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Nuclear Effect not Universal !
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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}

118
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• Three-Gluon Exchange, C= -,  J=1, Nearly Real Phase

• 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 

γp→ cc̄p

γp→ π+π−p
γZ→ e+e−Z

The Odderon

e-p collider test

Odderon: Another source of 
antishadowing

Merino, Rathsman, sjb

BFKL
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|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
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Intrinsic heavy quarks,    s̄(x) != s(x)

φM(x, Q0) ∝
√

x(1− x)

ψM(x, k2⊥)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ep→ eπ+n

Pπ/p " 30%

Violation of Gottfried sum rule

ū(x) #= d̄(x)

Does not produce (C = −) J/ψ,Υ

Produces (C = −) J/ψ,Υ

Same IC mechanism explains A2/3
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Intrinsic Heavy-Quark Fock States

• Rigorous prediction of QCD, OPE

• Color-Octet Colo-Octet Fock State! 

• Probability

• Large Effect at high x

• Greatly increases kinematics of colliders  such as Higgs production 
(Kopeliovich, Schmidt, Soffer, sjb)

• Severely underestimated in conventional parameterizations of 
heavy quark distributions (Pumplin, Tung)

• Many empirical tests  

PQQ̄ ∝ 1
M2

Q

Pcc̄/p " 1%

Q

Q̄

b⊥ = O(1/MQ)

σ(DDIS)
σ(DIS) " Λ2

QCD

M2
Q

PQQ̄ ∝ 1
M2

Q

Pcc̄/p " 1%

Q

Q̄

b⊥ = O(1/MQ)

σ(DDIS)
σ(DIS) " Λ2

QCD

M2
Q

PQQ̄ ∝ 1
M2

Q

PQQ̄QQ̄ ∼ α2
sPQQ̄

Pcc̄/p # 1%

Q

Q̄

b⊥ = O(1/MQ)

Hoyer, Peterson, Sakai, sjb
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c

Hoyer, Peterson, SJB

Measure c(x) in Deep Inelastic Lepton-Proto% 
Scattering
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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).

First Evidence for 
Intrinsic Charm

Measurement of Charm 
Structure  Function 

DGLAP / Photon-Gluon Fusion: factor of 30 too sma!

123

factor of 30 !



 Stan Brodsky
  SLAC

FermiLab
March 30, 2007

AdS/CFT and Novel QCD Phenomena

|uudcc̄> Fluctuation in Proton
QCD: Probability ∼Λ

2
QCD

M2
Q

|e+e−!+!− > Fluctuation in Positronium
QED: Probability ∼(meα)4

M4
!

Distribution peaks at equal rapidity (velocity)
Therefore heavy particles carry the largest mo-

mentum fractions

cc̄ in Color Octet

High x charm!

OPE derivation - M.Polyakov et al.

Hoyer, Peterson, Sakai, sjb
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< xF >= 0.33

Minimize LF energy denominator

x̂i = m⊥i∑n
j m⊥j

m⊥i =
√

m2
i + k2⊥i

Same velocity; heavy constituents carry high-
est momentum fraction

Q2 = 1 GeV2

τ = t + z/c

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
#

|p >

+κ4ζ2

dσ
dxF

(pp → HX)[fb]

fb

πq → γ∗q
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Leading Hadron Production 
from Intrinsic Charm

Coalescence of Comoving Charm and Valence Quarks
Produce J/ψ, Λc and other Charm Hadrons at High xF

PX X

125



VI- Silafae  11/6/06 James Russ, Carnegie Mellon 126

SELEX Λc
+ Studies – Momentum Dependence

•  Production similar for 
baryon, antibaryon  from 
π beam at all xF

•  Baryon beams make 
antibaryons chiefly at 
small xF but not large xF: 
not simply fragmentation 

•  High statistics Σ data 
suggest cross section 
enhancement at very large 
xF – idea originally from 
Pythia color drag.



 Stan Brodsky
  SLAC

FermiLab
March 30, 2007

AdS/CFT and Novel QCD Phenomena

V. D. Barger, F. Halzen and W. Y. Keung,
“The Central And Diffractive Components Of Charm Pro-

duction,”
Phys. Rev. D 25, 112 (1982).

