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Nuclear Shadowing and Anti-Shadowing in QCD
Nuclear Shadowing and Antishadowing in QCD

• Relation to Diffractive DIS and Final-State
Interactions

• Novel Color Effects

• Non-Universality of Antishadowing

• Implications for NuTeV
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FIG. 2: (Color online) Comparison with experimental ratios
R = F A

2 /F D
2 . The ordinate indicates the fractional differences

between experimental data and theoretical values: (Rexp −

Rtheo)/Rtheo.
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FIG. 3: (Color online) Comparison with experimental data of
R = F A

2 /F C,Li
2

. The ratios (Rexp − Rtheo)/Rtheo are shown.

ters cannot be determined easily by the present data.
The χ2 analysis results are shown in comparison with

the data. First, χ2 values are listed for each nuclear
data set in Table III. The total χ2 divided by the degree
of freedom is 1.58. Comparison with the actual data is
shown in Figs. 2, 3, and 4 for the FA

2 /FD
2 , FA

2 /FC,Li
2 ,

and Drell-Yan (σpA
DY /σpA′

DY ) data, respectively. These ra-
tios are denoted Rexp for the experimental data and Rtheo

for the parametrization calculations. The deviation ra-
tios (Rexp−Rtheo)/Rtheo are shown in these figures. The
NPDFs are evolved to the experimental Q2 points, then
the ratios (Rexp − Rtheo)/Rtheo are calculated.
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FIG. 4: (Color online) Comparison with Drell-Yan data of

R = σpA
DY /σpA′

DY . The ratios (Rexp − Rtheo)/Rtheo are shown.
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FIG. 5: (Color online) Parametrization results are compared
with the data of F2 ratios F Ca

2 /F D
2 and Drell-Yan ratios

σpCa
DY /σpD

DY . The theoretical curves and uncertainties are cal-
culated at Q2=5 GeV2 for the F2 ratios and at Q2=50 GeV2

for the Drell-Yan ratios.

As examples, actual data are compared with the
parametrization results in Fig. 5 for the ratios FCa

2 /FD
2

and σpCa
DY /σpD

DY . The shaded areas indicate the ranges of
NPDF uncertainties, which are calculated at Q2=5 GeV2

for the F2 ratios and at Q2=50 GeV2 for the Drell-Yan
ratios. The experimental data are well reproduced by the
parametrization, and the the data errors agree roughly
with the uncertainty bands. We should note that the
parametrization curves and the uncertainties are calcu-
lated at at Q2=5 and 50 GeV2, whereas the data are
taken at various Q2 points. In Fig. 5, the smallest-
x data at x=0.0062 for FCa

2 /FD
2 seems to deviate from

the parametrization curve. However, the deviation comes
simply from a Q2 difference. In fact, if the theoretical ra-
tio is estimated at the experimental Q2 point, the data
point agrees with the parametrization as shown in Fig.
2.
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Anti-Shadowing

Shadowing
M. Hirai, S. Kumano and T. H. Nagai,
“Nuclear parton distribution functions
and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
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Origin of Nuclear 
Shadowing in Glauber  - 

Gribov Theory

Interaction on upstream nucleon diffractive
Interference of one-step and two-step processes

Phase i X i = - 1 produces destructive interference
No Flux reaches down stream nucleon
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Integration over on-shell domain produces phase i

Need Imaginary Phase to Generate 
Pomeron

Need Imaginary Phase to Generate 
T-Odd Single-Spin Asymmetry

Physics of FSI not in Wavefunction of Target
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Shadowing and Antishadowing in Lepton-Nucleus Scattering

• Shadowing and Antishadowing in DIS arise
from interference of multi-nucleon processes
in nucleus

• Not due to nuclear wavefunction
Wavefunction of stable nucleus is real.
Effect of multi-scattering of qq in nucleus.

