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pA → �+�−X

Q2 = x1x2s x1x2 = .05, xF = x1 − x2

Deviations from (1 + cos2 θ)

cos 2φ correlation.

Aα(x1) =
2 dσ

dQ2dxF
(pA→�+�−X)

A dσ
dQ2dxF

(pd→�+�−X)
Aα(x1) =

2 dσ
dQ2dxF

(pA→�+�−X)

A dσ
dQ2dxF

(pd→�+�−X)

pA → �+�−X
Measure Non-Universal Anti-

Shadowing in Drell-Yan

(((((((((((ppAAA

(((pppppppppdddddddddd Flavor 
u, d tag

Schmidt, Yang, sjb
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xF � 1
μ+

μ-

�

N

q Soft scattering of stopped
quark in target affects hard 
process

Entire pion wf
contributes to
hard process

Virtual photon is 
longitudinally 
polarized

x � 0

x � 1

98

� N � μ+ μ- X at high xF

In the limit where (1-xF)Q2 is fixed as Q2 � � 

“Direct” Subprocess

Berger, sjb 
Khoze, Brandenburg, Muller, sjb

Hoyer Vanttinen

xF � 1

�

0

x � 1

x �

Light-Front Wavefunctions from AdS/CFT
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Berger, Lepage, sjb
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πq → γ∗q

q
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qqq
gg

gg

Pion appears directly in subprocess at large xF
All of the pion’s momentum is transferred to the lepton pairf p f p p

Lepton Pair is produced longitudinally polarized

Initial State 
Interaction
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Chicago-Princeton
Collaboration

xπ = xq̄

Dramatic change in 
angular distribution at 

large xF

Direct Subprocess Prediction

Phys.Rev.Lett.55:2649,1985

Example of a higher-twist 
direct subprocess

Q2 = M2



πq → γ∗q

Diquark appears directly in subprocess 

q̄̄q

p

g

q

�

�̄

γ∗

p

g

q

�

�̄

γ∗

All of the diquark’s momentum is transferred to the lepton pairq p
Lepton Pair is produced longitudinally polarized

p̄

p̄

A(1 − x)3(1 + cos2 θ) + B
(1 − x) sin2 θ

Q2
+ C

(1 + cos2 θ)
(1 − x)Q4

[q̄q̄]q → γ∗q̄

Key FAIR 
Experiment
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Topics for FAIR in Di-Muon Production

• Direct Higher Twist Processes

• Single-Spin Asymmetry

• Double Spin Correlation: Transversity

• Lam-Tung Violation in Continuum and J/Psi Production: Double 
ISI

• Role of quark-quark scattering plus bremsstrahlung: color dipole 
approach

• Double Drell-Yan: Glauber vs Handbag

• Associated System - Tetraquark and Gluonium States

• Non-Universal Anti-shadowing!
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Crucial Test of Leading -Twist QCD:
Scaling at fixed xT

E dσ
d3p

(pN → πX) = F (xT ,θCM)

p
neff
T

Parton model:    neff  = 4

As fundamental as Bjorken scaling  in DIS

Conformal scaling: neff  =  2 nactive - 4

xT =
2pT√

s



pu

neff = 4

nactive =  4
neff = 2nactive -  4

u

p
gu → γu

pp → γX

E dσ
d3p

(pp → γX) = F (θcm,xT )
p4
T
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Tannenbaum
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p

p

π

Gq/p(x1, p
2
⊥)

Dπ/q(z, p2
⊥)

dσ
d3p/E = α2

s
F (x⊥,y)

p4
⊥

Leading-Twist Contribution to Hadron Production

Gq/p(x2, p
2
⊥)

H
106

Parton model and
Conformal Scaling:
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p

p

π

Gq/p(x1, p
2
⊥)

Dπ/q(z, p2
⊥)

Leading-Twist Contribution to Hadron Production

Gq/p(x2, p
2
⊥)
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dσ
d3p/E = F (x⊥,y)

p
n(x⊥)
⊥

�
 DSS 

(De Florian-Sassot-
Stratmann)

pp → γX

pp → πX

QCD prediction: Modification of power  fall-off due to 
DGLAP evolution and the Running Coupling

Pirner, Raufeisen, sjb Key test of PQCD:   power-
law fall-off at fixed xT

5 < p⊥ < 20 GeV

70 GeV <
√

s < 4 TeV

Arleo, Aurenche
Hwang, Sickles, sjb



Tx
-210 -110

510

610

710

810

910

1010

1110

1210

1310

1410

1510

-210 -110

 

4
4.5

5
5.5

6
6.5

7 n = 6.38

n = 6.38

=62.4GeV 0
πPHENIX 

=200GeVs

s

s

 0
πPHENIX 

=200GeV (fit) 0
πPHENIX 

a)

