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• Diffractive DIS: New Insight into Final State 
Interactions in QCD

• Origin of Hard Pomeron

• Structure Functions not Probability Distributions

• T-odd Single-Spin Asymmetries

• Diffractive dijets/ trijets

• Color Transparency, Color Opaqueness
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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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Final State Interaction 
Produces Diffractive DIS 

Quark Rescattering 

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

Enberg, Hoyer, Ingelman, SJB

Hwang, Schmidt, SJB
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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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Pomeron is not 
a 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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• Quarks Reinteract in Final State

• Analogous to Coulomb phases, but not unitary

• Observable effects:  DDIS, SSI, shadowing, 
antishadowing

• Structure functions cannot be computed from 
LFWFs computed in isolation

• Wilson line not 1 even in lcg
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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

BHMPS
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Sum Eikonal Interactions
Similar to Color Dipole Model

Lab Frame Picture
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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
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]
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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

BHMPS
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Figure 12: The intercepts of the Pomeron trajectory, αt otIP (0) and αdiffIP (0), as a
function of Q2, obtained from the W dependences of the total γ∗p cross section
and of the diffractive cross section, dσdiffγ∗p→XN/dMX for 2 < MX < 15 GeV. The
inner error bars show the statistical uncertainties and the full bars the combined
statistical and systematic systematic uncertainties. The αIP (0) values for the latter
were corrected for the t dependence of αdiffIP . The cross-hatched band shows the
expectation for the soft Pomeron.

66

DESY 05-011 hep-ex/0501060 January 2005 
Study of deep inelastic inclusive and diffractive scattering with the ZEUS forward plug calorimeter 

ZEUS Collaboration 

!tot " s
#tot−1

!di f f " s2#di f f−2

No factorization of hard pomeron

S. J. Brodsky, P. Hoyer, N. Marchal, S. Peigne

and F. Sannino, Phys. Rev. D 65, 114025 (2002)

[arXiv:hep-ph/0104291].

S. J. Brodsky, R. Enberg, P. Hoyer and G. Ingel-

man, arXiv:hep-ph/0409119.
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QCD Mechanism for Rapidity Gaps
Wilson Line: !(y)

Z y

0

dx eiA(x)·dx !(0)
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Summary of WG B: Diffraction and Vector Mesons 9

Figure 9. Diagram of elastic vector meson production at HERA.

dependence in the range 100 < p2
T < 1600 GeV2.

Run II data are also being used by CDF to search for exclusive dijet (Figure 8)
and χc production in double diffractive events, with first results presented at this
workshop. The measurement of the cross sections of these processes is considered
to provide important calibration points necessary to normalize model predictions
for diffractive Higgs production at the LHC (see section 6).

In contrast to Run I, the D0 detector includes Roman Pot spectrometers in
Run II [28]. The outgoing beam pipes for both p and p̄ are equipped with in total 9
spectrometers composed of 18 Roman Pots. The new detectors have been used for
an initial measurement of the elastic t slope and are expected to provide a wealth
of diffractive data.

4 Vector Meson Production and DVCS

In a joint session of the diffractive and the spin working group, vector meson produc-
tion and deeply virtual Compton scattering (DVCS) were discussed. Contributions
from HERMES to this session [29,30] are summarised in [31].

Diffractive vector meson production at HERA, e + p → e + V + Y , where V is
the vector meson and Y is either a proton (“elastic”) or a low-mass proton disso-
ciation system, provides a clean laboratory to study the dynamics of diffraction, in
particular the transition from soft to hard QCD. Several different scales are present
in this process, such as the γp centre-of-mass energy W , the photon virtuality Q2,
the squared four-momentum transfer t at the proton vertex, and the mass mV of
the vector meson, which can all be tuned in the measurement (Figure 9). In a non-
perturbative description, the photon fluctuates into a vector meson that scatters
on the proton via soft Pomeron exchange, which predicts the energy dependence of
the γp cross section to be W 4(α

IP
(t)−1) ∼ W 0.22. This approach is able to describe

Diffractive Vector Meson 
Electroproduction 
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Measures The Distribution Amplitude of the Vector Meson

!(x,Q) =
Z k2⊥<Q2

d2k⊥"qq̄(x,!k⊥,#i)

QCD predictions [Gunion, Frankfurt, Strikman, Mueller, SJB)

for t,q2,s and polarization dependence verified.