• Bjorken Scaling :
Interference requires leading-twist diffractive
DIS processes

Phases!
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Nuclear Shadowing in QCD 

Nuclear  Shadowing not included in nuclear LFWF !
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Shadowing and Antishadowing in Lepton-Nucleus Scattering

• Shadowing: Destructive Interference
of Two-Step and One-Step Processes
Pomeron Exchange

• Antishadowing: Constructive Interference
of Two-Step and One-Step Processes!
Reggeon and Odderon Exchange

• Antishadowing is Not Universal!
Electromagnetic and weak currents:
different nuclear effects !
Potentially significant for NuTeV Anomaly}
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p

Final State Interaction 
Produces Diffractive DIS 
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Pomeron acts 
as constituent 

of proton 

Problem:  Wrong Phase

Real;  should be imaginary

Need Final State Interactions !
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QCD Mechanism for Rapidity Gaps
Wilson Line !(y)

Z y

0

dx eiA(x)·dx !(0)
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Enberg

!(y)
Z y

0

dx eiA(x)·dx !(0)
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Feynman Gauge Light-Cone Gauge
Result is Gauge Independent

Final State Interactions in QCD 
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easily expressed in eikonal form in terms of transverse distances rT , RT conjugate to
p2T , kT . The DIS cross section can be expressed as

Q4 dσ

dQ2 dxB
=

αem

16π2

1 − y

y2

1

2Mν

∫ dp−2
p−2

d2%rT d2 %RT |M̃ |2 (3)

where

|M̃(p−2 ,%rT , %RT )| =

∣∣∣∣∣∣
sin

[
g2 W (%rT , %RT )/2

]
g2 W (%rT , %RT )/2

Ã(p−2 ,%rT , %RT )

∣∣∣∣∣∣ (4)

is the resummed result. The Born amplitude is

Ã(p−2 ,%rT , %RT ) = 2eg2MQp−2 V (m||rT )W (%rT , %RT ) (5)

where m2
|| = p−2 MxB + m2 and

V (m rT ) ≡
∫ d2%pT

(2π)2

ei!rT ·!pT

p2
T + m2

=
1

2π
K0(m rT ). (6)

The rescattering effect of the dipole of the qq is controlled by

W (%rT , %RT ) ≡
∫ d2%kT

(2π)2

1 − ei!rT ·!kT

k2
T

ei!RT ·!kT =
1

2π
log


 |%RT + %rT |

RT


 . (7)

The fact that the coefficient of Ã in Eq. (4) is less than unity for all %rT , %RT shows that
the rescattering corrections reduce the cross section in analogy to nuclear shadowing.
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Figure 1: Two types of final state interactions. (a) Scattering of the antiquark (p2

line), which in the aligned jet kinematics is part of the target dynamics. (b) Scattering
of the current quark (p1 line). For each light-front time-ordered diagram, the poten-
tially on-shell intermediate states—corresponding to the zeroes of the denominators
Da, Db, Dc—are denoted by dashed lines.

A new understanding of the role of final-state interactions in deep inelastic scat-
tering has thus emerged. The final-state interactions from gluon exchange occurring

4

Final State Interactions Non-Zero in QCD

Light-Cone Gauge Feynman Gauge
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Sum Eikonal Interactions
Similar to Color Dipole Model
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easily expressed in eikonal form in terms of transverse distances rT , RT conjugate to
p2T , kT . The DIS cross section can be expressed as

Q4 dσ

dQ2 dxB
=

αem

16π2

1 − y

y2

1

2Mν

∫ dp−2
p−2

d2%rT d2 %RT |M̃ |2 (3)

where

|M̃(p−2 ,%rT , %RT )| =
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sin

[
g2 W (%rT , %RT )/2

]
g2 W (%rT , %RT )/2

Ã(p−2 ,%rT , %RT )

∣∣∣∣∣∣ (4)

is the resummed result. The Born amplitude is

Ã(p−2 ,%rT , %RT ) = 2eg2MQp−2 V (m||rT )W (%rT , %RT ) (5)

where m2
|| = p−2 MxB + m2 and

V (m rT ) ≡
∫ d2%pT

(2π)2

ei!rT ·!pT

p2
T + m2

=
1

2π
K0(m rT ). (6)