0π  from p+p 

)
2

 (
m

b
/G

e
V

3
/d

p
σ3

E
d

s
n

/G
e
V

)
(

n
  
 

b)

T
x

M. J. 
Tannenbaum

PHENIX  
62.4 and 200 

GeV data

√
s

n
E

dσ

d3p
(pp → π0X) at fixed xT =

2pT√
s



Stan Brodsky, SLAC & CP3Novel Hadron PhysicsHIM  April 16, 2010
110

2

4

6

8

10

12

10
-2

10
-1

n
ef

f

�s=38.8/31.6 GeV E706
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Leading-Twist PQCD

E
dσ

d3p
(pp → HX) =

F (xT , θCM = π/2)
pneff

T

xT = 2pT /
√

s

γ, jets
π

Arleo, Aurenche
Hwang, Sickles, sjb
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Significant increase of the hadron nexp with x
⊥

nexp � 8 at large x
⊥

Huge contrast with photons and jets !

nexp constant and slight above 4 at all x
⊥
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Direct Contribution to Hadron Production

x

1 − x

No Fragmentation Function 

φπ(x, p2
⊥) ∝ fπ
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d3p/E = α3
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F (x⊥,y)
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⊥



nactive = 6

E
dσ

d3p
(p p → p X ) ∼ F (x

⊥
, ϑcm)

p8
⊥

Direct Proton Production

Explains  “Baryon anomaly” at RHIC 

u

u d-

p

Sickles, sjb
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nn

|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+ =
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

adron
114

Intrinsic heavy quarks    s̄(x) �= s(x)

ū(x) �= d̄(x)c(x), b(x) at high x
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Intrinsic Heavy-Quark Fock States

• Rigorous prediction of QCD, OPE

• Color-Octet Color-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%PQQ̄QQ̄ ∼ α2

sPQQ̄

Hoyer, Peterson, Sakai, sjbM. Polyakov et al.
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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 small

adron
116

factor of 30 !

Never been checked!
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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)

117

ISR

ISR



Stan Brodsky, SLAC & CP3Novel Hadron PhysicsHIM  April 16, 2010

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

118
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Production of a Double-Charm Baryon

X

SELEX  high xF < xF >= 0.33

119
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ENC:  Definitive 
Measurement of Charm 

Structure  Function 

DGLAP / Photon-Gluon Fusion: factor of 30 too small

adron
120

factor of 30 !

ENC: 15 GeV protons on 3.3 GeV electron
√

s = 10 GeV
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Ratio 
insensitive to 

gluon PDF, 
scales

Δσ(p̄p → γcX)
Δσ(p̄p → γbX)

Signal for 
significant IC 

at x > 0.1 ?

Measurement of �þ bþ X and �þ cþ X Production Cross Sections
in p �p Collisions at

ffiffiffi

s
p ¼ 1:96 TeV

PRL 102, 192002 (2009) P HY S I CA L R EV I EW LE T T ER S
week ending
15 MAY 2009
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Mass range of PANDAMass range of PANDA
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Mass and Anti-Proton Momentum Range at PAX, PANDA
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Important Tests of Intrinsic Charm

Measure diffractive hidden charm production

at forward xF

dσ
dtdxF

(pp → p + J/ψ + X)

dσ
dt1dt2dxF

(pp → p + J/ψ + p)

(X)

Anomalous nuclear dependence

Aα(x2) versus Aα(xF )

dσ
dxF

(pA → J/ψ + X)

(( +

p +((pp

( AAAA

Even close to threshold
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Important Test of Intrinsic Charm

(X)

dσ

dyJ/ψ
(p̄p → J/ψX)

Heavy Quarkonium  produced in  TARGET rapidity region

J-P Lansberg, sjb



Stan Brodsky, SLAC & CP3Novel Hadron PhysicsHIM  April 16, 2010

���������	
���
�������
������

�

PRL 84, 3256 (2000); PRL 72, 2542 (1994)
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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!

125

dσ
dxF

(pA → J/ψX)
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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)Violates PQCD 
factorization!