Color transparency verified – coherent production on every nu-

cleon of nucleus! [Mueller, SJB].
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Two gluon exchange Hard gluons with k⊥ ∼ 1/Q
couple to small qq̄ color singlet:

transverse size: b⊥ ∼ 1/Q

Diffractive Vector Meson 
Electroproduction
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BFKL Hard Pomeron

A∼ s1(1+!s log
s
Q2

+!2s log
2 s
Q2

+ · · ·)∼ s!P(Q
2)

BFKL Hard Pomeron

A∼ s1(1+!s log
s
Q2

+!2s log
2 s
Q2

+ · · ·)∼ s!P(Q
2)



26

Distribution amplitude of vector meson

!"(x,Q)∼ f"x(1− x)
ERBL Evolution from PQCD

!"(x,Q)

x
 1-x



Successful PQCD predictions for
d!
dt

("∗p→ #0p′) :
s,Q2, t dependence
!L dominance

S. J. Brodsky, L. Frankfurt, J. F. Gunion, A. H.Mueller

and M. Strikman,

“Diffractive leptoproduction of vector mesons

in QCD,”

Phys. Rev. D 50, 3134 (1994)

[arXiv:hep-ph/9402283].
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Figure 10. W δ dependence vs. Q2 + m2
V

for elastic vector meson production from ZEUS.

the data for light vector mesons if both Q2 and t are small. In the presence of a
hard scale Q2 or mV , perturbative QCD approaches based on two-gluon exchange
predict a stronger rise of the cross section with energy W 2 ∼ 1/x, corresponding
to the small-x rise of the gluon density in the proton.

ZEUS has presented [32] new high statistics results on exclusive φ production
in DIS in the kinematic range 2 < Q2 < 70 GeV2, 35 < W < 145 GeV and
|t| < 0.6 GeV2. The energy dependence W δ is observed to become steeper with Q2:
δ increases from 0.26±0.10 at Q2 = 2.4 GeV2 to 0.42±0.16 at Q2 = 13 GeV2. Thus,
a picture emerges that at around Q2 ∼ m2

J/Ψ ∼ 10 GeV2 the energy dependence of

the light vector mesons ρ and φ becomes similar to the one of the J/Ψ at Q2 ∼ 0
(Figure 10), suggesting that µ2 ∼ Q2 + m2

V could play the role of a universal
scale in this process. Furthermore, from the W dependence measured in different
t intervals, the slope parameter of the Pomeron trajectory α′

IP
was extracted and

found to be consistent with zero, in contrast with the soft Pomeron model. ZEUS
has also measured the Q2 dependence of the exponential t slope parameter b, where
some indication for a decrease with Q2 is observed.

Diffractive J/Ψ production involves the charm quark mass as a hard scale. This
allows for a description in terms of hard-scattering factorization and makes the
process sensitive to the generalized gluon distribution. ZEUS [33] has presented
comprehensive results on J/Ψ production [34] for 0 < Q2 < 100 GeV2 and 30 <
W < 220 GeV. In particular, cross sections as a function of W and Q2 have been
measured and compared with calculations based on two-gluon exchange. The results
exhibit a strong sensitivity to the choice of gluon distribution in the calculation
(Figure 11). The Pomeron trajectory at Q2 = 7 GeV2 was extracted as αIP (t) =
(1.20±0.03)+(0.07±0.05)t, which is substantially different from the soft Pomeron
for both intercept and slope.

Szymanowski [35] has a presented the first NLO calculation for exclusive J/Ψ
photoproduction [36] and for electroproduction of light vector mesons in the frame-
work of leading-twist collinear factorization. The dependence of the NLO result on
the factorization and renormalization scales is smaller than at LO, as is generally

Energy Dependence of 
Vector Meson 

Electroproduction

W
! = s

!/2



Final State Interactions 
Produce T-Odd 
(Sivers Effect)

• Bjorken Scaling!

• Arises from Interference of Final State Coulomb 
Phase in S and P waves

• Relate to the quark contribution to the target 
proton anomalous magnetic moment

!S ·!p jet×!q

!S ·!p jet×!q
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11-2001 
8624A06

S

current 
quark jet

final state 
interaction

spectator 
system

proton

e– 

!*

e– 

quark

Single-spin asymmetries Sivers Effect

!Sp ·!q×!pq
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Quarks Reinteract in the Final State

Interference of Coulomb Phases for S and P states

Produce Single Spin Asymmetry [Siver’s Effect]
!S ·!p jet×!q
Use thrust or momentum of leading pion

to find jet direction

Measure !S ·!p!×!q
Distinguish from Collins Effect [from jet fragmentation]

Proportional to the Proton Anomalous Moment and "s.