The rescattering effect of the dipole of the qq is controlled by

W (%rT , %RT ) ≡
∫ d2%kT

(2π)2

1 − ei!rT ·!kT

k2
T

ei!RT ·!kT =
1

2π
log


 |%RT + %rT |

RT


 . (7)

The fact that the coefficient of Ã in Eq. (4) is less than unity for all %rT , %RT shows that
the rescattering corrections reduce the cross section in analogy to nuclear shadowing.
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Figure 1: Two types of final state interactions. (a) Scattering of the antiquark (p2

line), which in the aligned jet kinematics is part of the target dynamics. (b) Scattering
of the current quark (p1 line). For each light-front time-ordered diagram, the poten-
tially on-shell intermediate states—corresponding to the zeroes of the denominators
Da, Db, Dc—are denoted by dashed lines.

A new understanding of the role of final-state interactions in deep inelastic scat-
tering has thus emerged. The final-state interactions from gluon exchange occurring

4

Precursor of Nuclear Shadowing
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Fig. 4. Fraction r of events with a large rapidity gap, 

qmax < 1.5, as a function of Q2 A for two ranges of XDA. No 
acceptance corrections have been applied. 

small compared to WDA and is typically smaller than 

10 GeV. The events span the range of  WDA from 60 

to 270 GeV. For  WDA > 150 GeV these events are 

well separated from the rest of  the sample. In this 

region, acceptance corrections have little dependence 

on W and the contr ibut ion of  these events to the deep 

inelastic cross section is, within errors, constant with 

WDA, as expected for a diffractive type of  interaction 

(see fig. 3b). At smaller values of  WDA, the acceptance 

for these events decreases since the final state hadronic 

system is boosted in the forward direction. 

In fig. 3c we present the dis tr ibut ion of  Mx for 

events with r/max< 1.5 and WOA > 150 GeV. The dis- 

t r ibution is not corrected for detector or acceptance ef- 

fects. Although this acceptance could be model  depen- 

dent, the three models  we have checked [ 13,14,16 ] 

predict  a flat acceptance with Mx for Mx > 4 GeV. 

We observe a spectrum which, given our resolution, 

the uncertainty about the acceptance and the large sta- 

tistical errors, is compat ible  with a 1/MZx dependence,  

shown as the solid curve. 

The fraction of  events with a large rapidi ty gap, pre- 

sented as a function of  Q~A in fig. 4 for two selected 

bins of  XOA, is, within errors, independent  of  Q2. The 

Q2 dependence is little affected by acceptance correc- 

tions. In QCD terminology, leading twist contribu- 

tions to structure functions show little (at most loga- 

r i thmic)  dependence on Q2 at fixed x, whereas higher 

twist terms fall as a power of  Q2. Since the proton 

structure function determined for our DIS data  sam- 

ple shows a leading twist behavior  [29], the produc- 

t ion mechanism responsible for the large rapidity gap 

events is also likely to be a leading twist effect. The 

decrease with x is partly due to acceptance, since for 

larger values of x the final hadronic state is boosted 

in the direction of  the proton so that such events will 

not be identified as having a large rapidi ty  gap in our 

detector. 

8. Discussion and conclusions 

In a sample of  deep inelastic neutral current scatter- 

ing events, we have observed a class of  events with a 

large rapidi ty gap in the final hadronic state. The flat 

rapidi ty  distr ibution,  the lack of  W dependence and 

the shape of  the Mx distr ibution are suggestive of  a 

diffractive interaction between a highly virtual pho- 

ton and the proton, mediated by the exchange of  the 

pomeron [5 ]. The fact that the percentage of  events 

with a large rapidity gap shows only a weak depen- 

dence on Q2 points to a leading twist contribution to 

the proton structure function. 