Hoyer, Sukhatme, Vanttinen
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Scattering on front-face nucleon produces color-singlet     paircc̄

u

127

Octet-Octet IC Fock State

Color-Opaque IC Fock state
interacts on nuclear front surface  

dσ
dxF

(pA → J/ψX) = A2/3 × dσ
dxF

(pN → J/ψX)

J/ψ

No absorption of 
small color-singlet

g

Kopeliovich, Schmidt, 
Soffer, sjb

A

p

c

c̄_



pA → J/ψX

A2/3 component

πA → J/ψX

Excess beyond  conventional PQCD subprocesses

J. Badier et al, NA3

dσ
dxF

(pA → J/ψX) = A1 dσ1
dxF

+ A2/3dσ2/3
dxF
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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

adro
129
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∑n
i xi = 1

∑n
i

�k⊥i = �0⊥

Ψn(xi,�k⊥i, λi)

xiP
+, xi

�P⊥ + �k⊥i

P+, �P⊥

x

P+ = P0 + Pz
Fixed τ = t + z/c

Invariant under boosts!  Independent of P
μ

130

Light-Front Wavefunctions:  rigorous representation of 
composite systems in quantum field theory
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Diffractive Dissociation of Pion  into 
Quark Jets

Measure Light-Front Wavefunction of Pion

Minimal momentum transfer to nucleus
Nucleus left Intact!

E791 Ashery et al.

131

M ∝ ∂2

∂2k⊥
ψπ(x, k⊥)
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Diffractive Dissociation of  Atoms 

Measure Light-Front Wavefunction of Positronium 
and Other Atoms

Minimal momentum transfer to Target
Target left Intact!

132

[e+e−]

M ∝ ∂

∂�k⊥
ψe+e−(x,�k⊥)
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E791 FNAL Diffractive DiJet 

Two-gluon exchange measures the second derivative of the pion
light-front wavefunction

π
q

q̄

N N

M ∝ ∂2

∂2k⊥
ψπ(x, k⊥)

 Gunion, Frankfurt, Mueller, Strikman, sjb
Frankfurt, Miller, Strikman

133
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Key Ingredients in  E791 Experiment

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

QCD COLOR Transparency

π
q

q̄

N

Target left intact

Brodsky Mueller
Frankfurt Miller 

Strikman

Diffraction, Rapidity gap

MA = A MN

dσ
dt (πA → qq̄A′) = A2 dσ

dt (πN → qq̄N ′) F2
A(t)

134

A′
A
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Nuclear coherence
Nuclear coherence

F2
A(q2⊥) ∼ e−

1
3R2

Aq2⊥

135
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A-Dependence results: σ ∝ Aα

kt 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 (Incoh.) = 0.70 ± 0.1

adron
136

Measure pion LFWF in diffractive dijet production 
Confirmation of color transparency 

Mueller, sjb; Bertsch et al; 
Frankfurt, Miller, Strikman

Conventional Glauber Theory Ruled Out ! Factor of 7

Ashery E791 
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Bertsch, Gunion, Goldhaber, sjb

A. H. Mueller,  sjb

Color Transparency

• Fundamental test of gauge theory in hadron physics

• Small color dipole moments interact weakly in nuclei

• Complete coherence at high energies

• Clear Demonstration of CT from Diffractive Di-Jets
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High Transverse momentum  
dependence consistent with 

PQCD, ERBL Evolution

138

Two Componentsdσ
dkT

kT (GeV)

Gaussian

k−6.5
T

k−6.5
T

E791 Diffractive Di-Jet transverse momentum distribution

Gaussian component similar 
to AdS/CFT HO LFWF
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Fig. 22. The u distribution of diffractive dijets from the platinum target for 1.25 ≤ kt ≤ 1.5 GeV/c (left) and for
1.5 ≤ kt ≤ 2.5 GeV/c (right). The solid line is a fit to a combination of the asymptotic and CZ distribution amplitudes.
The dashed line shows the contribution from the asymptotic function and the dotted line that of the CZ function.

uu d
2 5 G
x

139

x x

CZZ
asymptmpt

Ashery E791 

Narrowing of x distribution at higher jet transverse momentum 

Possibly two components:  Nonperturbative 
(AdS/CFT) and Perturbative (ERBL)
Evolution to asymptotic distribution φ(x) ∝

√
x(1− x)
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Color Transparency

• Fundamental test of gauge theory in hadron physics

• Small color dipole moments interact weakly in nuclei

• Complete coherence at high energies

• Clear Demonstration of CT from Diffractive Di-Jets

Bertsch, Gunion, Goldhaber, sjb

A. H. Mueller,  sjb

adron
140
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Color Transparency Ratio

J. L. S. Aclander et al.,

“Nuclear transparency in θCM = 900

quasielastic A(p,2p) reactions,”

Phys. Rev. C 70, 015208 (2004), [arXiv:nucl-

ex/0405025].
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Nuclear transparency in 90c.m.
° quasielastic A„p ,2p… reactions

J. Aclander,7 J. Alster,7 G. Asryan,1,* Y. Averiche,5 D. S. Barton,1 V. Baturin,2,† N. Buktoyarova,1,† G. Bunce,1

A. S. Carroll,1,‡ N. Christensen,3,§ H. Courant,3 S. Durrant,2 G. Fang,3 K. Gabriel,2 S. Gushue,1 K. J. Heller,3 S. Heppelmann,2