Predictions for Inclusive Charm ProductionDistributions
at the ISR. Assumes active and spectator charm distribution
in proton patterned on IC, plus coalescence of valence and
charm quarks.

Model similar to 
Intrinsic Char(
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• EMC data: c(x, Q2) > 30×DGLAP
Q2 = 75 GeV2, x = 0.42

• High xF pp→ J/ψX

• High xF pp→ J/ψJ/ψX

• High xF pp→ ΛcX

• High xF pp→ ΛbX

• High xF pp→ Ξ(ccd)X (SELEX)

 C.H. Chang,  J.P. Ma,  C.F. Qiao and  X.G.Wu,
 Hadronic production of the doubly charmed baryon Xi/cc with 
intrinsic charm,’’  arXiv:hep-ph/0610205.
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Production of a Double-Charm Baryon

X

SELEX  high xF < xF >= 0.33

pp → p + H + p

H, Z0, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R2 = −6F ′1(0)

and anomalous moment κ = F2(0)
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Production of Two 
Charmonia at High xF

X

130

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator
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Fig. 3. The fi# pair distributions are shown in (a) and (c) for the 

pion and proton projectiles. Similarly, the distributions of J/$‘s 

from the pairs are shown in (b) and (d). Our calculations are 

compared with the n-N data at 150 and 280 GeV/c [ I]. The 

x++, distributions are normalized to the number of pairs from both 

pion beams (a) and the number of pairs from the 400 GeV proton 

measurement (c) The number of single J/e’s is twice the number 

of pairs. 

x+ = ~it,/pt,~a~ in Fig. 3. The +$ pair distributions 

are shown in Fig. 3(a) and 3(c) and the associated 

the single J/I) distributions in pair events are shown 

in Fig. 3(b) and 3(d) . Both are normalized to the 

data with the single J/r/ normalization twice that of 

the pair. 

4. Other tests of the intrinsic heavy quark 

mechanism 

The intrinsic charm model provides a natural expla- 

nation of double J/e hadroproduction and thus gives 

strong phenomenological support for the presence of 

intrinsic heavy quark states in hadrons. While the gen- 

eral agreement with the intrinsic charm model is quite 

good, the excess events at medium xlfi~l suggests that 

intrinsic charm may not be the only @$ QCD produc- 

tion mechanism present or that the model parameteri- 

zation with a constant vertex function is too oversim- 

plified. The x,++,+ distributions can also be affected by 

the A dependence. Additional mechanisms, including 

an update of previous models [ 3-71, will be presented 

in a separate paper [ 81. 

The intrinsic heavy quark model can also be used to 

predict the features of heavier quarkonium hadropro- 

duction, such as YY, Y$, and (6~) (Eb) pairs. Using 

fib = 4.6 GeV, we find that the single Y and YY pair 

x distributions are similar to the equivalent I,& distri- 

butions. The average mass, (MYY), is 21.4 GeV for 

pion projectiles and 21.7 GeV for a proton, a few GeV 

above threshold, 2my = 18.9 GeV. The xy@ pair distri- 

butions are also similar to the +@ distributions but we 

note that (xy) = 0.44 and (xe) = 0.30 from a l&fcCbb) 

configuration and (xy) = 0.39 and (x$) = 0.27 from 

a luudc&) configuration. Here (MY@) = 14.9 GeV 

with a pion projectile and 15.2 GeV with a proton, 

again a few GeV above threshold, my + rn+ = 12.6 

GeV. 

It is clearly important for the double J/+ measure- 

ments to be repeated with higher statistics and also at 

higher energies. The same intrinsic Fock states will 

also lead to the production of multi-charmed baryons 

in the proton fragmentation region. It is also interesting 

to study the correlations of the heavy quarkonium pairs 

to search for possible new four-quark bound states and 

final state interactions generated by multiple gluon ex- 

change [ 71. It has been suggested that such QCD Van 

der Waals interactions could be anomalously strong at 

low relative rapidity [ 22,231. 