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

Enberg, Hoyer, Ingelman, SJB

Hwang, Schmidt, SJB
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Model Calculation producing a target single-spin asym-

metry in semi-inclusive leptoproduction

Quarks Reinteract in the Final State

Interference of Coulomb Phases for S and P states

Produce Single Spin Asymmetry [Siver’s Effect]
!S ·!p jet×!q
Proportional to the Proton Anomalous Moment and !s.
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Single Spin Asymmetry In the Drell Yan Process
!Sp ·!p×!q!∗
Quarks Interact in the Initial State

Interference of Coulomb Phases for S and P states

Produce Single Spin Asymmetry [Siver’s Effect]Proportional

to the Proton Anomalous Moment and "s.

Opposite Sign to DIS! No Factorization

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

Enberg, Hoyer, Ingelman, SJB

Hwang, Schmidt, SJB

Collins

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

Enberg, Hoyer, Ingelman, SJB

Hwang, Schmidt, SJB

Collins
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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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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
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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.

(R
ex

p
 -

 R
th

eo
)/

R
th

eo

-0.1

0.1

0.3
E772

-0.2

0

0.2

-0.2

0

0.2

0.01 0.1 1

x

E866

C/D DY

Ca/D DY

Fe/Be DY

-0.2

0

0.2

-0.2

0

0.2

-0.3

-0.1

0.1

0.01 0.1 1

x

Fe/D DY

W/D DY

W/Be DY

FIG. 4: (Color online) Comparison with Drell-Yan data of

R = σpA
DY /σpA′

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

0.7

0.8

0.9

1

1.1

1.2

0.001 0.01 0.1 1

F
2

C
a
/F

2
D

x

EMC

NMC

E136

E665

Q
2
= 5 GeV

2

!
D

Y

p
C

a
/!

D
Y

p
D

0.7

0.8

0.9

1

1.1

1.2

0.03 0.1 1

x

E772

Q
2
= 50 GeV

2

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
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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Nuclear Shadowing in QCD 

Nuclear  Shadowing not included in nuclear LFWF !
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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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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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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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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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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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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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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].
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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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• Small Size Pion Valence Fock State

• Color Transparent

• E791 Fermilab Experiment



Use Diffraction to Resolve 
Hadron Substructure

• Measure Light-Front Wavefunctions

• AdS/CFT predictions

• Novel Aspects of Hadron Wavefunctions: 
Intrinsic Charm, Hidden Color, Color 
Transparency/Opaqueness

• Diffractive Di-Jet Production

• Nuclear Shadowing and Antishadowing

• New Mechanism for Higgs Production
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Diffractive Dissociation of 
Pion

Measure Light-Front Wavefunction of Pion
Two-gluon Exchange

Minimal momentum transfer to nucleus
Nucleus left Intact



48

Fluctuation of a Pion to a 
Compact Color Dipole State

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

Same Fock State 
Determines Weak 

Decay



49

Fluctuation of a Pion to a 
Compact Color Dipole State

Small Size Pion Can 
Interact Coherently on 

Each Nucleon of 
Nucleus

Diffractive Dijet Cross Section Color Transparent

M(!A→ JetJetA
′)=A

1
M(!N→ JetJetN

′)FA(t)
d"/dt(!A→ JetJetA

′) =
A2d"/dt(!N→ JetJetN

′)|FA(t)|2
" # A

2

R2
A

∼ A
4/3
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E791 Collaborat ion, E. A it ala et al., Phys. Rev. Let t . 86, 4773 (2001)

A -Dependence result s: σ ∝ Aα

k t range (GeV / c) α α (CT )

1.25 < kt < 1.5 1.64 + 0.06 -0.12 1.25

1.5 < kt < 2.0 1.52 ± 0.12 1.45

2.0 < kt < 2.5 1.55 ± 0.16 1.60

α ( I ncoh.) = 0.70 ± 0.1



Verification of QCD 
Color Transparency 

E791 Collaborat ion, E. A it ala et al., Phys. Rev. Let t . 86, 4773 (2001)

