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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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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−κ

2ζ2/2Lνn(κ
2ζ2),

ψ−(ζ) ∼ z
3
2
+νe−κ

2ζ2/2Lν+1
n (κ2ζ2).

• Eigenvalues

M2 = 4κ2(n+ ν + 1).
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• Baryon: twist-dimension 3 + L (ν = L+ 1)

O3+L = ψD{�1 . . . D�qψD�q+1 . . . D�m}ψ, L =
m∑
i=1

�i.

• Define the zero point energy (identical as in the meson case) M2 → M2 − 4κ2:
M2 = 4κ2(n+ L+ 1).

Proton Regge Trajectory κ = 0.49GeV
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Space-Like Dirac Proton Form Factor

• Consider the spin non-flip form factors

F+(Q2) = g+

∫
dζ J(Q, ζ)|ψ+(ζ)|2,

F−(Q2) = g−
∫
dζ J(Q, ζ)|ψ−(ζ)|2,

where the effective charges g+ and g− are determined from the spin-flavor structure of the theory.

• Choose the struck quark to have Sz = +1/2. The two AdS solutions ψ+(ζ) and ψ−(ζ) correspond
to nucleons with Jz = +1/2 and−1/2.

• For SU(6) spin-flavor symmetry

F p
1 (Q

2) =
∫
dζ J(Q, ζ)|ψ+(ζ)|2,

Fn
1 (Q

2) = −1
3

∫
dζ J(Q, ζ)

[|ψ+(ζ)|2 − |ψ−(ζ)|2
]
,

where F p
1 (0) = 1, F

n
1 (0) = 0.
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• Scaling behavior for largeQ2: Q4F p
1 (Q

2)→ constant Proton τ = 3

0
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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 largeQ2: Q4Fn
1 (Q

2)→ 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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Features of Soft-Wall AdS/QCD

• Single�variable frame�independent radial Schrodinger equation

• Massless pion �mq =0�

• Regge Trajectories: universal slope in  n and L

• Valid for all integer J & S.   

• Dimensional Counting Rules for Hard Exclusive Processes

• Phenomenology: Space�like and Time�like Form Factors

• LF Holography: LFWFs;  broad distribution amplitude

• No large Nc limit required

• Add quark masses to LF kinetic energy

• Systematically  improvable �� diagonalize HLF on AdS basis

58
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H
QCD
LC |Ψh〉 =M2

h |Ψh〉
Heisenberg Equation

Light-Front QCD

Use AdS/QCD  basis functions!

59
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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

60

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 : Con�nement 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

61
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Quark Interchange
(Spin exchange in atom-

atom scattering)

Gluon Exchange
(Van der Waal -- 

Landshoff)

M(t, u)interchange ∝ 1
ut2

K+K+K+ K+

pppp

uu

u

d

gg

M(s, t)gluonexchange ∝ sF (t)

MIT Bag Model (de Tar), large  NC,  (‘t Hooft), AdS/CFT
 all predict dominance of quark interchange:

dσ
dt =

|M(s,t)|2
s2

CIM: Blankenbecler, Gunion, sjb

s
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AdS/CFT explains why 
quark interchange is 

dominant 
interaction at high 
momentum transfer 

in exclusive reactions

Non�linear Regge behavior:

αR(t)→ −1

63

M(t, u)interchange ∝ 1
ut2

Quark Interchange

63
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Spacelike Pauli Form Factor

Q2(GeV2)

Harmonic Oscillator 
Con�nement

Normalized to anomalous 
moment

F p
2 (Q

2)

κ = 0.49 GeV

G. de Teramond, sjb 

Preliminary
From overlap of L = 1 and L = 0 LFWFs
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Assumes Gp
M = Gp

E

Anomalous Threshold Dependencehh h

[qqq̄q̄] or [ggg] JPC = 1−− resonance?
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Particle ratio changes with centrality! 
S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).

Au+Au 0-10%
Au+Au 20-30%
Au+Au 60-92%

 = 53 GeV, ISRsp+p, 
, gluon jets, DELPHI-e+e
, quark jets, DELPHI-e+e

Peripheral 

Central 

Protons less absorbed  
in nuclear co�isions than pions 

because of  dominan�
color transparent higher twist process
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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:    ne�  = 4

As fundamental as Bjorken scaling  in DIS

Conformal scaling: ne�  =  2 nactive � 4

xT =
2pT√

s
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√
snE dσ

d3p
(pp→ γX) at fixed xT

Scaling of direct 
photon 

production 
consistent with 

PQCD

Tannenbaum
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ne� = 4

nactive =  4

ne� = 2nactive �  4

u

p
gu→ γu

pp→ γX

E dσ
d3p
(pp→ γX) = F (θcm,xT )

p4T

70



Stan Brodsky 
 SLAC 

PANIC08
November 13, 2008

QCD  and the Nucleon

5 10 15 20
pT  �GeV�

4.25
4.5

4.75
5

5.25
5.5

5.75
6
neff

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

Pirner, Raufeisen, sjb

E dσ
d3p
(pN → πX) = F (xT ,θCM)

p
neff
T

Key test of PQCD:   power-law fall-off at fixed xT

ne� � 4 to 5

xT =
2pT√

s
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FIG. 3: Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pT range. Shown are data for central (0− 5%) and for peripheral (60− 90%) collisions.

