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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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between experimental data and theoretical values: (Rexp −
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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
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and Drell-Yan (σpA
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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. 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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Figure 1: Nuclear correction factor R according to Eq. 1
for the differential cross section d2σ/dx dQ2 in charged
current neutrino-Fe scattering at Q2 = 5 GeV2. Results
are shown for the charged current neutrino (solid lines)
and anti-neutrino (dashed lines) scattering from iron.
The upper (lower) pair of curves shows the result of our
analysis with the Base-2 (Base-1) free-proton PDFs.

Figure 2: Predictions (solid and dashed line) for the
structure function ratio F F e

2 /F D
2 using the iron PDFs

extracted from fits to NuTeV neutrino and anti-neutrino
data. The SLAC/NMC parameterization is shown with
the dot-dashed line. The structure function F D

2 in the
denominator has been computed using either the Base-2
(solid line) or the Base-1 (dashed line) PDFs.

(significant) dependence on the energy scale Q, the atomic number A, or the specific observable.
The increasing precision of both the experimental data and the extracted PDFs demand that the
applied nuclear correction factors be equally precise as these contributions play a crucial role in
determining the PDFs. In this study we reexamine the source and size of the nuclear corrections
that enter the PDF global analysis, and quantify the associated uncertainty. Additionally, we
provide the foundation for including the nuclear correction factors as a dynamic component of
the global analysis so that the full correlations between the heavy and light target data can be
exploited.

A recent study 1 analyzed the impact of new data sets from the NuTeV 3, Chorus, and E-
866 Collaborations on the PDFs. This study found that the NuTeV data set (together with the
model used for the nuclear corrections) pulled against several of the other data sets, notably the
E-866, BCDMS and NMC sets. Reducing the nuclear corrections at large values of x reduced
the severity of this pull and resulted in improved χ2 values. These results suggest on a purely
phenomenological level that the appropriate nuclear corrections for ν-DIS may well be smaller
than assumed.

To investigate this question further, we use the high-statistics ν-DIS experiments to perform
a dedicated PDF fit to neutrino–iron data.2 Our methodology for this fit is parallel to that of
the previous global analysis,1 but with the difference we use only Fe data and that no nuclear
corrections are applied to the analyzed data; hence, the resulting PDFs are for a bound proton
in an iron nucleus. Specifically, we determine iron PDFs using the recent NuTeV differential
neutrino (1371 data points) and anti-neutrino (1146 data points) DIS cross section data,3 and
we include NuTeV/CCFR dimuon data (174 points) which are sensitive to the strange quark
content of the nucleon. We impose kinematic cuts of Q2 > 2 GeV and W > 3.5 GeV, and obtain
a good fit with a χ2 of 1.35 per data point.2

2 Nuclear Correction Factors

We now compare our iron PDFs with the free-proton PDFs (appropriately scaled) to infer the
proper heavy target correction which should be applied to relate these quantities. Within the

Extrapolations from  NuTeV

SLAC/NMC data

Q2 = 5 GeV2

Scheinbein, Yu, Keppel, Morfin, Olness, Owens

No anti-shadowing in deep inelastic neutrino scattering !

Is Antishadowing Non-Universal? -- Quark Specific?



Nuclear Shadowing in QCD 

Nuclear  Shadowing not included in nuclear LFWF !  

 Dynamical e!ect due to virtual photon interacting in nucleus

Stodolsky 
Pumplin, sjb 

Gribov

Shadowing depends on understanding leading twist-diffraction in DIS

Di!raction via Reggeon gives constructive interference!

Anti-shadowing not universal

N2 N2

N1 N1

One Step Two Step

Theory of Nuclear Shadowing in DIS 

Stodolsky 
Pumplin, sjb 

Gribov

Shadowing depends on understanding leading twist-diffraction in DIS



The one-step and two-step processes in DIS
on a nucleus.

Coherence at small Bjorken xB :
1/MxB = 2�/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.

Diffraction via Pomeron gives destructive interference!

Shadowing

Shadowing depends on understanding leading twist-diffraction in DIS



Anti-Shadowing

-0.2

0

0.2

0.001 0.01 0.1 1

x

EMC

NMC

E139

E665

-0.2

0

0.2
NMC

E139

-0.2

0

0.2
NMC

-0.2

0

0.2
E139

He/D

Be/D

Li/D

C/D

(R
ex

p
 -

 R
th

eo
)/

R
th

eo

-0.2

0

0.2
E139

E49

-0.2

0

0.2

0.001 0.01 0.1 1

x

BCDMS

E87

E139

E140

-0.2

0

0.2
BCDMS

HERMES

-0.2

0

0.2
EMC

NMC

E139

E665 Ca/D

Al/D

N/D

Fe/D

-0.2

0

0.2
EMC

-0.3

-0.1

0.1

HERMES

-0.2

0

0.2
E139

-0.2

0

0.2

0.001 0.01 0.1 1

x

EMC

Cu/D

Kr/D

Ag/D

Sn/D

(R
ex

p
 -

 R
th

eo
)/

R
th

eo

-0.2

0

0.2
E665

-0.2

0

0.2
E139

E140

-0.2

0

0.2

0.001 0.01 0.1 1

x

E665

Xe/D

Au/D

Pb/D

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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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. 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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Di�ractive DIS ep� epX where there is a large rapidity gap and the target
nucleon remains intact probes the final state interaction of the scattered quark
with the spectator system via gluon exchange.

Di�ractive DIS on nuclei eA� e⇥AX and hard di�ractive reactions such as
��A� V A can occur coherently leaving the nucleus intact.

Diffractive Deep Inelastic Scattering
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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

β

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
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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 .
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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

β

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
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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 .
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Final-State Quark Rescattering 

Hoyer, Marchal, Peigne, Sannino, SJB (BHMPS)
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Hwang, Schmidt, SJB

Low-Nussinov model of Pomeron

Same final-state interaction produces Sivers Effect

Diffractive Structure Function 



QCD Mechanism for Rapidity Gaps

Wilson Line: ψ(y)
Z y

0
dx eiA(x)·dx ψ(0)
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Reproduces lab-frame color dipole approach 
DDIS: Input for leading twist nuclear shadowing

Hoyer, Marchal, Peigne, Sannino, sjb

DDIS: Diffractive Deep Inelastic Scattering 



Diffractive Structure Function F2
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de Roeck

DDIS ∼ 10 % of DIS rate



The one-step and two-step processes in DIS
on a nucleus.