For  the hypothesis that events with a large rapidi ty 

gap are produced by a diffractive mechanism, one 

expects such events to be accompanied by a quasi- 

elastically scattered proton. For  this type of  pro- 

cess the gap between the maximum rapidity of  the 

calorimeter  and the rapidi ty of  the scattered proton is 

about three units. The selection criteria, in part icular 

the requirement of  a rapidi ty gap in the detector of  

at least 2.8 units, l imit  the acceptance for diffractive- 

like events. Since we have made no corrections for 

acceptance, the 5.4% for DIS events with a large 

rapidity gap should be considered a lower l imit  for 

diffractively produced events. 
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Inclusive Diffraction at HERA

F.-P. Schillinga∗ (on behalf of the H1 and ZEUS collaborations) †

aDESY, Notkestr. 85, D-22603 Hamburg, Germany

New precision measurements of inclusive diffractive deep-inelastic ep scattering interactions, performed by the
H1 and ZEUS collaborations at the HERA collider, are discussed. A new set of diffractive parton distributions,
determined from recent high precision H1 data, is presented.

1. INTRODUCTION

One of the biggest challenges in our under-
standing of QCD is the nature of colour sin-
glet exchange or diffractive interactions. The
electron-proton collider HERA is an ideal place to
study hard diffractive processes in deep-inelastic
ep scattering (DIS). In such interactions, the
point-like virtual photon probes the structure of
colour singlet exchange, similarly to inclusive DIS
probing proton structure.

2

!

Figure 1: Illustration of
a diffractive DIS event.

At HERA,
around 10% of
low x events
are diffractive
[1]. Experimen-
tally, such events
are identified by
either tagging
the elastically
scattered pro-
ton in Roman
pot spectrometers
60− 100 m down-
stream from the
interaction point
or by asking for

a large rapidity gap without particle production
between the central hadronic system and the
proton beam direction.

A diagram of diffractive DIS is shown in Fig. 1.
A virtual photon coupling to the beam electron

∗e-mail address: fpschill@mail.desy.de
†Talk presented at 31st Intl. Conference on High Energy
Physics ICHEP 2002, Amsterdam

interacts diffractively with the proton through
the exchange of a colour singlet and produces a
hadronic system X with mass MX in the final
state. If the 4-momenta of the incoming (out-
going) electron and proton are labeled l (l′) and
p (p′) respectively, the following kinematic vari-
ables can be defined: Q2 = −q2 = −(l − l′)2, the
photon virtuality; β = Q2/q.(p − p′), the longi-
tudinal momentum fraction of the struck quark
relative to the diffractive exchange; xIP = q.(p −
p′)/q.p, the fractional proton momentum taken
by the diffractive exchange and t = (p− p′)2, the
4-momentum squared transferred at the proton
vertex. Bjorken-x is given by x = xIP β. For the
measurements presented here typical values of xIP

are < 0.05. y = Q2/sx denotes the inelasticity,
where s is the ep CMS energy.

A diffractive reduced cross section σD(4)
r can be

defined via

d4σep→eXp

dxIP dt dβ dQ2
=

4πα2

βQ4

(
1 − y +

y2

2

)
σD(4)

r (xIP , t, β, Q2) , (1)

which is related to the diffractive structure func-
tions FD

2 and the longitudinal FD
L by

σD
r = FD

2 −
y2

2(1 − y + y2

2 )
FD

L . (2)

Except at the highest y, σD
r = FD

2 to a very good
approximation. If the outgoing proton is not de-
tected, the measurements are integrated over t:

σD(3)
r =

∫
dt σD(4)

r .