There are many ways in which the intrinsic heavy 

quark content of light hadrons can be tested. More 

measurements of the charm and bottom structure func- 

tions at large XF are needed to confirm the EMC data 

[ 151. Charm production in the proton fragmentation 

region in deep inelastic lepton-proton scattering is sen- 

sitive to the hidden charm in the proton wavefunction. 

The presence of intrinsic heavy quarks in the hadron 

wavefunction also enhances heavy flavor production 

in hadronic interactions near threshold. More gener- 

ally, the intrinsic heavy quark model leads to enhanced 

open and hidden heavy quark production and leading 

particle correlations at high XF in hadron collisions 

with a distinctive strongly-shadowed nuclear depen- 

dence characteristic of soft hadronic collisions. 
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[ 121. For soft interactions at momentum scale CL, the 

intrinsic heavy quark cross section is suppressed by a 

resolving factor cc &2/m; [ 131. 

There is substantial circumstantial evidence for the 

existence of intrinsic CL! states in light hadrons. For ex- 

ample, the charm structure function of the proton mea- 

sured by EMC is significantly larger than predicted by 

photon-gluon fusion at large XBj [ 151. Leading charm 

production in TN and hyperon-N collisions also re- 

quires a charm source beyond leading twist [ 13,161. 

The NA3 experiment has also shown that the single 

J/$ cross section at large XF is greater than expected 

from gg and q?j production [ 171. Additionally, intrin- 

sic charm may account for the anomalous longitudi- 

nal polarization of the J/+4 at large XF [ 181 seen in 

?rN -+ J/+X interactions. 

Over a sufficiently short time, the pion can contain 

Fock states of arbitrary complexity. For example, two 

intrinsic CC pairs may appear simultaneously in the 

quantum fluctuations of the projectile wavefunction 

and then, freed in an energetic interaction, coalesce 

to form a pair of I,!J’s. We shall estimate the creation 
-- 

probability of ~~vcccc) Fock states, where nv = &I for 

7~- and nv = uud for proton projectiles, assuming that 

all of the double J/I,~ events arise from these configu- 

rations. We then examine the x+$ and invariant mass 

distributions of the $$ pairs and the x,,+ distribution 

for the single $‘s arising from these Fock states. 

2. Intrinsic charm Fock states 

The probability distribution for a general n-particle 

intrinsic CC Fock state as a function of x and kr is 

written as 

(1) 

where N,, normalizes the Fock state probability. In 

the model, the vertex function in the intrinsic charm 

wavefunction is assumed to be relatively slowly vary- 

ing; the particle distributions are then controlled by the 

light-cone energy denominator and phase space. This 

form for the higher Fock wavefunctions generalizes 

for an arbitrary number of light and heavy quark com- 

ponents. The Fock states containing charmed quarks 

can be materialized by a soft collision in the target 

which brings the state on shell. The distribution of 

produced open and hidden charm states will reflect the 

underlying shape of the Fock state wavefunction. 

The invariant mass of a c.? pair, M,, from such a 

Fock state is 

(2) 

where n = 4 and 5 is the number of partons in the 

lowest lying meson and baryon intrinsic CC Fock states. 

The probability to produce a J/(/I from an intrinsic 

CT state is proportional to the fraction of intrinsic ci? 

production below the Or, threshold. The fraction of 

CC pairs with 2m, < MC? < 2rno is 

The ratio fc~jr is approximately 15% larger than fc~iP 

for 1.2 < m, < 1.8 GeV. However, not all c?‘s pro- 

duced below the DB threshold will produce a final- 

state J/S. We include two suppression factors to es- 

timate J/q5 production, one reflecting the number of 

quarkonium channels available with McT < 2rno and 

one for the c and C to coalesce with each other rather 

than combine with valence quarks to produce open 

charm states. The “channel” suppression factor, s, z 

0.3, is estimated from direct and indirect J/$ produc- 

tion, including x1 and xz radiative and +’ hadronic 

decays. The combinatoric “flavor” suppression factor, 

of, is l/2 for a IEdcC) state and l/4 for a IuudcC) 

state. In Fig. 1 we show the predicted fraction of $‘s 

produced from intrinsic CC pairs, 

f@lh = s,sf.fE/h ) (4) 

as a function of m,. We take m, = I .5 GeV, suggesting 

f ur  M 0.03 and f e j p M 0.014. 
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Abstract 