A -Dependence result s: σ ∝ Aα

k t range (GeV / c) α α (CT )

1.25 < kt < 1.5 1.64 + 0.06 -0.12 1.25

1.5 < kt < 2.0 1.52 ± 0.12 1.45

2.0 < kt < 2.5 1.55 ± 0.16 1.60

α ( I ncoh.) = 0.70 ± 0.1

Conventional Glauber 
Theory Ruled Out 

FermiLab E791 
Ashery et al



Diffractive Dissociation of a 
Pion into Dijets

• E789 Fermilab Experiment 
Ashery et al

• 500 GeV pions collide on 
nuclei keeping it intact

• Measure momentum of two 
jets

• Study momentum distributions 
of pion LF wavefunction

!A→ JetJetA
′

!"
qq̄(x,!k⊥)

D. Ashery, Tel Aviv University

THE qq̄ MOM ENTUM WAVE FUNCT ION
M EASURED BY DI -JETS

Fermilab E791 Collaborat ion, PRL 86, 4768 (2001)

1.5GeV/c ≤ kt ≤ 2.5GeV/c; Q2 ∼ 16 (GeV/c)2 : φ2 > 0.9φ2
Asy

1.25GeV/c ≤ kt ≤ 1.5GeV/c; Q2 ∼ 8 (GeV/c)2 :

φ2 cont ains cont r ibut ions from CZ or ot her non-per t urbat ive wave funct ions

x



Diffractive Dissociation of 
Pion into Di-Jets

• Verify Color 
Transparency 

• Pion Interacts 
coherently on each 
nucleon of nucleus !

• Pion Distribution 
similar to Asymptotic 
Form

• Scaling in transverse 
momentum consistent 
with PQCD

M ! A, " ! A
2

!(x,k⊥) " x(1− x)

Also:AdS/CFT
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D. Ashery, Tel Aviv University

THE kt DEPENDENCE OF DI -JETS Y IELD

dσ

dk2t
∝

∣∣∣∣αs(k
2
t )G(x, k2t )

∣∣∣∣2
∣∣∣∣∣∣∣
∂2

∂k2t
ψ(u, kt)

∣∣∣∣∣∣∣
2

W it h ψ ∼ φ
k2t
, weak φ(k2t ) and αs(k2t ) dependences and G(x, k2t ) ∼ k1/2t : dσ

dkt
∼ k−6

t

For low kt:

Gaussian: ψ ∼ e−βk2t (Jakob and K rol l)

Coulomb: ψ(p) =
(

1
1+ p2/p2a

)2
(Paul i)

D. Ashery, Tel Aviv University

THE kt DEPENDENCE OF DI -JETS Y IELD

dσ

dk2
t

∝
∣∣∣∣αs(k2

t )G(x, k2
t )

∣∣∣∣2
∣∣∣∣∣∣∣
∂2

∂k2
t

ψ(u, kt)
∣∣∣∣∣∣∣
2

W it h ψ ∼ φ
k2t
, weak φ(k2

t ) and αs(k2
t ) dependences and G(x, k2

t ) ∼ k1/2
t : dσ

dkt
∼ k−6

t

For low kt:

Gaussian: ψ ∼ e−βk2t (Jakob and K rol l)

Coulomb: ψ(p) =
(

1
1+p2/p2a

)2
(Paul i)

High Transverse 
momentum  dependence 
consistent with PQCD/

AdS/CFT
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Coulomb Dissociate Proton 
to Three Jets at HERA

Measure !qqq(xi,!k⊥i) valence wavefunction of proton



Measure ratio of pion pairs to 
quark pairs in diffractive virtual 
photon  interactions 

D. Ashery
Tel Aviv University

Special case: γ∗ p → π+π− p

The price: σ2π / σ2J ∼ k−4
t , ∼ M−4

Pion quantum numbers ? Longitudinal/Transverse ?

Relation to pion Time-Like form factor ?

