole region of xp ' 0:01 where
of the order of 10 partons reside. Hence, in this limit most
of the final states will correspond to multiparton colli-
sions. For pt $ 2 GeV=c the region extends to xp '
0:001. At LHC collisions of such partons result in the
generation of partons at central rapidities. The dynamics
of conversion of the high pt partons with similar rapidi-
ties to hadrons is certainly a collective effect which de-
serves special consideration.

The total inclusive cross sections in pA scattering can
be calculated within BBL using a similar method to that
used in !(-nucleus scattering [13]. In particular, the total
cross section of the dimuon production is

d""p) A ! #)#* ) X#
dxAdxp

! 4$%2

9

K"xA; xp;M2#
M2 F2p"xp;Q2# + 1

6$2 M
2 + 2$R2

A ln"x0=xA#: (2)

Here the K factor has the same meaning as in the leading
twist case, but K * 1 should be smaller since it originates
from the gluon emissions from the parton belonging to
the proton only. x0 is the maximal x for which BBL is
valid. For the smallest xA (forward kinematics) Eq. (2)
may be valid at LHC for M2 $ 60 GeV2. Obviously, the
Eq. (2) prediction for the M2, xA dependence of the cross
section is distinctively different from the DGLAP limit.
This difference would be less pronounced in the case of
pp scattering where scattering at large impact parameters
may mask the BBL contribution. Another signal for the
onset of the BBL is a broadening of the pt distribution of
the dimuons as compared to the DGLAP expectations;
see [14] for a calculation of this effect in the color glass
condensate model. This effect is similar to the case of pt
distribution of leading partons in the deep inelastic scat-
tering [12].

As xA decreases further, the formulas for BBL will
probably overestimate the cross section because the inter-
action with a heavy nucleus of sea quarks and gluons in
the projectile proton would become black as well.

The onset of the BBL will lead also to gross changes in
the hadron production: there is a much stronger drop with
xF of the spectrum in the proton fragmentation region
accompanied by a significant pt broadening of the spec-
trum. There is also the enhancement of hadron produc-
tion, at smaller rapidities. Indeed, the individual partons
in this limit are resolved at the virtuality scale corre-
sponding to transverse momenta &pb:b:l:

t without losing a
finite fraction of the light-cone momentum. Hence, the
limit of independent parton fragmentation [15] will be
realized with an important amplification since the lead-
ing partons will have much larger transverse momenta
[16] than that expected from the estimate of [15] based on

the pt broadening observed at the fixed target energies.We
want to emphasize here that the approximation of zero
fractional losses holds in the PQCD regime and appears to
hold in the various models of the onset of the BBL; see,
e.g., [16]. At RHIC this regime may hold for the very
forward hadrons and could be checked [17] by studying
the production of leading hadrons in the central p"2H#A
collisions [18]. The propagation of a proton interacting in
the BBL results in the removal of all partons in the
nucleus with the proton impact parameter and pt $
pb:b:l:
t . This leads to the formation of a &1 fm radius

tube in a perturbative phase. Thus, the essence of the
BBL is the striping of nucleons off the soft QCD modes
and releasing the gas of free quarks and gluons with large
transverse momenta. Remember that the PQCD interac-
tions between quarks and gluons within the same frag-
mentation region are small. Thus, we conclude that the
effects of the BBL should be first manifested in the
projectile fragmentation region and should gradually ex-
pand towards central rapidities. The detectors with a
forward acceptance would be optimal for this physics.

Let us now discuss the nucleus fragmentation region in
the central heavy ion collisions. It was discussed previ-
ously in the framework of the soft dynamics, see [19] and
references therein, and a significant increase of the den-
sities was found. Let us demonstrate now that even more
striking effects are expected in the BBL regime. In this
case (in difference from pA collisions) soft modes will
be stripped off in the whole volume of the nucleus. To
calculate the properties of the quark-gluon state produced
in the tube of radius RA in the target fragmentation region
we first evaluate the main characteristics of the process in
the rest frame of the fragmenting ion. The incoming
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BDL - very weak dependence of the cross section on M2



☀ AA collisions - effects of shadowing are large for 
example for production of jets at y~0 and intermediate pT < 10 
GeV/c. - a factor of the order 4 for pT ~ 5 GeV/c (at larger for 
central collisions), small effect for  pT > 20 GeV/c, y=0. However 
chances to measure directly shadowing are slim - too many 
extra effects like fsi.  
One of the very few exceptions is Z-boson production - at |y|<2 
suppression is of the order 0.65 - 0.7. Could be inferred  from a 
comparison of peripheral and central collisions.  

B+ process

☀ Probing onset of Black Disk Dynamics: 

☛     UPC - Diffraction/Total, shadowing for J/ψ production

☛ pA/AA  - Testing transverse momentum broadening of 
partons propagating through nuclear media:

✹    Suppression of the forward hadron production combined 
with transverse momentum broadening of the spectrum

✹ Transverse momentum broadening for  channels with 
minimal fsi - Z-boson, photon,...



Conclusions

Leading shadowing effects effects are large for generic central collisions

Challenge - to measure shadowing in the relevant kinematics - UPC 
seems the best bet.

Partons with tranverse momenta less than few GeV will interact with 
maximal strength (black disk limit) in a wide range of rapidites 
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