Double J/e production has been observed by the NA3 collaboration in n-N and pN collisions with a cross section of 

the order of 20-30 pb. The +@ pairs measured in v- nucleus interactions at 150 and 280 GeV/c are observed to carry an 

anomalously large fraction of the projectile momentum in the laboratory frame, x~ > 0.6 at 150 GeV/c and > 0.4 at 280 

GeV/c. We postulate that these forward +@ pairs are created by the materialization of Fock states in the projectile containing 

two pairs of intrinsic CC quarks. We calculate the overlap of the charmonium states with the 1ii&ET) Fock state as described 

by the intrinsic charm model and find that the T-N -+ $9 longitudinal momentum and invariant mass distributions are both 

well reproduced. We also discuss double J/t,b production in pN interactions and the implications for other heavy quarkonium 

production channels in QCD. 

1. Introduction 

It is quite rare for two charmonium states to be pro- 

duced in the same hadronic collision. However, the 

NA3 collaboration has measured a double .I/$ pro- 

duction rate significantly above background in multi- 

muon events with T- beams at laboratory momentum 

150 and 280 GeV/c [ 11 and a 400 GeV/c proton beam 

[ 21. The integrated T-N ---) ++X production cross 

section, a+*, is 18 f 8 pb at 150 GeV/c and 30 f 10 

pb at 280 GeV/c, and the pN -t I&X cross section is 

*This work was supported in part by the Director, Office of 

Energy Research, Division of Nuclear Physics of the Office of 

High Energy and Nuclear Physics of the U.S. Department of 

Energy under Contract Numbers DE-ACO3-76SFOO98 and DE- 

ACO3-76SFUO515. 

27 f 10 pb. The relative double to single rate, a++ /a~, , 

is (3 f 1) x 10e4 for pion-induced production where 

a+ is the integrated single $ production cross section. 

A particularly surprising feature of the NA3 

T-N + t&X events is that the laboratory fraction 

of the projectile momentum carried by the #+ pair 

is always very large, x++ 2 0.6 at 150 GeV/c and 

xW 2 0.4 at 280 GeV/c. In some events, nearly 

all of the projectile momentum is carried by the I@++ 

system. In contrast, perturbative gg and 44 fusion 

processes are expected to produce central $$ pairs, 

centered around the mean value, (x~) = 0.4-0.5, in 

the laboratory [ 3-61. 

The average invariant mass of the pair, (M+e) = 7.4 

GeV, is well above the 2~9 threshold. In fact, all the 

events have MM > 6.7 GeV. The average transverse 

0370-2693/95/$09.50 @ 1995 Blsevier Science B.V. All rights reserved 

SSDI 0370-2693 (95)00306-l 

NA3 Data

πA→ J/ψJ/ψX

µ2
R = CQ2

ρ(Q2) = C0 + C1αs(µR) + C2α2
s(µR) + · · ·

σ = 1
2x−P+

γp→ µ+µ−p

Oberwölz

All events have xF
ψψ > 0.4 !

σ(pp→ cX) ∼ 1µb

131

Excludes color drag model
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Remarkably Strong Nuclear 
Dependence for Fast Charmonium

M. Leitch

 Violation of factorization in charm hadroproduction.
P. Hoyer, M. Vanttinen (Helsinki U.) ,  U. Sukhatme (Illinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp. 

 Published in Phys.Lett.B246:217-220,1990

Violation of PQCD Factorization!

132

dσ
dxF

(pA→ J/ψX)

dσ
dxF

(πA→ J/ψX)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses
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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 

E866: PRL 84, 3256 (2000)
NA3: ZP C20, 101 (1983)

M.Leitch
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Huge 
“absorption” 

effect 

dσ
dxF

(pA→ J/ψX)

dσ
dxF

(πA→ J/ψX)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses

Violates PQCD 
factorization!