I. Kosonovsky,7 A. Leksanov,2 Y. I. Makdisi,1 A. Malki,7 I. Mardor,7 Y. Mardor,7 M. L. Marshak,3 D. Martel,4

E. Minina,2 E. Minor,2 I. Navon,7 H. Nicholson,8 A. Ogawa,2 Y. Panebratsev,5 E. Piasetzky,7 T. Roser,1 J. J. Russell,4

A. Schetkovsky,2,† S. Shimanskiy,5 M. A. Shupe,3,� S. Sutton,8 M. Tanaka,1,¶ A. Tang,6 I. Tsetkov,5 J. Watson,6 C. White,3

J-Y. Wu,2 and D. Zhalov2

PHYSICAL REVIEW C 70, 015208 (2004)
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Color Transparency fails 
when Ann is large 

0
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Eva 
Experiment  

BNL

Rapid Angular Variation!

Bunce, Carroll, 
Heppelman...
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Need a First Approximation to QCD

 Comparable in simplicity to 
Schrödinger Theory in Atomic Physics

Relativistic, Frame-Independent, Color-Confining
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Light-Front Holography and Non-Perturbative QCD

Goal:   
Use AdS/QCD duality to construct 

a first approximation to QCD

Hadron Spectrum  
Light-Front Wavefunctions,

Form Factors, DVCS, etc

Ψn(xi,�k⊥i, λi)
in collaboration with 

Guy de Teramond

H
146



Mμν,Pμ,D,Kμ,

Conformal Theories are invariant under the 
Poincare and conformal transformations with  

the generators of SO(4,2)

SO(4,2)  has a mathematical representation on AdS5
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Applications of AdS/CFT  to QCD 

in collaboration with Guy de Teramond

Changes in 
physical

length scale 
mapped to 

evolution in the 
5th dimension z 
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αs(Q2) � const at small Q2

Maldacena:

AdS/CFT: Anti-de Sitter Space / Conformal Field Theory

Map AdS5 X S5 to conformal N=4 SUSY

s
2

• QCD is not conformal;  however, it has 
manifestations of a scale-invariant theory: 
Bjorken scaling, dimensional counting for hard 
exclusive processes

• Conformal window:

• Use mathematical mapping of the conformal group  
SO(4,2) to AdS5 space
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Deur, Korsch, et al.

�
s/�

pQCD evol. eq.

�s,g1/� JLab

Cornwall

Fit

GDH limit

Godfrey-Isgur

Bloch et al.

Burkert-Ioffe

Fischer et al.

Bhagwat et al.
Maris-Tandy

Q (GeV)

Lattice QCD
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DSE  gluon
couplings
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gluon and quark propagators cutoff in IR 
because of  color confinement

g

q
b̄

k >
1

ΛQCD
λ < ΛQCD

maximum wavelength of bound quarks and gluons

Lesson from QED and Lamb Shift:

B-Meson  

Shrock, sjb
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• Colored fields confined to finite domain 

• All perturbative calculations regulated in IR

• High momentum calculations unaffected

• Bound-state Dyson-Schwinger Equation

• Analogous to Bethe’s Lamb Shift Calculation

A strictly-perturbative space-time region can be defined as one which
has the property that any straight-line segment lying entirely within the region 
has an invariant length small compared to the confinement scale 
(whether or not the segment is spacelike or timelike).

J. D. Bjorken, 
SLAC-PUB 1053

Cargese Lectures 1989

(x − y)2 < Λ−2
QCD

Quark and Gluon vacuum polarization insertions 
decouple: IR fixed Point 

adron
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Maximal Wavelength of Confined Fields 

Shrock, sjb
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5-Dimensional
A nti-de Sitter

Spacetime

4-Dimensional
F lat Spacetime

(hologram)

B lack Hole

z0 = 1/ΛQCD

z
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5-Dimensional
A nti-de Sitter

Spacetime

4-Dimensional
F lat Spacetime

(hologram)

B lack Hole

z0 = 1/ΛQCD

z
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Truncated AdS Space

z
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Scale Transformations

• Isomorphism of SO(4, 2) of conformal QCD with the group of isometries of AdS space

SO(1, 5)

ds2 =
R2

z2
(ημνdxμdxν − dz2),

xμ → λxμ, z → λz, maps scale transformations into the holographic coordinate z.

• AdS mode in z is the extension of the hadron wf into the fifth dimension.

• Different values of z correspond to different scales at which the hadron is examined.

x2 → λ2x2, z → λz.

x2 = xμxμ: invariant separation between quarks

• The AdS boundary at z → 0 correspond to the Q → ∞, UV zero separation limit.

