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Beyond the Standard Model 
High Energy Physics Opportunities

• Leptoquarks:  s-and t-channel effects

• SUSY

• Technicolor

• Lepton/quark 

• Compositeness
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Light-Front Wavefunctions

P+ = P0 + Pz
Fixed τ = t + z/c

Invariant under boosts!  Independent of P
�
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J z =
n∑

i=1

sz
i +

n−1∑

j=1

lzj .
Conserved 

LF Fock state by Fock State

p
lzj = −i

(
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j

∂

∂k2
j

− k2
j

∂

∂k1
j

)

i h bi l l

n�1 orbital angular momenta

Angular Momentum on the Light-Front

Nonzero Anomalous Moment -->Nonzero orbital angular momentum
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nn

|p,Sz >=�
n=3

�n(xi,�k⊥i,�i)|n;�k⊥i,�i >

The Light Front Fock State Wavefunctions

�n(xi,�k⊥i,�i)

are boost invariant; they are independent of the hadron’s energy
and momentum Pμ.

The light-cone momentum fraction

xi =
k+

i

p+ =
k0

i + kz
i

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)

ū(x) �= d̄(x)

Mueller: BFKL DYNAMICS    
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Light Antiquark Flavor Asymmetry

• Naïve Assumption 

from gluon splitting:

� E866/NuSea (Drell-Yan)
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Effect of Orbital Angular Momentum on

Valence-Quark Helicity Distributions
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Effect of Orbital Angular Momentum on

Valence-Quark Helicity Distributions

Avakian, Deur, Yuan, sjb
Spectator counting rules at x → 1
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41

deuteron

5 X 5  Matrix Evolution Equation  for deuteron 
distribution amplitude

d

Evolution of 5 color�singlet Fock states 

Φn(xi, Q) =
∫ k2

⊥i<Q2
Π′d2k⊥jψn(xi,�k⊥j)

Hidden Color of Deuteron

Ji, Lepage, sjb
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Remarkable Features of 
Hadron Structure

• Valence quark helicity represents less than half of the 
proton�s spin and momentum

• Non�zero quark orbital angular momentum!

• Asymmetric sea:                        relation to meson 
cloud

• Non�symmetric strange and antistrange sea

• Intrinsic charm and bottom at high x

• Hidden�Color Fock states of the Deuteron

42

ū(x) �= d̄(x)

s̄(x) �= s(x)

Δs(x) �= Δs̄(x)
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• Non�symmetric strange and antistrange sea

• Non�perturbative input; e.g 

• Crucial for interpreting NuTeV anomaly 

43

|uudss̄ >� |Λ(uds)K+(s̄u) >

s̄(x) �= s(x) ep → e′KX

s
s̄

Measure strangeness distribution 
from DIS at  EIC
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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�

44

factor of 30 !
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|uudcc̄ > Fluctuation in Proton

QCD: Probability
∼�2

QCD

M2
Q

|e+e−�+�− > Fluctuation in Positronium
QED: Probability ∼(me�)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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x̂i = m⊥i∑n
j m⊥j

< p|G
3
μν

m2
Q

|p > vs. < p|F
4
μν

m4
�

|p >

Charm at Threshold

45



Stan Brodsky,  SLAC
Novel ep and eA QCD PhenomenaNDIS2008

London,  April 9, 2008

• 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)

46

IC Structure Function: Critical Measurement for EIC

46



Stan Brodsky,  SLAC
DIS2008

London,  April 9, 2008
Novel ep and eA QCD Phenomena

47

Intrinsic Heavy-Quark Fock States

• Rigorous prediction of QCD, OPE

• Color�Octet Color�Octet Fock State! 

• Probability

• Large E�ect at high x

• Greatly increases kinematics of colliders  such as Higgs production
�Kopeliovich, Schmidt, So�er, sjb�

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

• Many empirical tests  

PQQ̄ ∝ 1
M2

Q
Pcc̄/p � 1%PQQ̄QQ̄ ∼ α2

sPQQ̄

Hoyer, Peterson, Sakai, sjb
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Use extreme caution when using
γg → cc̄ or gg → c̄c
to tag gluon dynamics

48
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�(x,k⊥)
HQCD

LF |�>= M2|�>

Dirac’s Front Form: Fixed �= t + z/c

Light-Front Wavefunctions

xi =
k+
i

P+

Remarkable new insights from AdS/CFT, the 
duality between conformal field theory and 
Anti-de Sitter Space 

Invariant under boosts.   Independent of Pμ

49
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Applications of AdS/CFT  to QCD 

in collaboration 
with Guy de Teramond

5-Dimensional
A nti-de Sitter

Spacetime

4-Dimensional
F lat Spacetime

(hologram)