Hoyer, Sukhatme, Vanttinen
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Scattering on 
Nucleon via one 

Gluon

Coalescence of 
Color-Singlet Pair 

into Charmonium State

134

In nuclear case, 
Color-Octet IC Fock state
 absorbed on front surface  

dσ
dxF

(pA → J/ψX) = A2/3 × dσ
dxF

(pN → J/ψX)

fb

πq → γ∗q

γ∗

π

p

%

Production 
of Color - 

Octet
 IC Fock 

State



 

pA→ J/ψX

πA→ J/ψX

A2/3 component

A1 component

Fits conventional PQCD subprocesses

Gp
M(q2)

assumes timelike |Gp
M | = |Gp

E|

Fits conventional PQCD 
subprocesses

J. Badier et al, NA3

dσ
dxF

(pA→ J/ψX)

dσ
dxF

(πA→ J/ψX)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses

τ = t + z/c

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
#

|p >

+κ4ζ2

dσ
dxF

(pp→ HX)[fb]

dσ
dxF

(pA→ J/ψX) = A1 dσ1
dxF

+ A2/3dσ2/3
dxF

fb

τ = t + z/c

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
#

|p >

+κ4ζ2

dσ
dxF

(pp→ HX)[fb]

dσ
dxF

(pA→ J/ψX) = A1 dσ1
dxF

+ A2/3dσ2/3
dxF

fb

τ = t + z/c

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
#

|p >

+κ4ζ2

dσ
dxF

(pp→ HX)[fb]

dσ
dxF

(pA→ J/ψX) = A1 dσ1
dxF

+ A2/3dσ2/3
dxF

dσ1
dxF

(πA→ J/ψX)



 

pA→ J/ψX

πA→ J/ψX

A2/3 component

Gp
M(q2)

assumes timelike |Gp
M | = |Gp

E|

Fp
2(Q2)

Fp
1(Q2)

pA→ J/ψX

πA→ J/ψX

A2/3 component

Gp
M(q2)

assumes timelike |Gp
M | = |Gp

E|

Fp
2(Q2)

Fp
1(Q2)

pA→ J/ψX

πA→ J/ψX

A2/3 component

Gp
M(q2)

assumes timelike |Gp
M | = |Gp

E|

Fp
2(Q2)

Fp
1(Q2)

Excess beyond  conventional PQCD subprocesses

J. Badier et al, NA3

τ = t + z/c

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
#

|p >

+κ4ζ2

dσ
dxF

(pp→ HX)[fb]

dσ
dxF

(pA→ J/ψX) = A1 dσ1
dxF

+ A2/3dσ2/3
dxF

fb
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• IC Explains Anomalous α(xF ) not α(x2)
dependence of pA→ J/ψX

(Mueller, Gunion, Tang, SJB)

• Color Octet IC Explains A2/3 behavior at
high xF (NA3, Fermilab)
(Kopeliovitch, Schmidt, Soffer, SJB)

• IC Explains J/ψ → ρπ puzzle
(Karliner, SJB)

• IC leads to new effects in B decay
(Gardner, SJB)

Color Opaqueness

Higgs production at xF = 0.8

137
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Intrinsic Charm Mechanism for 
Exclusive Diffraction Production

xJ/ψ = xc+ xc̄

Intrinsic cc̄ pair formed in color octet 8C in pro-
ton wavefunction
Collision produces color-singlet J/ψ through

color exchange

Kopeliovitch, Schmidt, Soffer, sjb

RHIC Experiment

Large Color Dipole

138

pp→ p + J/ψ + p

< xF >= 0.33

Minimize LF energy denominator

x̂i = m⊥i∑n
j m⊥j

m⊥i =
√

m2
i + k2⊥i

Same velocity; heavy constituents carry high-
est momentum fraction

Does not produce (C = −) J/ψ,Υ

Produces (C = −) J/ψ,Υ

Same IC mechanism explains A2/3 high xF

J/ψ production

gq → γq

PQQ̄ ∝ 1
M2

Q

PQQ̄QQ̄ ∼ α2
sPQQ̄

Does not produce (C = −) J/ψ,Υ

Produces (C = −) J/ψ,Υ

Same IC mechanism explains A2/3

high xF J/ψ hadroproduction

gq → γq

PQQ̄ ∝ 1
M2

Q

Does not produce (C = −) J/ψ,Υ

Produces (C = −) J/ψ,Υ

Same IC mechanism explains A2/3

high xF J/ψ hadroproduction

gq → γq

PQQ̄ ∝ 1
M2

Q
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Intrinsic Charm and Bottom Contribution  
to Inclusive Higgs Production