159

invariant measure
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• Polchinski & Strassler: AdS/CFT  builds in 
conformal symmetry at short distances, counting, 
rules for form factors and hard exclusive 
processes; non-perturbative derivation

• Goal: Use AdS/CFT to provide models of hadron 
structure: confinement at large distances, near 
conformal behavior at short distances

• Holographic Model: Initial “classical” 
approximation to QCD: Remarkable agreement 
with light hadron spectroscopy

• Use AdS/CFT wavefunctions as expansion basis 
for diagonalizing HLFQCD ; variational methods

adron
160

Guy de Teramond, sjb
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AdS Soft-Wall Schrodinger Equation for 
bound state  of  two scalar constituents:

[ − d2

dz2
− 1 − 4L2

4z2
+ U(z)

]
φ(z) = M2φ(z)

U(z) = κ4z2 + 2κ2(L + S − 1)

• Erlich, Karch, Katz, Son, Stephanov • de Teramond, sjb

Derived from variation of Action  
Dilaton-Modified AdS5

eΦ(z) = e+κ2z2

M2 = 2κ2(2n + 2L + S) Same slope 
in n and L 
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Fig: Orbital and radial AdS modes in the soft wall model for κ = 0.6 GeV .
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Light meson orbital (a) and radial (b) spectrum for κ = 0.6 GeV.

S = 0 S = 0

Soft Wall 
Model

Pion mass  
automatically 

zero!

mq = 0

6Quark separation 
increases with L

Pion has 
zero mass!

0

ssssssssssssssssss!!!
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S = 1 S = 1
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1−− 2++ 3−− 4++ JPC

M2

L

Parent and daughter Regge trajectories for the I = 1 ρ-meson family (red)

and the I = 0 ω-meson family (black) for κ = 0.54 GeV

H
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Propagation of external perturbation suppressed inside AdS.

At large enough Q ∼ r/R2, the interaction occurs in the large-r conformal region. Importa

contribution to the FF integral from the boundary near z ∼ 1/Q.

J(Q, z), Φ(z)

1 2 3 4 5

0.2

0.4

0.6

0.8

1

z

Consider a specific AdS mode Φ(n) dual to an n partonic Fock state |n〉. At small z, Φ
scales as Φ(n) ∼ zΔn . Thus:

F (Q2) →
[

1
Q2

]τ−1

,

where τ = Δn − σn, σn =
∑n

i=1 σi. The twist is equal to the number of partons, τ = n.

Dimensional Quark Counting Rules:
General result from 

AdS/CFT and Conformal Invariance

H
166

l t b ti d i id AdS

Hadron Form Factors from AdS/CFT 

Polchinski, Strassler
de Teramond, sjb

F (Q2)I→F =
∫ dz

z3ΦF (z)J(Q, z)ΦI(z)

J(Q, z) = zQK1(zQ)

High Q
2

from 

small z  ~ 1/Q

J(Q, z) Φ(z)
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q2(GeV 2)

1

Spacelike pion form factor from AdS/CFT

Fπ(q2)

Hard Wall: Truncated Space Confinement

Soft Wall: Harmonic Oscillator Confinement

One parameter -  set by pion decay constant

Data Compilation
Baldini, Kloe and Volmer

3

de Teramond, sjb
See also: Radyushkin 
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x

(1 − x)

�b⊥

φ(z)

ζ =
√

x(1 − x)�b2⊥ z

ψ(x,�b⊥)

LF(3+1)              AdS5

168

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

ψ(x,�b⊥)

ψ(x,�b⊥) =

√
x(1 − x)

2πζ
φ(ζ)



HQED

[− Δ2

2mred
+ Veff(�S,�r)] ψ(�r) = E ψ(�r)

[− 1
2mred

d2

dr2
+

1
2mred

�(� + 1)
r2

+ Veff(r, S, �)] ψ(r) = E ψ(r)

(H0 + Hint) |Ψ >= E |Ψ > Coupled Fock states

Effective two-particle equation

 Spherical Basis r, θ, φ

Coulomb  potential 

Includes Lamb Shift, quantum corrections

Bohr Spectrum
Veff → VC(r) = −α

r

QED atoms: positronium and 
muonium

Semiclassical first approximation to QED 



HQED

Coupled Fock states

Effective two-particle equation

 Azimuthal  Basis

Confining AdS/QCD  
potential 

QCD Meson SpectrumHLF
QCD

(H0
LF + HI

LF )|Ψ >= M2|Ψ >

[
�k2
⊥ + m2

x(1 − x)
+ V LF

eff ] ψLF (x,�k⊥) = M2 ψLF (x,�k⊥)

[− d2

dζ2
+

−1 + 4L2

ζ2
+ U(ζ, S, L)] ψLF (ζ) = M2 ψLF (ζ) ζ, φ

U(ζ, S, L) = κ2ζ2 + κ2(L + S − 1/2)

ζ2 = x(1 − x)b2
⊥

Semiclassical first approximation to QCD 
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soft wall
confining potential:

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

ζ2 = x(1 − x)b2⊥.