Coherence at small Bjorken xB :
1/MxB = 2�/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.

  Observed HERA DDIS produces nuclear shadowing

Interior nucleons shadowed
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Final-State Interactions Produce  
Pseudo T-Odd  (Sivers Effect)

• Leading-Twist Bjorken Scaling! 

• Requires nonzero orbital angular momentum of quark 

• Arises from the interference of Final-State QCD Coulomb phases in S- and P- waves;  

• Wilson line effect  --  lc gauge prescription 

• Relate to the quark contribution to the target proton                                                anomalous 
magnetic moment and final-state QCD phases 

• QCD phase at soft scale! 

• New window to QCD coupling and running gluon mass in the IR 

• QED S and P Coulomb phases infinite -- difference of phases finite! 

• Alternate: Retarded and Advanced Gauge: Augmented LFWFs
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Ivan Schmidt, Matthew D. Sievert, sjb
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c̄

g

Q4F1(Q2)⇤ const

x⇤ 1 ⇥ kz ⇤ �⌅

�(t) = �(0)
1��(t)

2⇥⇤(x, b, Q)

c

c̄

g

Q4F1(Q2)⇤ const

x⇤ 1 ⇥ kz ⇤ �⌅

�(t) = �(0)
1��(t)

2⇥⇤(x, b, Q)

Problem for factorization when both ISI and FSI occur

g

See also: Collins and Qiu
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ANOMALOUS DRELL-YAN ASYMMETRY FROM

HADRONIC OR QCD VACUUM EFFECTS ∗

DANIËL BOER

Dept. of Physics and Astronomy,
Vrije Universiteit Amsterdam,

De Boelelaan 1081, 1081 HV Amsterdam,

The Netherlands
E-mail: D.Boer@few.vu.nl

The anomalously large cos(2φ) asymmetry measured in the Drell-Yan process is
discussed. Possible origins of this large deviation from the Lam-Tung relation are
considered with emphasis on the comparison of two particular proposals: one that
suggests it arises from a QCD vacuum effect and one that suggests it is a hadronic
effect. Experimental signatures distinguishing these effects are discussed.

1. Introduction

Azimuthal asymmetries in the unpolarized Drell-Yan (DY) process differ-
ential cross section arise only in the following way

1

σ

dσ

dΩ
∝

(

1 + λ cos2 θ + µ sin 2θ cosφ +
ν

2
sin2 θ cos 2φ

)

, (1)

where φ is the angle between the lepton and hadron planes in the lepton
center of mass frame (see Fig. 3 of Ref.1). In the parton model (order α0

s)
quark-antiquark annihilation yields λ = 1, µ = ν = 0. The leading order
(LO) perturbative QCD corrections (order α1

s) lead to µ ≠ 0, ν ≠ 0 and
λ ≠ 1, such that the so-called Lam-Tung relation 1 − λ − 2ν = 0 holds.
Beyond LO, small deviations from the Lam-Tung relation will arise. If one
defines the quantity κ ≡ − 1

4 (1 − λ − 2ν) as a measure of the deviation

from the Lam-Tung relation, it has been calculated2,3 that at order α2
s κ

is small and negative: −κ <
∼ 0.01, for values of the muon pair’s transverse

momentum QT of up to 3 GeV/c.
Surprisingly, the data is incompatible with the Lam-Tung relation and

with its small order-α2
s modification as well3. These data from CERN’s

NA10 Collaboration4,5 and Fermilab’s E615 Collaboration6 are for π−N →
µ+µ−X , with N = D and W . The π−-beam energies range from 140 GeV

∗Talk presented at the International Workshop on Transverse Polarization Phenomena
in Hard Processes (Transversity 2005), Villa Olmo, Como, Italy, September 7-10, 2005
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Nachtmann & Mirkes3 demonstrated that the diagonal elements H11 and
H22 can give rise to a deviation from the Lam-Tung relation:

κ ≡ −
1

4
(1 − λ − 2ν) ≈

〈

H22 − H11

1 + H33

〉

. (5)

A simple assumption for the transverse momentum dependence of (H22 −
H11)/(1 + H33) produced a good fit to the data:

κ = κ0
Q4

T

Q4
T + m4

T

, with κ0 = 0.17 and mT = 1.5 GeV. (6)

Note that for this Ansatz κ approaches a constant value (κ0) for large QT .
In other words, the vacuum effect could persist out to large values of QT .
The Q2 dependence of the vacuum effect is not known, but there is also no
reason to assume that the spin correlation due to the QCD vacuum effect
has to decrease with increasing Q2.

3. Explanation as a hadronic effect

Usually if one assumes that factorization of soft and hard energy scales in
a hard scattering process occurs, one implicitly also assumes factorization
of the spin density matrix. In the present section this will indeed be as-
sumed, but another common assumption will be dropped, namely that of
collinear factorization. It will be investigated what happens if one allows for
transverse momentum dependent parton distributions (TMDs). The spin
density matrix of a noncollinear quark inside an unpolarized hadron can
be nontrivial. In other words, the transverse polarization of a noncollinear
quark inside an unpolarized hadron in principle can have a preferred direc-
tion and the TMD describing that situation is called h⊥

1
10. As pointed out

in Ref.1 nonzero h⊥
1 leads to a deviation from Lam-Tung relation. It offers

a parton model explanation of the DY data (i.e. with λ = 1 and µ = 0):
κ = ν

2 ∝ h⊥
1 (π)h⊥

1 (N) . In this way a good fit to data was obtained
by assuming Gaussian transverse momentum dependence. The reason for
this choice of transverse momentum dependence is that in order to be con-
sistent with the factorization of the cross section in terms of TMDs, the
transverse momentum of partons should not introduce another large scale.
Therefore, explaining the Lam-Tung relation within this framework neces-
sarily implies that κ = ν

2 → 0 for large QT . This offers a possible way to
distinguish between the hadronic effect and the QCD vacuum effect.