Kopeliovitch, Schmidt, sjb

139

(Reversed for the neutron.)

[σ(DDIS)
σDIS ]L !

Λ2
QCD

Q2

xF

ν(QT )

cos 2φ correlation

Q = 8GeV

Figure 4: The cross section of inclusive Higgs production, coming from

the non-perturbative intrinsic bottom distribution, at Tevatron (
√

s =

2 TeV) energies.

5.2 Semi-Inclusive Higgs production

We now show the corresponding results for the semi-inclusive Higgs production case.

In Fig.6 we present the corresponding cross section, which shows an approximate 50%

Figure 5: The cross section of inclusive Higgs production, coming from

the perturbative intrinsic charm distribution, at Tevatron (
√

s = 2 TeV)

energies.

12

(Reversed for the neutron.)

[σ(DDIS)
σDIS ]L !

Λ2
QCD

Q2

xF

ν(QT )

cos 2φ correlation

Q = 8GeV

τ = t + z/c

dσ
dxF

(pp → HX)[fb]

fb

πq → γ∗q

γ∗

π

p

IBIC

τ = t + z/c

dσ
dxF

(pp → HX)[fb]

fb

πq → γ∗q

γ∗

π

p
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Doubly diffractive Higgs production

pp → p + H + p

H, Z0, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R2 = −6F ′1(0)

and anomalous moment κ = F2(0)

to determine < L2
z >q∼ 0.15.

pp → p + H + p

H, Z0, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R2 = −6F ′1(0)

and anomalous moment κ = F2(0)

to determine < L2
z >q∼ 0.15.

pp → p + H + p

H, Z0, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R2 = −6F ′1(0)

and anomalous moment κ = F2(0)

to determine < L2
z >q∼ 0.15.

pp → p + H + p

H, Z0, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R2 = −6F ′1(0)

and anomalous moment κ = F2(0)

to determine < L2
z >q∼ 0.15.

pp → p + H + p

H, Z0, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R2 = −6F ′1(0)

and anomalous moment κ = F2(0)

to determine < L2
z >q∼ 0.15.

pp → p + H + p

H, Z0, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R2 = −6F ′1(0)

and anomalous moment κ = F2(0)

to determine < L2
z >q∼ 0.15.

De Roeck, V.A. Khoze, A.D.Martin, R.Orava M.G.Ryskin,

140

Nucleus-Nucleus at the LHC
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Kopeliovitch, Schmidt, Soffer, sjb

RHIC Experiment

Intrinsic Charm Mechanism for 
Exclusive Di'activ& 

High-XF Higgs Productio#

141

pp→ p + J/ψ + p

pp→ p + H + p

< xF >= 0.33

Minimize LF energy denominator

x̂i = m⊥i∑n
j m⊥j

m⊥i =
√

m2
i + k2⊥i

H

Higgs can have 80% of Proton Momentum!

Also: intrinsic bottom, top
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Intrinsic Charm Mechanism for 
Exclusive Diffraction Production

Kopeliovitch, Schmidt, Soffer, sjb

(Reversed for the neutron.)

[σ(DDIS)
σDIS ]L !

Λ2
QCD

Q2

xF

ν(QT )

cos 2φ correlation

Q = 8GeV

(Reversed for the neutron.)

[σ(DDIS)
σDIS ]L !