10% of DIS 
events are 

diffractive !
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Origin of Nuclear 
Shadowing in Glauber  - 

Gribov Theory

Interaction on upstream nucleon diffractive
Interference of one-step and two-step processes

Phase i X i = - 1 produces destructive interference
No Flux reaches down stream nucleon
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Origin of Nuclear Shadowing  
and Regge Behavior of Deep 
Inelastic Structure Functions

Antiquark Interacts with Target Nucleus at Effective En-

ergy ŝ ! 1/xB j
"q̄N ∼ ŝ#R−1→F2N(xb j)∼ x1−#R at small xb j
Shadowing of antiquark-nucleus cross section "q̄A ∼ A#

produces same A depenence of nuclear structure function

in light-cone gauge 
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Pomeron and 
Reggeon 
Exchange
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The one-step and two-step processes in DIS
on a nucleus.

Coherence at small Bjorken xB :
1/MxB = 2ν/Q2 ≥ LA.

If the scattering on nucleon N1 is via pomeron
exchange, the one-step and two-step ampli-
tudes are opposite in phase, thus diminishing
the q flux reaching N2.

→ Shadowing of the DIS nuclear structure
functions.
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The one-step and two-step processes in DIS
on a nucleus.

If the scattering on nucleon N1 is via
C = − Reggeon or Odderon exchange,
the one-step and two-step amplitudes are
opposite in phase, enhancing
the q flux reaching N2

→ Antishadowing of the
DIS nuclear structure functions
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I. Schmidt, J. J. Yang, and SJB “Nuclear
Antishadowing
in Neutrino Deep Inelastic Scattering,” Phys.
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H. J. Lu and SJB “Shadowing And Anti-
shadowing Of Nuclear Structure Functions,”
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antishadowing effects.

2.1 Parameterizations of quark-nucleon scattering

We shall assume that the high-energy antiquark-nucleon scattering amplitude TqN

has the Regge and analytic behavior characteristic of normal hadronic amplitudes.

Following the model of Ref. [32], we consider a standard Reggeon at αR = 1
2 , an

Odderon exchange term, a pseudoscalar exchange term, and a term at αR = −1, in

addition to the Pomeron-exchange term.

The Pomeron exchange has the intercept αP = 1 + δ. For the amputated q − N

amplitude TqN and q − N amplitude TqN with q = u, and d, N = p, and n, we

assume the following parameterizations, including terms which represent pseudoscalar

Reggeon exchange. Then resulting amplitudes are:

Tu−p = σ

[
s

(
i + tan

πδ

2

)
β1(τ

2) − sβO(τ 2) − (1 − i)s1/2β0+

1/2(τ
2) (2)

+(1 + i)s1/2β0−

1/2(τ
2) − (1 − i)s1/2β1+

1/2(τ
2) + W (1 − i)s1/2βpseudo

1/2 (τ 2)

+(1 + i)s1/2β1−

1/2(τ
2) + is−1βu

−1(τ
2)

]
,

Td−p = σ[s

(
i + tan

πδ

2

)
β1(τ

2) − sβO(τ 2) − (1 − i)s1/2β0+

1/2(τ
2) (3)

+(1 + i)s1/2β0−

1/2(τ
2) + (1 − i)s1/2β1+

1/2(τ
2) + W (1 − i)s1/2βpseudo

1/2 (τ 2)

−(1 + i)s1/2β1−

1/2(τ
2) + is−1βd

−1(τ
2)],

Tu−p = σ

[
s

(
i + tan

πδ

2

)
β1(τ

2) + sβO(τ 2) − (1 − i)s1/2β0+

1/2(τ
2) (4)

−(1 + i)s1/2β0−

1/2(τ
2) − (1 − i)s1/2β1+

1/2(τ
2) + W (1 − i)s1/2βpseudo

1/2 (τ 2)

−(1 + i)s1/2β1−

1/2(τ
2)

]
,

Td−p = σ

[
s

(
i + tan

πδ

2

)
β1(τ

2) + sβO(τ 2) − (1 − i)s1/2β0+

1/2(τ
2) (5)
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Phases of Reggeon exchange amplitudes
determined from analyticity and
crossing behavior: C = + signature factor

Magnitude of Reggeon exchange and Regge
intercept determined from Kuti-Weiskopf be-
havior of non-singlet structure functions

F2p(x, Q2)− F2n(x, Q2) = CRx1−αR(0)

at small x.