It may be good to mention that not only a fit of h⊥
1 to data has been

made (under certain assumptions), also several model calculations of h⊥
1

5

and some of its resulting asymmetries have been performed11,12,13, based
on the recent insight that T-odd TMDs like h⊥

1 arise from the gauge link.
In order to see the parton model expectation κ = ν

2 → 0 at large QT in
the data, one has to keep in mind that the pQCD contributions (that grow
as QT increases) will have to be subtracted. For κ perturbative corrections
arise at order α2

s, but for ν already at order αs. To be specific, at large QT

hard gluon radiation (to first order in αs) gives rise to14

ν(QT ) =
Q2

T

Q2 + 3
2Q2

T

. (7)

Due to this growing large-QT perturbative contribution the fall-off of the
h⊥

1 contribution will not be visible directly from the behavior of ν at large
QT . Therefore, in order to use ν as function of QT to differentiate between
effects, it is necessary to subtract the calculable pQCD contributions. In
Fig. 3 an illustration of this point is given. The dashed curve corresponds

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 1 2 3 4 5 6 7 8
QT

Figure 3. Impression of possible contributions to ν as function of QT compared to DY
data of NA10 (for Q = 8 GeV). Dashed curve: contribution from perturbative one-gluon
radiation. Dotted curve: contribution from a nonzero h⊥

1 . Solid curve: their sum.

to the contribution of Eq. (7) at Q = 8 GeV. The dotted line is a pos-
sible, parton model level, contribution from h⊥

1 with Gaussian transverse
momentum dependence. Together these contributions yield the solid curve
(although strictly speaking it is not the case that one can simply add them,
since one is a noncollinear parton model contribution expected to be valid
for small QT and the other is an order-αs result within collinear factor-
ization expected to be valid at large QT ). The data are from the NA10
Collaboration for a pion beam energy of 194 GeV/c 5.

The Q2 dependence of the h⊥
1 contribution is not known to date. Only

the effect of resummation of soft gluon radiation on the h⊥
1 contribution to

function. Here we do not intend to give a full demonstration

of this in the Drell-Yan process; a generalized factorization

theorem which includes transverse momentum dependent

functions and initial- or final-state interactions remains to be

proven !27". Instead we present how to arrive at an effective
# from initial- and/or final-state interactions and use this

effective # in Fig. 2. Also, for simplicity we will perform

the explicit calculation in QED. Our analysis can be gener-

alized to the corresponding calculation in QCD. The final-

state interaction from gluon exchange has the strength

!e1e2!/4$→CF%s(&
2), where ei are the photon couplings to

the quark and diquark.

The diagram in Fig. 3 coincides with Fig. 6'a(of Ref. !28"
used for the evaluation of a twist-4 contribution ()1/Q2) to

the unpolarized Drell-Yan cross section. The differences

compared to Ref. !28" are that in the present case there is
nonzero transverse momentum of the partons, and the as-

sumption that the matrix elements are nonvanishing in case

the gluon has a vanishing light-cone momentum fraction 'but
nonzero transverse momentum(. This results in an unsup-
pressed asymmetry which is a function of the transverse mo-

mentum Q! of the lepton pair with respect to the initial

hadrons. If this transverse momentum is integrated over, then

the unsuppressed asymmetry will average to zero and the

diagrams will only contribute at order 1/Q2 as in Ref. !28".

First we will calculate the # matrix to lowest order

'called #L
%*) in the quark-scalar diquark model which was

used in Ref. !7". 'Although the model is based on a point-like
coupling of a scalar diquark to elementary fermions, it can be

softened to simulate a hadronic bound state by differentiating

the wave function formally with respect to a parameter such

as the proton mass.(As indicated earlier, no nonzero f 1T
! and

h1
! will arise from #L

%* . Next we will include an additional

gluon exchange to model the initial- and/or final-state inter-

actions 'relevant for timelike or spacelike processes(to cal-
culate # I/F

%* and do obtain nonzero values for f 1T
! and h1

! .

Our results agree with those recently obtained in the same

model by Goldstein and Gamberg !12". We can then obtain
an expression for the cos 2+ asymmetry from Eq. '16(and
perform a numerical estimation of the asymmetry.

A. ! matrix in the lowest order „!
L

"#…
As indicated in Fig. 4 the initial proton has its momentum

given by P&!(P",P#,P!)!(P
",M 2/P" ,0!), and the fi-

nal diquark P!&!(P!",P!#,P!! )!„P"(1#,),(-2

"r!
2 )/P"(1#,),r!…. We use the convention a$!a0$a3,

a•b!1/2 (a"b#"a#b")#a!•b! .
We will first calculate the # matrix to lowest order (#L

%*)

in the quark-scalar diquark model used in Ref. !7". By cal-
culation of Fig. 4 one readily obtains

#L
%*!ag2" ū'P ,S(

r”"m

r2#m2#*" r”"m

r2#m2
u'P ,S(#%

1

P"'1#,(

!ag2! ū'P ,S('r”"m("*!'r”"m(u'P ,S("%
1

P"'1#,(

%$ 1

,$M 2#
m2"r!

2

,
#

-2"r!
2

1#, % % 2

, '17(

with a constant a!1/!2(2$)3" . The normalization is fixed
by the condition

& d,d2r! f 1', ,r!(!1. '18(

In Eq. '17(we used the relation

FIG. 2. The leading-order contribution to the Drell-Yan process.

FIG. 3. The initial-state interaction contribution to the Drell-Yan

process.

FIG. 4. Diagram which gives the lowest order # 'called #L
%*).
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Double Initial-State Interactions  
generate anomalous  

the differential cross section is written as

1

!

d!

d"
!
3

4#

1

$"3

#! 1"$ cos2%"& sin2% cos'"
(

2
sin2% cos 2' " .

)1*

These angular dependencies1 can all be generated by pertur-

bative QCD corrections where, for instance, initial quarks

radiate off high energy gluons into the final state. Such a

perturbative QCD calculation at next-to-leading order leads

to $+1,&+0,(+0 at a very small transverse momentum of

the lepton pair. More generally, the Lam-Tung relation 1

$$$2(!0 ,17- is expected to hold at order .s and the

relation is hardly modified by next-to-leading order (.s
2) per-

turbative QCD corrections ,18-. However, this relation is not
satisfied by the experimental data ,13,14-. The Drell-Yan
data show remarkably large values of ( , reaching values of
about 30% at transverse momenta of the lepton pair between

2 and 3 GeV )for Q2!m/*
2 !(4$12 GeV)2 and extracted in

the Collins-Soper frame ,19- to be discussed below*. These
large values of ( are not compatible with $+1 as also seen
in the data.