Λ2
QCD

Q2

xF

PIQ(xF )
PIQ

ν(QT )

cos 2φ correlation

142

Nonperturbative IC

Perturbative IT

Perturbative IC
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e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

H̄(p̄e+)

p̄

e+

e−

Z

u

d

H̄(p̄e+)

p̄

e+

e−

Z

u

d

H̄(p̄e+)

p̄

e+

e−

Z

u

d
1− x

ū

c

c̄

s̄

d̄

Qpp̄ =
√

s

Qpp̄(GeV )

p

p̄

γ(k) γ∗(q)

x

e

e′

1− x

ψp
uudc̄c(xi,"k⊥i, λi)

ū

c

c̄

s̄

d̄

Intrinsic charm model:  
predict proton at same rapidity as charm quark: high z

Timelike Test of Charm Distribution in Proton
zD(z) = ±F (x = 1/z)

D(z)c→pX

X = cūd̄ū

F (Q2)I→F =
∫

dzΦF (z)J(Q, z)ΦI(z)

zD(z) = ±F (x = 1/z)

D(z)c→pX

X = cūd̄ū

F (Q2)I→F =
∫

dzΦF (z)J(Q, z)ΦI(z)

1− x

ū

c

c̄

s̄

d̄

Qpp̄ =
√

s

zD(z) = F (x = 1/z)

zD(z)c→pX = Fp→cX(x = 1/z)

X = cūd̄ū

F (Q2)I→F =
∫

dzΦF (z)J(Q, z)ΦI(z)

Gribov-Lipatov crossing at large z

zD(z) = F (x = 1/z)

zD(z)c→pX = Fp→cX(x = 1/z)

zi ∝ m⊥i =
√

m2
i + k2⊥

X = cūd̄ū

F (Q2)I→F =
∫

dzΦF (z)J(Q, z)ΦI(z)

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p
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e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

H̄(p̄e+)

p̄

e+

e−

Z

u

d

H̄(p̄e+)

p̄

e+

e−

Z

u

d

H̄(p̄e+)

p̄

e+

e−

Z

u

d

H̄(p̄e+)

p̄

e+

e−

Z

u

d

1− x

ū

c

c̄

s̄

d̄

Qpp̄ =
√

s
1− x

ū

c

c̄

s̄

d̄

Qpp̄ =
√

s

Qpp̄(GeV )

p

p̄

γ(k) γ∗(q)

x

e

e′

1− x

ψp
uudc̄c(xi,"k⊥i, λi)

ū

c

c̄

s̄

d̄

1− x

ψp
uudc̄c(xi,"k⊥i, λi)

D(z)u→p+X

Distribution of spectators cc̄ūd̄

reflects proton bound-state structure

ū

c
Intrinsic charm model:  predict dual spectator 

charm hadrons at same rapidity as proton: high z

Distribution of spectators  in X reflects proton 
bound-state structure

1− x

ψp
uudc̄c(xi,"k⊥i, λi)

D(z)u→p+X

Dual momentum distribution of spectators

X = cc̄ūd̄ reflects proton bound-state struc-
ture

Dual momentum distribution

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p
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Hadronization at the Amplitude Level

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

e+

e−

γ∗

g

q̄

q

pp → p + J/ψ + p

ψH(x,"k⊥, λi)

pH

x,"k⊥

1− x,−"k⊥

τ = x+

e+

e−

Higher Fock State Coalescence

Asymmetric Hadronization !

s

s̄

Λ

Ds→p "= D(s→ p̄)

|uudss̄ >

s

s̄

Λ

Ds→p "= D(s→ p̄)

|uudss̄ >

s

s̄

Λ

Ds→p(z) "= Ds→p̄(z)

|uudss̄ >

s

s̄

Λ

Ds→p(z) "= Ds→p̄(z)

|uudss̄ >

p

ψp
5(xi, k⊥i, λi)

s

s̄

Λ

Ds→p(z) "= Ds→p̄(z)

|uudss̄ >

p

ψp
5(xi, k⊥i, λi)

B-Q Ma, sjb

s

s̄

Λ

Ds→p "= D(s→ p̄)

|uudss̄ >
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Λ

App̄
s (z) =

Ds→p(z)−Ds→p̄(z)
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Consequence of sp(x) #= s̄p(x)
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Λ
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s (z) =
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|uudss̄ >$ |K+Λ >