B lack Hole

z0 = 1/ΛQCD

z

in collaboration with Guy de Teramond

Changes in 
physical

length scale 
mapped to 

evolution in the 
5th dimension z 
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• Use AdS/CFT to provide an 
approximate, covariant, and 
analytic model of hadron structure
with con�nement at large 
distances, conformal behavior at 
short distances

• Analogous to the Schrodinger 
Equation for Atomic Physics

• AdS/QCD Holographic Model

Goal:

51



Stan Brodsky,  SLAC
Novel ep and eA QCD PhenomenaNDIS2008

London,  April 9, 2008

Γp−n
bj (Q2) ≡ gA

6 [1 − α
g1
s (Q2)

π ]

Deur, Korsch, et al:  E�ective Charge from Bjorken Sum Rule

Q (GeV)

�
s(

Q
)/
�

�s,g1/� world data

�s,�/� OPAL

pQCD evol. eq.

JLab PLB 650 4 244
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�s,F3/�
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0.06

0.07
0.08
0.09
0.1

0.2

0.3

0.4

0.5

0.6

0.7
0.8
0.9

1

10
-1

1

IR Conformal 
Window 

--> AdS/QCD
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φ(z)

ζ =
√

x(1 − x)�b2⊥ z

x

(1 − x)

�b⊥

ψ(x,�b⊥)

LF(3+1)              AdS5

54

Holography: Unique mapping derived from equality of LF 
and AdS  formula for current matrix elements

ψ(x, ζ) =
√

x(1 − x)ζ−1/2φ(ζ)
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V (ζ) = −1 − 4L2

4ζ2
.

Effective conformal 
potential:

Holography: 
Map AdS/CFT  to  3+1 LF Theory

ζ2 = x(1 − x)b2⊥.

Relativistic LF radial equation

G. de Teramond, sjb 

[
− d2

dζ2 + V (ζ)
]
φ(ζ) = M2φ(ζ)

x

(1 − x)

�b⊥

Frame Independent

55

+κ4ζ2 Soft wall harmonic 
oscillator potential:
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Prediction from AdS/CFT: Meson LFWF
x

k⊥
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       Harmonic 
Oscillator model

1.�GeV�
de Teramond, sjb
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φM(x, Q0) ∝
√

x(1 − x)

ψM(x, k2⊥)

Increases PQCD prediction for Fπ(Q2) by 16/9
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Fig: Orbital and radial AdS modes in the hard wall model for ΛQCD = 0.32 GeV .
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Data Compilation from Baldini, Kloe and Volmer

de Teramond, sjb
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Fig: Light baryon orbital spectrum for ΛQCD = 0.25 GeV in the HW model. The 56 trajectory corresponds to L

even P = + states, and the 70 to L odd P = − states.
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|π+ >= |ud̄ > |K+ >= |us̄ >

|D+ >= |cd̄ >

|ηb >= |bb̄ >

|ηc >= |cc̄ >

mu = 2 MeV
md = 5 MeV

ms = 95 MeV

mc = 1.25 GeV

mb = 4.2 GeV

κ = 375 MeV

b[GeV−1]

x

|B+ >= |ub̄ >
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ψq̄q/π(x,k⊥) =
4π

κ
√

x(1 − x)
e
− k2

⊥+m2

2κ2x(1−x) ,

ψ̃qq̄/π(x,b⊥) =
κ√
π

√
x(1 − x) exp

(
−1

2
κ2x(1 − x)b2

⊥ − m2

2κ2x(1 − x)

)

χ2 = ζ2 +
1

κ4

n∑
i=1

m2
i

xi

, ζ =

√
x

1 − x

∣∣∣ n−1∑
j=1

xjb⊥j

∣∣∣

Meson LFWF (L=0) for massive quarks

Key variable for n-parton LFWF with 
massive quarks:

GdT and Sjb 
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Ψn(xi,�k⊥i, λi)

LFWFs

B-Decays

GPDs

Distribution 

Amplitudes
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( ) ( )

1√
1 − ζ

Δ1 − iΔ2

2M
E(n→n)(x, ζ, t)

= (√
1 − ζ

)2−n
∑
n,λi

∫ n∏
i=1

dxi d2�k⊥i

16π3
16π3δ

(
1 −

n∑
j=1

xj

)
δ(2)

(
n∑

j=1

�k⊥j

)
× δ(x − x1)ψ

↑∗
(n)

(
x ′
i ,

�k′⊥i , λi

)
ψ

↓
(n)

(
xi, �k⊥i , λi

)
,

where the arguments of the final-state wavefunction are given by

x ′
1 = x1 − ζ

1 − ζ
, �k′⊥1 = �k⊥1 − 1 − x1

1 − ζ
�Δ⊥ for the struck quark,

x ′
i = xi

1 − ζ
, �k′⊥i = �k⊥i + xi

1 − ζ
�Δ⊥ for the spectators i = 2, . . . , n.

� �

Example of LFWF representation
of GPDs �n => n�

Diehl, Hwang, sjb
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