A number of explanations have been put forward, such as

a higher twist effect ,20,21-, following the ideas of Berger
and Brodsky ,22-. In Ref. ,20- the higher twist effect is mod-
eled using an asymptotic pion distribution amplitude, and it

appears to fall short in explaining the large values of ( .
In Ref. ,18- factorization-breaking correlations between

the incoming quarks are assumed and modeled in order to

account for the large cos 2' dependence. Here the correla-

tions are both in the transverse momentum and the spin of

the quarks. In Ref. ,6- this idea was applied in a factorized
approach ,23- involving the chiral-odd partner of the Sivers
effect, which is the transverse momentum dependent distri-

bution function called h1
! . From this point of view, the large

cos 2' azimuthal dependence can arise at leading order, i.e.

it is unsuppressed, from a product of two such distribution

functions. It offers a natural explanation for the large cos 2'
azimuthal dependence, but at the same time also for the

small cos' dependence, since chiral-odd functions can only

occur in pairs. The function h1
! is a quark helicity-flip matrix

element and must therefore occur accompanied by another

helicity flip. In the unpolarized Drell-Yan process this can

only be a product of two h1
! functions. Since this implies a

change by two units of angular momentum, it does not con-

tribute to a cos' asymmetry. In the present paper we will

discuss this scenario in terms of initial-state interactions,

which can generate a nonzero function h1
! .

We would also like to point out the experimental obser-

vation that the cos 2' dependence as observed by the NA10

Collaboration does not seem to show a strong dependence on

A, i.e. there was no significant difference between the deute-

rium and tungsten targets. Hence, it is unlikely that the asym-

metry originates from nuclear effects, and we shall assume it

to be associated purely with hadronic effects. We refer to

Ref. ,24- for investigations of nuclear enhancements.
We compute the function h1

!(x ,p!
2 ) and the resulting

cos 2' asymmetry explicitly in a quark-scalar diquark model
for the proton with an initial-state gluon interaction. In this

model h1
!(x ,p!

2 ) equals the T-odd )chiral-even*Sivers effect
function f 1T

! (x ,p!
2 ). Hence, assuming the cos 2' asymmetry

of the unpolarized Drell-Yan process does arise from non-

zero, large h1
! , this asymmetry is expected to be closely

related to the single-spin asymmetries in the SIDIS and the

Drell-Yan process, since each of these effects can arise from

the same underlying mechanism.

The Fermilab Tevatron and BNL Relativistic Heavy Ion

Collider )RHIC*should both be able to investigate azimuthal
asymmetries such as the cos 2' dependence. Since polarized
proton beams are available, RHIC will be able to measure

single-spin asymmetries as well. Unfortunately, one might

expect that the cos 2' dependence in pp→!!̄X )measurable
at RHIC* is smaller than for the process #$N→&"&$X ,

since in the former process there are no valence antiquarks

present. In this sense, the cleanest extraction of h1
! would be

from pp̄→!!̄X .

III. CROSS SECTION CALCULATION

In this section we will assume nonzero h1
! and discuss the

calculation of the leading order unpolarized Drell-Yan cross

section )given in Ref. ,6- with slightly different notation*

d!)h1h2→!!̄X*

d"dx1dx2d
2q!

!
.2

3Q2 0
a , ā

ea
2# A)y*F,f 1 f̄ 1-

"B)y*cos)2'*F $)2ĥ•p!ĥ•k!

$p!•k!*
h1

!h̄1
!

M 1M 2
% & . )2*

This is expressed in the so-called Collins-Soper frame ,19-,
for which one chooses the following set of normalized vec-

tors )for details see, e.g. ,25-*:

t̂1q/Q , )3*

ẑ1
x1

Q
P̃1$

x2

Q
P̃2, )4*

ĥ1q! /Q!!)q$x1P1$x2P2*/Q! , )5*

where P̃ i1Pi$q/(2xi), Pi are the momenta of the two in-

coming hadrons and q is the four momentum of the virtual

photon or, equivalently, of the lepton pair. This can be related

to standard Sudakov decompositions of these momenta

1We neglect sin' and sin 2' dependencies, since these are of

higher order in .s ,15,16- and are expected to be small.

BOER, BRODSKY, AND HWANG PHYSICAL REVIEW D 67, 054003 )2003*

054003-2

Drell-Yan planar correlations 

Double ISI

Hard gluon radiation

⇥(QT )

Q = 8GeV

Conformal behavior: Q4F1(Q2)⇥ const

Conformal behavior: Q2F⇤(Q2)⇥ const

�s(Q2) ⇤ constant at small Q2.

Q4F1(Q2) ⇤ constant

If �s(Q�2) ⇤ constant

⇥(QT )

Q = 8GeV

Conformal behavior: Q4F1(Q2)⇥ const

Conformal behavior: Q2F⇤(Q2)⇥ const

�s(Q2) ⇤ constant at small Q2.

Q4F1(Q2) ⇤ constant

If �s(Q�2) ⇤ constant

⇤(QT )

Q = 8GeV

⌅N ⇥ µ+µ�X NA10

Conformal behavior: Q4F1(Q2)⇥ const

Conformal behavior: Q2F⌅(Q2)⇥ const

�s(Q2) ⇤ constant at small Q2.

Q4F1(Q2) ⇤ constant

Violates Lam-Tung relation!

Boer, Hwang, sjb
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ANOMALOUS DRELL-YAN ASYMMETRY FROM

HADRONIC OR QCD VACUUM EFFECTS ∗

DANIËL BOER

Dept. of Physics and Astronomy,
Vrije Universiteit Amsterdam,

De Boelelaan 1081, 1081 HV Amsterdam,

The Netherlands
E-mail: D.Boer@few.vu.nl

The anomalously large cos(2φ) asymmetry measured in the Drell-Yan process is
discussed. Possible origins of this large deviation from the Lam-Tung relation are
considered with emphasis on the comparison of two particular proposals: one that
suggests it arises from a QCD vacuum effect and one that suggests it is a hadronic
effect. Experimental signatures distinguishing these effects are discussed.