Relativistic LF radial equation!

G. de Teramond, sjb 

x

(1 − x)

�b⊥

Frame Independent[ − d2

dζ2
+

1 − 4L2

4ζ2
+ U(ζ)

]
φ(ζ) = M2φ(ζ)

171

U(ζ) = κ4ζ2 + 2κ2(L + S − 1)
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Derivation of the Light-Front Radial Schrodinger Equation  
directly from LF QCD

M2 =
∫ 1

0

dx

∫
d2�k⊥
16π3

�k2
⊥

x(1 − x)

∣∣∣ψ(x,�k⊥)
∣∣∣2 + interactions

=
∫ 1

0

dx

x(1 − x)

∫
d2�b⊥ ψ∗(x,�b⊥)

(
−�∇2

�b⊥�

)
ψ(x,�b⊥) + interactions.

(�ζ, ϕ), �ζ =
√

x(1 − x)�b⊥:Change 
variables ∇2 =

1
ζ

d

dζ

(
ζ

d

dζ

)
+

1
ζ2

∂2

∂ϕ2

M2 =
∫

dζ φ∗(ζ)
√

ζ

(
− d2

dζ2
− 1

ζ

d

dζ
+

L2

ζ2

)
φ(ζ)√

ζ

+
∫

dζ φ∗(ζ)U(ζ)φ(ζ)

=
∫

dζ φ∗(ζ)
(
− d2

dζ2
− 1 − 4L2

4ζ2
+ U(ζ)

)
φ(ζ)
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Prediction from AdS/CFT: Meson LFWF

x
0.20.40.60.8
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0
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0

5

       “Soft Wall” 
model

k⊥ (GeV)

de Teramond, sjb
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φM(x, Q0) ∝
√

x(1 − x)

ψM(x, k2⊥)

ψM (x, k⊥) =
4π

κ
√

x(1 − x
e
− k2

⊥
2κ2x(1−x)

κ = 0.375 GeV

massless quarks
Note coupling 

k2
⊥, x

Connection of Confinement to TMDs
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φH(xi, Q)

φM (x,Q) =
∫ Q

d2�k ψqq̄(x,�k⊥)

Fixed τ = t + z/c

x

1 − x

k2
⊥ < Q2

∑
i

xi = 1

Braun, Gardi

Lepage, sjb
Efremov, Radyushkin

Sachrajda, Frishman Lepage, sjb

Lepage, sjb

Hadron Distribution Amplitudes

Q
2

Braun, Gard

Lepage, sjb
EEfrfrEE emov, RadyR dfrfrfr

Sachrajda, Frishman Lep

• Fundamental gauge invariant non-perturbative input to 
hard exclusive processes, heavy hadron decays. Defined 
for Mesons, Baryons

• Evolution Equations from                                            
PQCD, OPE, Conformal Invariance

• Compute from valence light-front wavefunction in light-
cone gauge
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Second Moment of  Pion Distribution Amplitude

< ξ2 >=
∫ 1

−1

dξ ξ2φ(ξ)

ξ = 1 − 2x

φasympt ∝ x(1 − x)

φAdS/QCD ∝
√

x(1 − x)

Braun et al.

Donnellan et al.

< ξ2 >π= 1/5 = 0.20

< ξ2 >π= 1/4 = 0.25

Lattice (I) < ξ2 >π= 0.28 ± 0.03

Lattice (II) < ξ2 >π= 0.269 ± 0.039
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• 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 momenta

• Hadron Spectra, Regge Trajectories

AdS/CFT and QCD
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Non-Conformal Extension of Algebraic Structure (Soft Wall Model)

• We write the Dirac equation

(αΠ(ζ) −M)ψ(ζ) = 0,

in terms of the matrix-valued operator Π

Πν(ζ) = −i

(
d

dζ
− ν + 1

2

ζ
γ5 − κ2ζγ5

)
,

and its adjoint Π†, with commutation relations[
Πν(ζ),Π†

ν(ζ)
]

=
(

2ν + 1
ζ2

− 2κ2

)
γ5.

• Solutions to the Dirac equation

ψ+(ζ) ∼ z
1
2
+νe−κ2ζ2/2Lν

n(κ2ζ2),

ψ−(ζ) ∼ z
3
2
+νe−κ2ζ2/2Lν+1

n (κ2ζ2).