αR ∼ 0.5
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Non-singlet 
Reggeon 
Exchange

x
0.5
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Phase of two-step amplitude relative to one
step:

1√
2
(1− i)× i = 1√

2
(i + 1)

Constructive Interference

Depends on quark flavor!

Thus antishadowing is not universal

Different for couplings of γ∗, Z0, W±

Reggeon 
Exchange
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Figure 9: The nuclear shadowing and antishadowing effects at 〈Q2〉 = 1 GeV2. The
experimental data are taken from Refs. [47, 48].

interactions.

3 Nuclear effects on extraction of sin
2 θW

The observables measured in neutrino DIS experiments are the ratios of neutral cur-

rent (NC) to charged current (CC) current events; these are related via Monte Carlo

simulations to sin2 θW . In order to examine the possible impact of nuclear shadowing

and antishadowing corrections on the extraction of sin2 θW , one is usually interested

in the following ratios

Rν
A =

σ(νµ + A → νµ + X)

σ(νµ + A → µ− + X)
, (38)

Rν
A =

σ(νµ + A → νµ + X)

σ(νµ + A → µ+ + X)
(39)

of NC to CC neutrino (anti-neutrino) cross sections for a nuclear target A. As is well

known, if nuclear effects are neglected for an isoscalar target, one can extract the
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Shadowing and Antishadowing  of DIS 
Structure Functions
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Nuclear Effect not Universal !
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Inspired by the above relation, we will examine nuclear effects on sin2 θW by the

following observable for the scattering off a nuclear target A,

R
−

A =
σ(νµ + A → νµ + X) − σ(νµ + A → νµ + X)

σ(νµ + A → µ− + X) − σ(νµ + A → µ+ + X)
. (43)

Figure 11: Ratios F A
2 /FN0

2 (solid curves) and F A
3 /FN0

3 (dashed curves) for various
current exchange interactions, at Q2 = 1 GeV2.

In the previous section, we have shown in Fig. 9 the nuclear effect on the electro-

magnetic structure functions. Here we can also look the nuclear effect on the cross

sections in CC and NC neutrino-nucleus DIS. In Fig. 11, we show ratios F A
2 /FN0

2

(solid curves) and F A
3 /FN0

3 (dashed curves) for various current exchange interactions.

The fact that the F A
3 /FN0

3 ratio for the W−-current becomes negative and divergent

for small x comes from the behavior of F N0

3 , which in our model vanishes for x ∼ 0.01.

In addition, we are interested in the following ratios

Rν
Z(x) =

dσ(νµ + A → νµ + X)/dx

dσ(νµ + N → νµ + X)/dx
, (44)
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Estimate 20% effect on extraction of sin2 θW

for NuTeV

Need new experimental studies of
antishadowing in

• Parity-violating DIS

• Spin Dependent DIS

• Charged and Neutral Current DIS
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What is the role of binding energy in the EMC effect? 

What is the role of Fermi momentum (at high x)? 

Do virtual pions play any role at all?

EMC Effect in 3He and 4He

!#5--&3($9/(/$9,$3,($9.%%&-&3(./(&$@&(H&&3$I)9&2&39&3'&$,-$!)9&2&39&3'&<
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Do multi-quark clusters exist in the nuclear wavefunction? 

Do they contribute significantly to the EMC effect?