σ(γ∗ + p → 2π + p)
σ(γ∗ + p → X + p) ∝ |Fπ|2



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



AdS/CFT and QCD

• Non-Perturbative Derivation of Dimensional 
Counting Rules (Strassler and Polchinski)

• Light-Front Wavefunctions: Confinement at 
Long Distances and Conformal Behavior at short 
distances (de Teramond and Sjb)

• Power  law fall-off  at large transverse 
momentum, x --> 1

• Hadron Spectra, Regge Trajectories



AdS/CFT
• Use mapping of SO(4,2) to AdS5

• Scale Transformation represented by 
wavefunction in 5th dimension

• Holographic model: Confinement at large 
distances and conformal symmetry at short 
distances

• Match solutions a large r to conformal dimension 
of hadron wavefunction at short distances

• Truncated space simulates “bag” boundary 
conditions



60

0.5 1 1.5 2 2.5

-0.3
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,r!(n,!)r
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r
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r

!(r) !(r)

!(r0) = 0

r0 |

Truncated AdS_5 space 
r0 = !QCDR

2

Match fall-off at large r to 
Conformal Dimension 

of State at short distances
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8

AdS/CFT Meson 
Spectroscopy

G. F. de Teramond and S. J. Brodsky, “The hadronic

spectrum of a holographic dual of QCD,” arXiv:hep-

th/0501022.
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8

AdS/CFT 
Baryon 

Spectroscopy
One Parameter

G. F. de Teramond and S. J. Brodsky,

arXiv:hep-th/0501022.

!QCD = 0.22 GeV



AdS/CFT
• Light-Front Wavefunctions can be determined by 

matching functional dependence in fifth 
dimension to scaling in impact space.

• Relative orbital angular momentum

• High transverse momentum behavior matches 
PQCD LFWF:  Belitsky, Ji,Yuan

∆ ∼ (gsNC)
1
4 at large NC . The interpolating operators O, 〈P |O|0〉 $= 0, which couple to the

color-singlet hadrons at the boundary can be constructed from gauge-invariant products

of local quark and gluon fields taken at the same point in four-dimensional spacetime.

In contrast with the D3/D7 construction [11], we introduce quarks in the fundamental

representation at the AdS boundary, and follow their wavefunctions as they propagate into

the bulk. The endpoints of the open strings of the quarks of a given hadron then converge

to a point in the limit r → ∞.

As a first application of our procedure, consider the twist -dimension minus spin- two glue-

ball interpolating operators O4+L = FD{!1 . . .D!m}F , written in terms of the symmetrized

product of covariant derivatives D. The operator O4+L has total internal spacetime or-

bital momentum, L =
∑m

i=1 !i and conformal dimension ∆ = 4 + L. We shall match the

large r asymptotic behavior of each string mode in the bulk to the corresponding conformal

dimension of the boundary operators of each hadronic state while maintaining conformal

invariance [15]. In the conformal limit, an L-quantum, which is identified with a quan-

tum fluctuation about the AdS geometry, corresponds to an effective five-dimensional mass

µ in the bulk side. The allowed values of µ are uniquely determined by requiring that

asymptotically the dimensions become spaced by integers, according to the spectral relation

(µR)2 = ∆(∆− 4). For large spacetime angular momentum L, we recover the string theory

results for the spectrum of oscillatory exited states µ ( L/R. The physical string modes are

plane waves along the Poincaré coordinates with four-momentum Pµ and hadronic invariant

mass states given by PµP µ = M2. The four-dimensional mass spectrum ML then follows

when we impose the truncated space boundary condition Φ(x, zo) = 0 on the solutions of

the AdS wave equation with effective mass µ:

[
z2 ∂2

z − (d − 1)z ∂z + z2 M2 − (µR)2
]
f(z) = 0, (2)

where Φ(x, z) = e−iP ·xf(z). The normalizable modes are

Φα,k(x, z) = Cα,k e−iP ·xz2Jα (zβα,kΛQCD) , (3)

with Cα,k =
√

2 ΛQCD/Jα+1(βα,k)R
3
2 , α = 2 + L and ∆ = 4 + L for d = 4. For small-z, Φ

scales as z−∆, where the scaling dimension ∆ of the string mode has the same dimension of

the interpolating operator which creates a hadron. The four-dimensional mass spectrum is

4
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where τ = ∆n − σn = n, σn =
∑n

i=1 σi.
Comparing (15) and (18) for the lowest meson state in the forward limit, Q = 0,

and identifying the variables z = b =
√

#b2
⊥:

R5 Φ2(b)

b6
=

1

4π2

∫ 1

0

dx√
x(1− x)

∣∣ψ(x, b)|2. (21)