• Eigenvalues

M2 = 4κ2(n + ν + 1).

Baryons
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Glazek and Schaden [Phys. Lett. B 198, 42 (1987)]: (ωB/ωM )2 = 5/8 4κ2 for Δn = 1
4κ2 for ΔL = 1

2κ2 for ΔS = 1

M2

L

Parent and daughter 56 Regge trajectories for the N and Δ baryon families for κ = 0.5 GeV

178
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L+N

M2 (GeV2)

N=1

N=0

0 1 2 3 4 5 6
0

2

4

6

8

�3/2
+(1232)

�3/2
+(1600)

�1/2
+(1750)

�3/2
�(1700)

�1/2
�(1620)

�5/2
�(1930)

�3/2
�(1940)

�1/2
�(1900)

�7/2
+(1950)

�5/2
+(1905)

�3/2
+(1920)

�1/2
+(1910)

7/2
+

�5/2
+(2200)
3/2

+
1/2

+

�7/2
�(2200)

�5/2
�(2223)

�9/2
�(2400)
7/2

�

�5/2
�(2350)
3/2

�

�11/2
+(2420)

�9/2
+(2300)

�7/2
+(2390)
5/2

+

11/2
+

9/2
+

7/2
+

5/2
+

11/2
�

9/2
�

�13/2
�(2750)

11/2
�

9/2
�

7/2
�

�15/2
+(2950)

13/2
+

11/2
+

9/2
+

E. Klempt et al.: Δ∗ resonances, quark models, chiral symmetry and AdS/QCD
y, y ( )

H. Forkel, M. Beyer and T. Frederico, JHEP 0707 (2007)
077.
H. Forkel, M. Beyer and T. Frederico, Int. J. Mod. Phys.
E 16 (2007) 2794.
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• Scaling behavior for large Q2: Q4F p
1 (Q2) → constant Proton τ = 3

0

0.4

0.8

1.2

0 10 20 30
Q2  (GeV2)

Q
4 F

p 1 
(Q

2 )
 (

G
eV

4 )

9-2007
8757A2

SW model predictions for κ = 0.424 GeV. Data analysis from: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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• Scaling behavior for large Q2: Q4Fn
1 (Q2) → constant Neutron τ = 3

0
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SW model predictions for κ = 0.424 GeV. Data analysis from M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).
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0 1 2 3 4 5 6
0

0.5

1

1.5

2

Spacelike Pauli Form Factor

Q2(GeV2)

Harmonic Oscillator 
Confinement

Normalized to anomalous 
moment

F p
2 (Q2)

κ = 0.49 GeV

G. de Teramond, sjb 

Preliminary
From overlap of L = 1 and L = 0 LFWFs

AdS/QCD No 
chiral 

divergence!

F2(Q2) = 1 + O Q2

mπmp

in chiral perturbation theory



Non-Perturbative Running Coupling from  
Modified AdS/QCD

Five dimensional action in presence of dilaton background

S = −1
4

∫
d4xdz

√
g

1
g2
5(z)

G2

Define an effective coupling g5(z)

where
√

g = (R
z )

5
and φ(z) = +κ2z2

Light-Front Holography: z → ζ = b⊥
√

x(1 − x)

Deur,  de Teramond, sjb

Thus 1
g2
5(z)

= eφ(z) 1
g2
5(0)

or g2
5(z) = e−κ2z2

g2
5(0)

S = −1
4

∫
d4xdz

√
g eφ(z) 1

g2
5

G2

where αs(ζ) = e−κ2ζ2
αs(0)αs(q2) ∝

∫ ∞

0

ζdζJ0(ζQ)αs(ζ)



Running Coupling from AdS/QCD

normalization

Deur,  de Teramond, sjb

Q (GeV)

�
s(

Q
)/
�

pQCD evol. eq.
�s,g1/� world data

�s,�/� OPAL

AdS/CFT
�=0.54 GeV

Lattice QCD
Hall A/CLAS PLB 650 4 244
JLab CLAS PLB 665 249

�s,F3/�
GDH limit
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αAdS
s (Q)/π = e−Q2/4κ2
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String Theory

AdS/CFT

g

SSS///////////////////////////////////////////

Semi-Classical QCD / Wave EquationsSemi-Classical QCD / Wave EquationsD //////

Mapping of  Poincare’ and 
Conformal SO(4,2) symmetries of 

3+1 space 
to  AdS5 space

Integrable!