How to answer: tag overlapping nucleons…

Hidden Color!
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Novel Color Effects in Nuclei

“Hidden-Color” Contribution
to Nuclear Structure Functions

Parton model frame (q+ ≤ 0) :
Two-gluon exchange

Color-dipole model frame (q+ > 0)
Two-gluon exchange

Color-dipole model frame (q+ > 0)
Double-inelastic contribution

Novel Color Effects in Nuclei

“Hidden-Color” Contribution
to Nuclear Structure Functions

Parton model frame (q+ ≤ 0) :
Two-gluon exchange

Color-dipole model frame (q+ > 0)
Two-gluon exchange

Color-dipole model frame (q+ > 0)
Double-inelastic contribution

Novel Color Effects in Nuclei

“Hidden-Color” Contribution
to Nuclear Structure Functions

Parton model frame (q+ ≤ 0) :
Two-gluon exchange

Color-dipole model frame (q+ > 0)
Two-gluon exchange

Color-dipole model frame (q+ > 0)
Double-inelastic contribution



The Odderon
• Three Gluon Exchange

• Interference of 2-gluon and 3-gluon exchange 
leads to matter/antimatter asymmetries

• Asymmetry in jet  asymmetry in 

• Analogous to lepton energy and angle asymmetry

• Pion Asymmetry in 

!p→ cc̄p

!p→ "+"−p
!Z→ e

+
e
−
Z
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Novel Color Effects in Nuclei

Odderon Contribution to Nuclear Anti-Shadowing

Parton model frame (q+ ≤ 0)
Three-gluon exchange

Color-dipole model frame (q+ > 0)
Three-gluon exchange

Color-dipole model frame (q+ > 0)
Double-inelastic contribution

Novel Color Effects in Nuclei

Odderon Contribution to Nuclear Anti-Shadowing

Parton model frame (q+ ≤ 0)
Three-gluon exchange

Color-dipole model frame (q+ > 0)
Three-gluon exchange

Color-dipole model frame (q+ > 0)
Double-inelastic contribution

Novel Color Effects in Nuclei

Odderon Contribution to Nuclear Anti-Shadowing

Parton model frame (q+ ≤ 0)
Three-gluon exchange

Color-dipole model frame (q+ > 0)
Three-gluon exchange

Color-dipole model frame (q+ > 0)
Double-inelastic contribution

Novel Color Effects in Nuclei

Odderon Contribution to Nuclear Anti-Shadowing

Parton model frame (q+ ≤ 0)
Three-gluon exchange

Color-dipole model frame (q+ > 0)
Three-gluon exchange

Color-dipole model frame (q+ > 0)
Double-inelastic contribution



Hidden Color in QCD
• Deuteron six quark wavefunction:

•  5 color-singlet combinations of 6 color-triplets -- 
one state  is |n  p>

• Components evolve towards equality at short 
distances

• Hidden color states dominate deuteron form 
factor and photodisintegration at high 
momentum transfer

• Predict 

d!
dt

("d→ #++#−)# d!
dt

("d→ pn) at high Q2

d!
dt

("d→ #++#−)# d!
dt

("d→ pn) at high Q2

Lepage, Ji, sjb
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Hidden Color 
Fock State

Delta-Delta 
Fock State

Structure of   
Deuteron in 

QCD



41



42 ref: Lepage, Ji, sjb
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QCD Prediction for Deuteron Form 
Factor 

Define “Reduced” Form Factor

Same large momentum transfer 
behavior as pion form factor
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Deuteron Reduced Form Factor

! Pion Form Factor×15%

• 15% Hidden Color in the Deuteron

• 15% Hidden Color in the Deuteron

• 15% Hidden Color in the Deuteron
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Asymptotic Solution has Expansion

Deuteron six-quark state has five color - singlet configurations, 
only one of which is n-p.

Look for strong transition to Delta-Delta

Hidden Color of Deuteron
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The 

QCD 

vacuum

Long-distance gluonic fluctuations
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Does the quark structure of a nucleon get 

modified by the suppressed QCD vacuum 

fluctuations in a nucleus? 
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What is it that alters the quark momentum in the nucleus? 
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Shadowing and Antishadowing in Lepton-Nucleus Scattering

• Shadowing and Antishadowing in DIS arise
from interference of multi-nucleon processes
in nucleus

• Not due to nuclear wavefunction
Wavefunction of stable nucleus is real.
Effect of multi-scattering of qq in nucleus.

• Bjorken Scaling :
Interference requires leading-twist diffractive
DIS processes

Phases!