Normalizable string modes representing mesons states in AdS follows from the
solution of (dT and B PRL):[

z2 ∂2
z − (d− 1)z ∂z + z2 M2 + (µR)2 + d− 1

]
f(z) = 0, (22)
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(
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)
= 0, (25)
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mal limit: γ(x) = x(1− x). We obtain for ψ(x, b)

ψ(x, b) = Cx(1− x)
Jα (bM)

b
, (27)
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Jn+"−1 (bβn−1,kΛQCD)

b
, (28)

In Figs. ??, ?? and ?? we show the model predictions for the two-parton wave-
function ψn(x,#b⊥), n = 2, as a function of x and |#b⊥| for + = 0, k = 1; + = 1, k = 1
and + = 0, k = 2 respectively. The normalization in the figures is arbitrary.
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Figure 1: Ground state light-front wavefunction in impact space ψ(x, b) for a two-
parton state in a holographic QCD model for n = 2, " = 0, k = 1.
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Figure 2: First orbital exited state light-front wavefunction in impact space ψ(x, b)
for a two-parton state in a holographic QCD model for n = 2, " = 1, k = 1.
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Figure 1: AdS wavefuntion Ψ(z) for a meson with conformal dimension ∆ = 3 + #L.
The blue curves for L = 0 represent the valence ground state k = 1 and the first
radial mode k = 2.

Holographic Model for Light-Front Wave
Functions

SJB and GdT

03/5/2005

The AdS WF Ψ(z)

Φα,k(z) = Cα,kz
2Jα (zβα,kΛQCD) , (1)

where α = 1 + L is shown in Fig 1 for different values of L = 0, ..., 6 and for the first
radial mode.

The LFWF ψ(xi,$r⊥i)is the holographic projection of the AdS WF. A two-parton
state including orbital angular momentum % and radial modes is expected to have the
holographic form:

ψn,",k(x, r) = Bn,",k x(1− x)
Jn+"−1 (rβn−1,kΛQCD)

r
, (2)

where r is the interquark transverse separation r = |$r⊥|.
In Figs. 2, 3 and 4 we show the model predictions for the two-parton wavefunction

ψn(x,$r⊥), n = 2, as a function of x and |$r⊥| for % = 0, k = 1; % = 1, k = 1 and
% = 0, k = 2 respectively. The normalization in the figures is arbitrary.

b = r 

Holographic  
LFWF



Hadrons Fluctuate in 
Particle Number

• Proton Fock States

• Strange and Anti-Strange Quarks not Symmetric

• “Intrinsic Charm”: High momentum heavy quarks

• “Hidden Color”: Deuteron  not  always  p +  n

• Orbital Angular Momentum Fluctuations - 
Anomalous Magnetic Moment

|uud >, |uudg>, |uudss̄>, |uudcc̄>, |uudbb̄> · · ·

s(x) != s̄(x)



Intrinsic Charm in Proton
|uudcc̄> Fluctuation in Proton

QCD: Probability
∼!2QCD
M2
Q

|e+e−!+!− > Fluctuation in Positronium

QED: Probability
∼(me!)4

M
4
!

Distribution peaks at equal rapidity (velocity)

Therefore heavy particles carry the largest mo-

mentum fractions

cc̄ in Color Octet

High x charm



Measure c(x) in Deep Inelastic 
Lepton-Proton Scattering

c
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EMC Measurements of the 
Charm Structure Function

Analysis by

E. Hoffmann and R. Moore, Z. Phys. C 20, 71 (1983).

J. J. Aubert et al. [European Muon Collaboration], “Pro-

duction Of Charmed Particles In 250-Gev Mu+ - Iron In-

teractions,” Nucl. Phys. B 213, 31 (1983).

1%  IC 

Photon Gluon Fusion Factor 30 too small
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Diffractive Dissociation of 
Intrinsic Charm

Coalescence of Comoving Charm and Valence Quarks

Produce J/!, "c and other Charm Hadrons at High xF
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J/ψ nuclear dependence vrs rapidity, xAu, xF
PHENIX compared to lower energy measurements

Klein,Vogt, PRL 91:142301,2003 
Kopeliovich, NP A696:669,2001 

Data favors (weak) shadowing + (weak) 
absorption (a > 0.92)
With limited statistics difficult to disentangle 
nuclear effects
Will need another dAu run! (more pp data also)

Not universal versus X2 : shadowing is not 
the main story.