1. Introduction

Azimuthal asymmetries in the unpolarized Drell-Yan (DY) process differ-
ential cross section arise only in the following way

1

σ

dσ

dΩ
∝

(

1 + λ cos2 θ + µ sin 2θ cosφ +
ν

2
sin2 θ cos 2φ

)

, (1)

where φ is the angle between the lepton and hadron planes in the lepton
center of mass frame (see Fig. 3 of Ref.1). In the parton model (order α0

s)
quark-antiquark annihilation yields λ = 1, µ = ν = 0. The leading order
(LO) perturbative QCD corrections (order α1

s) lead to µ ≠ 0, ν ≠ 0 and
λ ≠ 1, such that the so-called Lam-Tung relation 1 − λ − 2ν = 0 holds.
Beyond LO, small deviations from the Lam-Tung relation will arise. If one
defines the quantity κ ≡ − 1

4 (1 − λ − 2ν) as a measure of the deviation

from the Lam-Tung relation, it has been calculated2,3 that at order α2
s κ

is small and negative: −κ <
∼ 0.01, for values of the muon pair’s transverse

momentum QT of up to 3 GeV/c.
Surprisingly, the data is incompatible with the Lam-Tung relation and

with its small order-α2
s modification as well3. These data from CERN’s

NA10 Collaboration4,5 and Fermilab’s E615 Collaboration6 are for π−N →
µ+µ−X , with N = D and W . The π−-beam energies range from 140 GeV

∗Talk presented at the International Workshop on Transverse Polarization Phenomena
in Hard Processes (Transversity 2005), Villa Olmo, Como, Italy, September 7-10, 2005

1

PQCD Factorization (Lam Tung):

Model: Boer,



Origin of Regge Behavior of        Deep 
Inelastic Structure Functions

Antiquark interacts with target nucleus at
energy ŝ ⇤ 1

xbj

Regge contribution: ⇥q̄N ⇥ ŝ�R�1

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.

c

c̄

g

Antiquark interacts with target nucleus at
energy ŝ ⇤ 1

xbj

Regge contribution: ⇥q̄N ⇥ ŝ�R�1

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.

c

c̄

g

Antiquark interacts with target nucleus at
energy ŝ ⇤ 1

xbj

Regge contribution: ⇥q̄N ⇥ ŝ�R�1

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.

c

c̄

g

Antiquark interacts with target nucleus at
energy ŝ ⇤ 1

xbj

Regge contribution: ⇥q̄N ⇥ ŝ�R�1 gives F2N ⇥
x1��R

Nonsinglet Kuti-Weissko� F2p � F2n ⇤
⌅

xbj
at small xbj.

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.

c

Landshoff, 
Polkinghorne, Short 

Close, Gunion, sjb 

Schmidt, Yang,  Lu, 
sjb 

F2p(x)� F2n(x) / x1/2



Non-singlet 
Reggeon 
Exchange

x0.5

Kuti-Weisskopf 
behavior

F2p(x)� F2n(x) / x1/2

Antiquark interacts with target nucleus at
energy ŝ ⇤ 1

xbj

Regge contribution: ⇥q̄N ⇥ ŝ�R�1

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.

c

c̄

g

↵R ' 1/2



Reggeon Exchange Contribution to Charge-Exchange DDIS

p n

X+γ*



�

Reggeon Exchange 

X

Two-step Glauber process

N1

N2

N’1

Can give constructive interference !



�

Reggeon Exchange on N1 

Two-step and One-Step Glauber processes

Regge Phase can give 
constructive 
interference!

N N’

N N’

� X

X

N2

N2 Anomalous 
Z, A-Z dependence

V



Reggeon Exchange

Antiquark interacts with target nucleus at
energy ŝ ⇤ 1

xbj

Regge contribution: ⇥q̄N ⇥ ŝ�R�1

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.

c

c̄

g

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

Di�erent for couplings of �⇤, Z0, W±

↵R ' 1/2

Test: Tagged Drell-Yan



The one-step and two-step processes in DIS
on a nucleus.

Coherence at small Bjorken xB :
1/MxB = 2�/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.

Regge

        constructive in phase
thus increasing the flux reaching N2

  Regge Exchange in DDIS produces 
nuclear anti-shadowing

Interior nucleons anti-shadowed

Schmidt, Lu, Yang, sjb



Nuclear Antishadowing  is flavor dependent 
not universal !

Lu, Schmidt, Yang; sjb

Modifies 
NuTeV extraction of 

sin2 �W

Test in flavor-tagged  
DIS at the EIC 



Shadowing and Antishadowing  of DIS 
Structure Functions

S. J. Brodsky, I. Schmidt and J. J. Yang, “Nuclear Antishadowing in
Neutrino Deep Inelastic Scattering,” Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].

S. J. Brodsky, I. Schmidt and J. J. Yang,
“Nuclear Antishadowing in
Neutrino Deep Inelastic Scattering,”
Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].

Modifies 
NuTeV extraction of 

sin2 �W

Test in flavor-tagged  
lepton-nucleus collisions



A

q+ = 0 q2
? = Q2 = �q2

A-1

�⇤

Q2

�⇤

Reduces to matrix element of local operator:  Sum Rules

N2 N2

N1

A

Q2

LFWFs are real for stable hadrons, nuclei

N2

N1

Study Double Virtual Compton Scattering �⇤A! �⇤A

Handbag Diagram

Unitarity: Cut gives DIS Cross Section



A
A-1

�⇤

Ninterior

Two-Step Process in the  q+=0 Parton Model Frame

Front-Face Nucleon remains intact

q+ = 0

Q2 q2
? = Q2 = �q2

Illustrates the LF time sequence

Nfront�face



A

q+ = 0 q2
? = Q2 = �q2

A-1

One-Step / Two-Step Interference

Front-Face Nucleon N1 not struckFront-Face Nucleon N1 struck

�⇤

Q2
�⇤

Study Double Virtual Compton Scattering �⇤A! �⇤A

Illustrates the
LF time sequence

Cannot reduce to matrix element of local operator!  No Sum Rules!