Ds→p(z) #= Ds→p̄(z)

s

s̄

Λ

App̄
s (z) =

Ds→p(z)−Ds→p̄(z)
Ds→p(z)+Ds→p̄(z)

Consequence of sp(x) #= s̄p(x)

|uudss̄ >$ |K+Λ >

Ds→p(z) #= Ds→p̄(z)

s

s̄

Λ

App̄
s (z) =

Ds→p(z)−Ds→p̄(z)
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Consequence of sp(x) #= s̄p(x)

|uudss̄ >$ |K+Λ >

Ds→p(z) #= Ds→p̄(z)
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Probing Hot QCD Matter with Hard-Scattered Probes
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s
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leading particle
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• How do the parameters of the QGP depend on 
the initial and final state conditions?   

• A dynamical model:   “Gluonic Laser”

148

What is the dynamical mechanism 
which creates the QGP?
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Gluonic bremsstrahlung from initial hard scattering  backscatters on nuclear ``mirrors”

149

Gluonic Laser

QCD cascade mechanism for forming quark-gluon plasma  inside overlap ellipse

gq → γq

PQQ̄ ∝ 1
M2

Q

PQQ̄QQ̄ ∼ α2
sPQQ̄

Pcc̄/p $ 1%

Q

Q̄

analog of  laser backscattering in QED

τ = t + z/c

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
#

|p >

γ

+κ4ζ2

dσ
dxF

(pp→ HX)[fb]

dσ
dxF

(pA→ J/ψX) = A1 dσ1
dxF

+ A2/3dσ2/3
dxF

energy loss (om stimulated radiation of away-side je)
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Possible time sequence of a RHIC Ion-Ion Collision

• Nuclei collide; nucleons overlap within an ellipse

• Initial hard collision between quarks and/or gluons producing high pT trigger 
hadron or photon

• Induced gluon radiation radiated from initial parton collision 

• collinear radiation back-scatters on other incoming partons

• Cascading gluons creates multi-parton quark-gluon plasma within ellipse, 
thermalization

• Stimilated radiation contributes to energy loss of away-side jet

• Sidewise pressure creates hadronic energy along minor axis  --         yields 
planar                  correlation: v2

• Same final state for high pT direct photons and mesons

• Baryons formed in higher-twist double-scattering process at high xT;  double 
induced radiation and thus double v2.

150

τ = t + z/c

< p|G
3
µν

m2
Q

|p > vs. < p|F
4
µν

m4
#

|p >

γ

cos 2φ

+κ4ζ2

dσ
dxF

(pp→ HX)[fb]
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Consequences of Gluon Laser Mechanism

151

Ridge created by trigger bias (Cronin effect)

Momenta of initial colored partons biased towards trigger
Soft gluon radiation from initial state partons emitted in 

plane of production; fills rapidity
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Many Heavy-Ion Two-Photon Tests

• All Exclusive Final States

• Inclusive Reactions from Photon Structure Function

• Virtuality of photon limited by nuclear size

• Test of Pomeron, Odderon

• Charge asymmetry from Photon-Pomeron or Higher Order 
QED interference

• Coulomb-diffractive on one nucleus

• Pure QED from Light-by-Light
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QCD Opportunities at B-Factories

• Fundamental tests of hadron structure, dynamics, and 
wavefunctions

• Tests of novel nonperturbative and perturbative QCD 
phenomena

• Hadronization at the amplitude level

• Scale-fixed predictions, commensurate scale relations

• Tests of AdS/CFT holography

• Production of  new gluonium, heavy quark, and C=+ 
states

• Novel diffraction, spin, and fractional charge tests
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Topics
• Hadronization at the Amplitude Level and AdS/CFT

• Diffractive Dijets and LFWFs

• Direct Processes

• Intrinsic Heavy Quark Distributions and Novel Higgs 
Production Mechanisms

• Theory of Shadowing and AntiShadowing

• Leading Twist Diffraction

• Fixed xT scaling

• Dangling Gluons

• Gluon Laser