Boost Invariant 3+1 Light-Front Wave Equations

/

Boost Invariant 3+1 Light-Front Wave Equationsh

Hadron Spectra, Wavefunctions, Dynamics

gggggggggggggggggggggggggggggggggggggggghh

ve

S/

AdS/QCD
Conformal behavior at short 

distances
+ Confinement at large 

distance

Counting rules for Hard 
Exclusive Scattering
Regge Trajectories

Holography

J =0,1,1/2,3/2 plus L

Goal: First Approximant to QCD

gg j
QCD at the Amplitude Level

185
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Use AdS/CFT orthonormal LFWFs 
as a basis for diagonalizing

the QCD LF Hamiltonian

• Good initial approximant

• Better than plane wave basis

• DLCQ discretization -- highly successful 1+1

• Use independent HO LFWFs, remove CM 
motion

• Similar to Shell Model calculations

Vary, Harinandrath, Maris, sjb

adron
186

Pauli, Hornbostel, Hiller, 
McCartor, sjb
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New Perspectives for QCD from AdS/CFT

• LFWFs:  Fundamental frame-independent description of 
hadrons at amplitude level

• Holographic Model from AdS/CFT : Confinement at large 
distances and conformal behavior at short distances

• Model for LFWFs, meson and baryon spectra: many 
applications!

• New basis for diagonalizing Light-Front Hamiltonian

• Physics similar to MIT bag model, but covariant. No 
problem with support 0 < x  < 1.

• Quark Interchange dominant force at short distances

187
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• Infrared integrations regulated by confinement

• Infrared fixed point of QCD coupling 

• Bound state quark and gluon Dyson-Schwinger 
Equation

• Quark and Gluon Condensates exist within hadrons

Lesson from QED and Lamb Shift:

αs(Q2) finite, β → 0 at small Q2

Shrock, sjb

Casher, Susskind

Roberts et al. 

Consequences of Maximum Quark 
and Gluon Wavelength
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Use Dyson-Schwinger Equation for bound-state quark propagator: 

g

q
b̄

B-Meson  

< b̄|q̄q|b̄ > not < 0|q̄q|0 >

Shrock, sjb
Roberts, Tandy Maris

Alkofer



ΩΛ = 0.76(expt)

(ΩΛ)EW ∼ 1056

(ΩΛ)QCD ∼ 1045

DARK ENERGY AND
THE COSMOLOGICAL CONSTANT PARADOX

A. ZEE

Department of Physics, University of California, Santa Barbara, CA 93106, USA
Kavil Institute for Theoretical Physics, University of California,

Santa Barbara, CA 93106, USA
zee@kitp.ucsb.edu

“One of the gravest puzzles of 
theoretical physics”

QCD Problem Solved if Quark and Gluon condensates reside 

within hadrons, not LF vacuum
Shrock, sjb
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Shrock and sjb

• Color Confinement: Maximum Wavelength of Quark 
and Gluons

• Conformal symmetry of QCD coupling in IR

• Conformal Template (BLM, CSR, ...)

• Motivation for AdS/QCD

• QCD Condensates inside of hadronic LFWFs

• Technicolor: confined condensates inside of 
technihadrons -- alternative to Higgs

• Simple physical solution to cosmological constant 
conflict with  Standard Model
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Truth is stranger than fiction, but it is 
because Fiction is obliged to stick to 
possibilities.        —Mark Twain

• Although we know the QCD Lagrangian, we 
have only begun to understand its remarkable 
properties and features.

• Novel QCD Phenomena: hidden color, color 
transparency, strangeness asymmetry, intrinsic 
charm, anomalous heavy quark phenomena,  
anomalous spin effects, single-spin 
asymmetries, odderon, diffractive deep 
inelastic scattering, dangling gluons, 
shadowing, antishadowing, QGP, CGC, ...
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Future QCD Experimental Programs: 
Hadron and Nuclear Physics

• GSI -- FAIR -- PANDA-PAX antiproton storage ring

• JLab 12 GeV electrons

• J-PARC Protons

• E-RHIC, ELIC,  ENC  electron/positron - proton/ion 
collider

• LHC, LHeC 

• ILC

• Super B Factory
adron
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Theoretical Physics

Anti-Hydrogen and Exotic 
Atoms

Physics & Chemistry 
of 

Super-Heavy Elements

Structure and 
Spectroscopy 

of Hadrons

adron
194

nti-Hydrogen andd Exotic
Atoms in Flight

Accelerator Physics

GSI FAIR PANDA ENC 

New Physics Opportunities in Hadron, Nuclear, and Atomic Physics

PAX 
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I thought I had 
discovered the 

Theory of Everything 
But everything 
canceled out !

195

A Theory of Everything Takes Place

SCIENCE  VOL  265 15 SEPTEMBER 1995

String theorists have broken an impasse and may be 
on their way to converting this mathematical 

structure -- physicists’ best hope for unifying gravity 
and quantum theory -- into a single coherent theory.