N1
N2 N2

N1

A

Q2

Liuti, sjbLFWFs are real for stable hadrons, nuclei



Is  Antishadowing in DIS  
Non-Universal, Flavor-Dependent?

Do Nuclear PDFS 
Obey Momentum and other Sum Rules?

I. A. Schmidt, SJB



|p,Sz>= ∑
n=3

ψn(xi, ~k?i,λi)|n;k?i,λi>|p,Sz>= ∑
n=3

Ψn(xi,~k?i,λi)|n;~k?i,λi>

|p,Sz>= ∑
n=3

Ψn(xi,~k?i,λi)|n;~k?i,λi>

The Light Front Fock State Wavefunctions

Ψn(xi,~k?i,λi)

are boost invariant; they are independent of the hadron’s energy
and momentum Pµ.
The light-cone momentum fraction

xi =
k+
i
p+ =

k0i + kzi
P0+Pz

are boost invariant.
n

∑
i
k+
i = P+,

n

∑
i
xi = 1,

n

∑
i

~k?i =~0?.

sum over states with n=3, 4, ...constituents

Fixed LF time
Intrinsic heavy quarks    s̄(x) ⇤= s(x)

⇥M(x, Q0) ⇥
�

x(1� x)

⇤M(x, k2
⌅)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ep⇥ e�+n

P�/p ⇤ 30%

Violation of Gottfried sum rule

ū(x) ⌅= d̄(x)

Does not produce (C = �) J/⇥,�

Produces (C = �) J/⇥,�

Same IC mechanism explains A2/3

s(x), c(x), b(x) at high x !
Deuteron: 

Hidden Color

s



Hidden Color in QCD
• Deuteron: Five color-singlet combinations of 6 color-triplets 

•  One Fock state  is n  p nucleon clusters, one state is ∆ ∆ 

Lepage, Ji, sjb
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Your trip to Canada starts with
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Hidden Color 6-Quark Fock State

Rigorous Feature of QCD!

d



General remarks about orbital angular mo-
mentum

⌃R�

xi
⌃R�+⌃b�i

�n
i
⌃b�i = ⌃0�

�n
i xi = 1

�n
i=1(xi

⌃P�+ ⌃k�i) = ⌃P�

xi
⌃P�+ ⌃k�i

�n
i

⌃k�i = ⌃0�

�n
i xi = 1

deuteron

5 X 5  Matrix Evolution Equation  for deuteron 
distribution amplitude

General remarks about orbital angular mo-
mentum

�n(xi, k�i,�i)

�n
i=1(xi

 R�+ b�i) =  R�

xi
 R�+ b�i

�n
i
 b�i =  0�

�n
i xi = 1

d

pQCD Evolution of 5 color-singlet Fock states 

⇤n(xi, Q) =
⇥ k2

⌅i<Q2
⇥⇤d2k⌅j⇥n(xi,◆k⌅j)

n = 1 · · ·5

y =
�3

i=1 xi

◆⌃⌅ =
�3

i=1
◆k⌅i

1
9 np, 4

45 ��, 4
5 hiddencolor

�cm = 90o

⇥d(xi,◆k⌅i) = ⇥body
d ⇥ ⇥n ⇥ ⇥p

Lepage, Ji, sjb



dσ
dt (γd! Δ++Δ�)' dσ

dt (γd! pn) at high Q2

dσ
dt (γd! Δ++Δ�)' dσ

dt (γd! pn) at high Q2

• Deuteron: six-quark wavefunction

• ERBL Evolution of deuteron distribution amplitude

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

• Components of deuteron distribution amplitude     
evolve towards equality at short distances:

• Hidden color states dominate deuteron form factor and 
photo-disintegration at high momentum transfer

Hidden Color in QCD

ϕD(xi, Q2)

ϕD(xi, Q2) → Cx1x2x3x4x5x6

Lepage, Ji, sjb



Asymptotic Solution has Expansion

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

ERBL Evolution: Transition to Delta-Delta

Hidden Color of Deuteron

Lepage, Ji, sjb



General remarks about orbital angular mo-
mentum

⌃R�

xi
⌃R�+⌃b�i

�n
i
⌃b�i = ⌃0�

�n
i xi = 1

�n
i=1(xi

⌃P�+ ⌃k�i) = ⌃P�

xi
⌃P�+ ⌃k�i

�n
i

⌃k�i = ⌃0�

�n
i xi = 1

P+, ↵P+

xiP
+, xi

↵P⇤+ ↵k⇤i

ẑ

↵L = ↵R⇥ ↵P

↵Li = (xi
↵R⇤+↵b⇤i)⇥ ↵P

↵⇧i = ↵b⇤i ⇥ ↵k⇤i

↵⇧i = ↵Li � xi
↵R⇤ ⇥ ↵P = ↵b⇤i ⇥ ↵P

A(⇤,�⇤) = 1
2⇥

�
d�e

i
2⇤�M(�,�⇤)

P+, P⇤

xiP
+, xi

P⇤+ k⇤i

� = Q2

2p·q

ẑ

L = R⇥ P

Li = (xi
R⇤+b⇤i)⇥ P

P+ = P0 + Pz

xi = k+

P+ = k0+k3

P0+Pz

⇧(⌅, b⇤)

⇥ = d�s(Q2)
d lnQ2 < 0

u

ū

E⇥ = E � ⇤, q

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

deuteron

Nuclear Physics: 
Two color-singlet combinations of three 3C

n

p

⇤d(xi,�k⇧i) = ⇤body
d ⇥ ⇤n ⇥ ⇤p

Antiquark interacts with target nucleus at
energy ŝ ⌅ 1

xbj

Regge contribution: ⇥q̄N ⇤ ŝ�R�1 gives F2N ⇤
x1��R

Nonsinglet Kuti-Weissko� F2p � F2n ⌅
⌃

xbj
at small xbj.

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.