BUT does scale with xF ! - why?
(Initial-state gluon energy loss -which goes 

as x1~xF - expected to be weak at 
RHIC energy)

E866: PRL 84, 3256 (2000)
NA3: ZP C20, 101 (1983)
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Intrinsic Charm Mechanism 
for Double Diffraction

xJ/! = xc+ xc̄

Intrinsic cc̄ pair formed in color octet 8C in pro-

ton wavefunction

Collision produces color-singlet J/! through

color exchange

High xF !

Schmidt, 
Soffer, sjb RHIC Experiment

Large Color Dipole

p p→ J/! p p



73

Production of a Double-Charm 
Baryon
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Shadowing of pA→ J/!X

Shadowing of pA→ J/!X

Elastic scattering of IC Fock state:

|[uud]8C[cc̄]8C > + N1→ |[uud]8C[cc̄]8C > + N1

followed by:

|[uud]8C[cc̄]8C > +N2→ J/! + X

Depleted flux on downstream nucleons

J/! Production on Front Surface
No Absorption of Propagating J/!
"(p+ A→ J/! + X) # A2/3
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PRL 84, 3256 (2000); PRL 72, 2542 (1994)

1'%2#345678#21#)(9%'

5:#7;9(65';9;:<

!"#
$
%#
&

=#/#>#$%&
?#$%&

@"#$%&

$AB12#C4591D;2E

Gerland, Frankfurt, Strikman,

Stocker & Greiner (hep-ph/9812322)

3/&2.',*.%%.&(0*")*+',(") 4#5)'-$&06
5 %/%'84($*22(*-(0&'.*/2 &2(.6%4(0'*0&8&.%(
.6'*"86(/"#$%,
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*0%/(#6&')(0'*+"#.,*/

Remarkably Strong Nuclear 
Dependence for Fast 

Charmonium
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Nuclear effects in Quarkonium  production

p + A at s1/2 = 38.8 GeV

E772 data σ(p+A) = Aα σ(p+N)
Strong xF - dependence

Nuclear effects scale with xF, not x2 !!!
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Intrinsic Charm Mechanism 
for Double Diffraction

xJ/! = xc+ xc̄

Intrinsic cc̄ pair formed in color octet 8C in pro-

ton wavefunction

Collision produces color-singlet J/! through

color exchange

High xF !

Schmidt, 
Soffer, sjb RHIC Experiment

Large Color Dipole

p p→ J/! p p
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Doubly-Diffractive Higgs 
Production

p
µ
H = p

µ
a+ p

µ

b− p
µ
c− p

µ

d

Low transverse momentum protons pc, pd
Higgs appears inMissingMass spectrum dN/dM2

M2 = p2H
Intrinsic Charm: Large range of Higgs

momentum xF = pzH/pza
Extrapolate from doubly diffractive J/!,",Z0

production

pa+ pb→ pc+ pd +H0

pa+ pb→ pc+ pd +H0

Soffer, Schmidt,sjb

b

a
c

 d
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!"

p

p

J/#

c

c– 

p

4-2005 
8716A2

!"

p

p

J/#

c

c– 

p

4-2005 
8716A2

New Test  of  Intrinsic Charm

Doubly Diffractive DIS Reactions

γ∗p → ρ + J/ψ + p

γ∗p → ρ + D + Λc

Charm produced at high xF and small pT

in proton fragmentation region

V
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pp→ H0X

Higgs Production at High xF
• Intrinsic Charm and Bottom Couples to Higgs

• Higgs will carry high momentum fraction of 
projectile momentum

• Small transverse momentum

• Same x_F Distribution as Quarkonium

• Axial Detector?

• Intrinsic Charm and Bottom Couples to Higgs

• Higgs will carry high momentum fraction of 
projectile momentum

• Small transverse momentum

• Same x_F Distribution as Quarkonium

• Axial Detector?



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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Deuteron Reduced Form Factor

! Pion Form Factor×15%

• 15% Hidden Color in the Deuteron
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Hard Diffraction from Rescattering
• Diffractive DIS: New Insight into Final State 

Interactions in QCD

• Origin of Hard Pomeron

• Structure Functions not Probability Distributions

• T-odd SSAs, Shadowing, Antishadowing

• Diffractive dijets/ trijets, doubly diffractive Higgs

• Novel Effects: Color Transparency, Color 
Opaqueness, Intrinsic Charm, Odderon