Weak binding:



d

p + q

p

p
2

p+q
2

d = 4

� z� at z ⇥ 0

d

p + q

p

p
2

p+q
2

d = 4

� z� at z ⇥ 0

d

p + q

p

p
2

p+q
2

d = 4

� z� at z ⇥ 0

d

p + q

p

p
2

p+q
2

d = 4

� z� at z ⇥ 0

d

p + q

p

p
2

p+q
2

d = 4

� z� at z ⇥ 0

d

p + q

p

p
2

p+q
2

d = 4

� z� at z ⇥ 0

��

q

d

p + q

p

p
2

p+q
2

��

q

d

p + q

p

p
2

p+q
2

e e⇥

��

q

d

p + q

p

p
2

e e⇥

��

q

d

p + q

p

p
2Elastic electron-deuteron scattering

fd(Q
2) ⇥ Fd(Q

2)

Fp(
Q2
4 )Fp(

Q2
4 )

fd(Q
2) ⇤ F⇥(Q2)

e e⌅

��

q

d

fd(Q
2) ⇥ Fd(Q

2)

Fp(
Q2
4 )Fp(

Q2
4 )

fd(Q
2) ⇤ F⇥(Q2)

d⌅

e e⌅

��

q

Define “Reduced” Form Factor

�(z) ⌅ z� at z ⇧ 0

[CF =
N2

C�1
2NC

]

FH(Q2)⇥ [Q2]nH�1 ⌅ constant

[Q2]nH�1FH(Q2) ⌅ constant

FH(Q2) ⌅ [ 1
Q2]

nH�1

fd(Q
2) ⇤ Fd(Q

2)

Fp(
Q2
4 )Fn(

Q2
4 )

Chertok, sjb

Predict fd(Q2) →
1

Q2



QCD Prediction for Deuteron Form Factor 

Define “Reduced” Form Factor

Same large momentum transfer 
behavior as pion form factor

Lepage, Ji, sjb



0.5

0.4

0.3

0.2
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0
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–q

2 /
m
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D
(q
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/F

2 N
(q
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–q2  (GeV2)10-2004 
2763A18

Deuteron Reduced Form Factor

' Pion Form Factor⇥15%

Chertok, sjb

Predict fd(Q2) →
1

Q2



    Hidden Color in QCD

• Deuteron six-quark wavefunction 

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

• Components evolve towards equality at short distances 

• Hidden color states dominate deuteron form factor and 
photo-disintegration at high momentum transfer 

• Dominance at x > 1 

• Predict 

dσ
dt (γd! Δ++Δ�)' dσ

dt (γd! pn) at high Q2

dσ
dt (γd! Δ++Δ�)' dσ

dt (γd! pn) at high Q2

Lepage, Ji, sjb

Study the Deuteron as a QCD Object



Shadowing of ⇤q̄M produces shadowing of
nuclear structure function.

�

R =
d⇤
dt (�d⇥�++���)

d⇤
dt (�d⇥pn)

should be an increasing function of t.

At small t one can generate �++�� from
np by final-state ⇥+ exchange. However, the

Compare

dp ⇤�++��+ p

dp ⇤ p n + p

at high t.

Use deuteron beam

⌅ ⌅

• Measure Elastic Proton-Proton Scattering

Compare

dp ⇤�++��+ p

dp ⇤ p n + p

at high t.

Use deuteron beam

⌅ ⌅

• Measure Elastic Proton-Proton Scattering

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp� d�+

pd� pd

pp� �c(cud)D0(cu)p

p

⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

Compare

dp ⇤�++��+ p

dp ⇤ p n + p

at high t.

Use deuteron beam

⌅ ⌅

• Measure Elastic Proton-Proton Scattering

vs.

Ratio predicted to approach 2:5

Compare

dp ⇥�++��+ p

dp ⇥ p n + p

at high t.

Use deuteron beam

⇤ ⇤

Test of Hidden Color in Deuteron Photo-Disintegration

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp� d�+

pd� pd

Shadowing of ⇤q̄M produces shadowing of
nuclear structure function.

�

R =
d⇤
dt (�d⇥�++���)

d⇤
dt (�d⇥pn)

should be an increasing function of t.

At small t one can generate �++�� from
np by final-state ⇥+ exchange. However, the

Shadowing of ⇤q̄M produces shadowing of
nuclear structure function.

�

R =
d⇤
dt (�d⇥�++���)

d⇤
dt (�d⇥pn)

should be an increasing function of t.

At small t one can generate �++�� from
np by final-state ⇥+ exchange. However, the

Ratio should grow with transverse momentum as the hidden color 
component of the deuteron  grows in strength. 

Possible contribution from pion charge exchange at small t.



Deuteron Photodisintegration Dimensional Counting Rules 

PQCD and AdS/CFT:

sntot�2dσdt (A+B!C+D) =
FA+B!C+D(θCM)

s11dσdt (γd! np) = F(θCM)

ntot�2=
(1 + 6 + 3+ 3 ) - 2 = 11

γD → np

s11 dσ
dt

(γD → np) = F(θCM)

Conformal invariance  
at high  momentum transfers!



Check of CCR
Fit of dσ/dt data for 
the central angles and  
PT≥1.1 GeV/c  with  
 A s-11

For all but two of the fits  
 χ2≤  1.34

Data consistent with CCR

P.Rossi et al, P.R.L. 94, 012301 (2005)

•Better χ2 at 55o and 75o if different data  
 sets are renormalized to each other 

•No data at PT≥1.1 GeV/c at forward and    
 backward angles 

•Clear s-11 behavior for last 3 points at 35o 

γd → np

γd → np

s11 dσ
dt

(γd → np) = F(θCM)



[ud]

(ud)

[ud]

J = 1 Hexaquark | (ud)[ud][ud] >

Hidden Color in QCD

• Deuteron: Five color-singlet combinations of 6 color-triplets 

•  one state  is |n  p>, one state is ∆ ∆ 

• One state is a J=1 Hexaquark

Lepage, Ji, sjb

Three 3̄C diquarks : S = 1(ud), S = 0[ud]
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Fluctuation of a Pion to a 
Compact Color Dipole State

Color - Transparent Fock State Produces High Transverse 
Momentum Di-Jets

Same Fock State 
Determines Weak 

Decay



Key Ingredients in Ashery Experiment

Two-gluon exchange gives imaginary amplitude 
proportional to energy, constant diffractive cross sections

M � i s �2
s b⇥

⇥ bN
⇥

⇤ � �4
s (b⇥

⇥)2 (bN
⇥)2

M � b⇥

M � s

q

q̄

g

⇥

M � i s �2
s b⇥

⇥ bN
⇥

⇤ � �4
s (b⇥

⇥)2 (bN
⇥)2

M � b⇥

M � s

q

q̄

g

⇥

q

q̄

g

�
q

q̄

g

�

q

q̄

g

�
N

M � i s �2
s b⇥

⇥ bN
⇥

⇤ � �4
s (b⇥

⇥)2 (bN
⇥)2

M � b⇥

M � s

q

q̄

N

M � i s �2
s b⇥

⇥ bN
⇥

⇤ � �4
s (b⇥

⇥)2 (bN
⇥)2

M � b⇥

M � s

q

q̄
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Key Ingredients in Ashery Experiment

Small color-dipole moment pion not absorbed;  
interacts with each nucleon coherently  

QCD COLOR Transparency
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Diffraction, Rapidity gap
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A A’

p

Dissociate  proton Fock state to two jets

Measure frame-independent proton quark-diquark light-front wavefunction 

[ud]

u

1 − x, − ⃗k ⊥

x, ⃗k ⊥

x, ⃗k ⊥

1 − x, − ⃗k ⊥

Ψu[ud]
p (x, ⃗k ⊥)



A A’

d
x, ⃗k ⊥

1 − x, − ⃗k ⊥

Dissociate deuteron Fock state to two nucleons

P

N

N

P

Measure frame-independent deuteron light-front wavefunction ΨNP
d (x, ⃗k ⊥)

x, ⃗k ⊥

1 − x, − ⃗k ⊥



A A’

d

x1, ⃗k ⊥1

x2, ⃗k ⊥2

x3, ⃗k ⊥3

Dissociate hidden-color deuteron hexaquark Fock state to three diquark jets
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(ud)

[ud]

[ud]
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(ud)

Measure frame-independent deuteron light-front wavefunction ΨHexaquark
d (x, ⃗k ⊥)

x, ⃗k ⊥

1 − x, − ⃗k ⊥
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d

x1, ⃗k ⊥1

x2, ⃗k ⊥2

x3, ⃗k ⊥3

x4, ⃗k ⊥4

x5, ⃗k ⊥5

x6, ⃗k ⊥6

Dissociate  hidden color deuteron Fock state to six quark jets
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Measure frame-independent deuteron light-front wavefunction 



• Square of Target LFWFs                 Modified by Rescattering: ISI & FSI

• No Wilson Line                             Contains Wilson Line, Phases

• Probability Distributions                 No Probabilistic Interpretation

• Process-Independent                      Process-Dependent - From Collision

• T-even Observables                        T-Odd (Sivers, Boer-Mulders, etc.)

• No Shadowing,  Anti-Shadowing      Shadowing,  Anti-Shadowing, Saturation

• Sum Rules: Momentum and Jz               Sum Rules Not Proven

• DGLAP Evolution; mod. at large x   DGLAP Evolution

• No Diffractive DIS                         Hard Pomeron and Odderon Diffractive DIS

Static                           Dynamic

General remarks about orbital angular mo-
mentum
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Mulders, Boer

Qiu, Sterman

 Pasquini, Xiao,  
Yuan, sjb

Collins, Qiu

Hwang, Schmidt, 
sjb,

Liuti, sjb!

What is measured!



One of the most interesting aspects of neutrino-nucleus DIS measurements is the 
apparent absence of antishadowing of the nuclear parton distributions, in direct 
contradiction to electron-nucleus and muon-nucleus measurements.  

Implications:  

(1) anti-shadowing may be flavor specific.  

(2) This can be tested in flavor-tagged semi-inclusive deep inelastic lepton scattering.  

(3) antishadowing cannot compensate for shadowing in the momentum sum rule  

(5) the momentum sum rule may in fact be inapplicable for the nuclear pdf,  

(6) the standard operator product analysis can fail for nuclei because of shadowing and 
antishadowing.  

(7) Implications of these issues for nuclear pdfs in QCD based on Glauber-Gribov theory  

(9) Important connections to leading-twist diffractive DIS.



Novel QCD Effects in Hadrons and Nuclei    Stan BrodskyAPS-GHP Denver
Wednesday, 10 April 2019 

Novel Effects Derived from Light-Front 
Wavefunctions

• Color Transparency

• Intrinsic heavy quarks at high x

• Asymmetries 

• Spin correlations, counting rules at x to 1

• Diffractive deep inelastic scattering

• Nuclear Effects:  Hidden Color

s(x) 6= s̄(x), ū(x) 6= d̄(x)

ep ! epX

c(x), b(x)



Novel QCD Effects in Hadrons and Nuclei    Stan BrodskyAPS-GHP Denver
Wednesday, 10 April 2019 

QCD Myths
• Anti-Shadowing is Universal: Nuclear  PDF Sum Rules! 

• ISI and FSI are higher twist effects and universal 

• High transverse momentum hadrons arise only from jet 
fragmentation  -- baryon anomaly! 

• heavy quarks only from gluon splitting 

• renormalization scale cannot be fixed 

• QCD condensates are vacuum effects 

• Infrared Slavery 

• Nuclei are composites of nucleons only 

• Real part of DVCS arbitrary



�54
Valparaiso, Chile  May 19-20, 2011 

c

Stan Brodsky  
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Novel QCD Features of Nuclei
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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.

5

Anti-Shadowing

Shadowing

EMC Effect

Hidden Color

8th Workshop of the APS Topical Group on Hadronic Physics  Denver
Wednesday, 10 April 2019 

Secondary Logo:

Color Palette

The logo and word mark can be printed or published in one-color red, one-color black and one-color white. When used on
a white background, the one-color red version is preferred. An all-black or all-white version is available for use when the
preferred two-color version is not possible or appropriate. Do not create versions of the logo in other colors or
proportions.

The red used in the logo has the following color mix:

Pantone 201
CMYK: 0/100/65/34
RGB: 164/0/29
Web: #8c1515

Caution: DO NOT convert between these four color spaces or the red will change tone. Use Pantone (spot color only) or
CMYK for externally printed pieces, RGB for documents printed in the o!ice, and HEX for web and digital colors. When you
embed an .eps version of a logo, make sure it’s the correct HEX color value BEFORE saving for web or digital.

Incorrect Logo Usage