Continuous rise of neff with xT .

72

RHIC

Leading twist:

444444444444ne�  = 4

ne�  = 5

pN → pX
6

ne�

PHENIX
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π

Fermilab, ISR data

xT = 2pT /
√
s

xT = 2pT /
√
s

Clear evidence 
for higher-twist
contributions

73

Continuous 
Rise of  neff

E
dσ

d3p
(pp→ HX) =

F (xT , θcm = π/2)
p
neff

T

neff

neff

Chicago Princeton
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Baryon Anomaly: Particle ratio changes with centrality! 

S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).

Au+Au 0-10%
Au+Au 20-30%
Au+Au 60-92%

 = 53 GeV, ISRsp+p, 
, gluon jets, DELPHI-e+e
, quark jets, DELPHI-e+e

Peripheral 

Central 

Protons less absorbed  
in nuclear co�isions than pions 

74

Sickles, sjb
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√
sNN = 130 and 200 GeV

Peripheral 

Central 

Proton power changes with centrality !
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p
u

u

n = 4

nactive =  4

n= 2nactive �  4

pp→ HX at high pT

QQQQQQQQQQQQQQCD a
u

p

H

Color Opaque

 Proton created from 
jet fragmentation
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p

u u

d

Baryon can be made directly within hard subprocess

nactive =  6

g g

φp(x1, x2, x3) ∝ Λ2QCD

Collision can produce 3
collinear quarks 

Coalescence
within hard 
subprocess

Bjorken
Blankenbecler, Gunion, sjb

Berger, sjb 
Hoyer, et al: Semi�Exclusive

ne� = 8

ne� = 2nactive �  4

uu→ pd̄

Small color-singlet
Color Transparent

Minimal same-side energy
d

b⊥ � 1/pT

77

Sickles, sjb
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p

u u

d

Baryon made directly within hard subprocess

nactive =  6

ne� = 8

ne� = 2nactive �  4

uu→ pd̄

Small color-singlet
Color Transparent

Minimal same-side energy

g g

d

b⊥ � 1/pT

QGP

b⊥ � 1 fm
Formation Time 

proportional to Energy
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Particle ratio changes with centrality! 
S. S. Adler et al. PHENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).

Au+Au 0-10%
Au+Au 20-30%
Au+Au 60-92%

 = 53 GeV, ISRsp+p, 
, gluon jets, DELPHI-e+e
, quark jets, DELPHI-e+e

Peripheral 

Central 

Protons less absorbed  
in nuclear co�isions than pions 

because of  dominan�
color transparent higher twist process
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 proton 
trigger:

# same-side 
particles 

decreases with 
centrality

papappppppppppp rt

Proton production more dominated by 
color�transparent direct high�ne�  subprocesses

Anne Sickles
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Proton production dominated by 
color-transparent direct high neff subprocesseseff 
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Power-law exponent n(xT ) for �0 and h spectra in central and peripheral Au+Au collisions at√
sNN = 130 and 200 GeV

S. S. Adler, et al., PHENIX Collaboration, Phys. Rev. C 69, 034910 (2004) [nucl-ex/0308006].

Peripheral 

Central 
h+ includes protons
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u

Lambda can be made directly within hard subprocess

nactive =  6

g g

83

Coalescence
within hard 
subprocess

ne� = 8

ne� = 2nactive �  4

Small color-singlet
Color Transparent

Minimal same-side energy

Λ

s̄

s
d

ud→ Λs̄

s̄ produced on 
away side

Sickles, sjb
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Baryon Anomaly:  
Evidence for Direct, Higher-Twist Subprocesses

• Explains anomalous power behavior at fixed xT

• Protons more likely to come from direct higher-twist 
subprocess than pions

• Protons less absorbed than pions in central nuclear 
collisions because of color transparency

• Predicts increasing proton to pion ratio in central collisions

• Proton power neff  increases with centrality since leading 
twist contribution absorbed

• Fewer same-side hadrons for proton trigger at high 
centrality

• Exclusive-inclusive connection at xT = 1
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In presence of quark masses the Holographic LF wave equation is (ζ = z)[
− d2

dζ2
+ V (ζ) +

X2(ζ)
ζ2

]
φ(ζ) =M2φ(ζ), (1)

and thus

δM2 =
〈
X2

ζ2

〉
. (2)

Identify:

X(z) =
m√
x
z −√x〈ψ̄ψ〉z3 (3)

Thus

δM2 =
∑
i

〈
m2

i

xi

〉
− 2

∑
i

mi〈ψ̄ψ〉〈z2〉+ 〈ψ̄ψ〉2〈z4〉. (4)

Linear quark mass term generated by transition from  
valence to meson-nucleon LF Fock state

ΔM2
p =< pF |HLF

I |pI > HLF
I = gAψ̄γμψ ∼ −gmqagb

†
qd

†
q

Erlich, Katz, Son, Stephanov

de Teramond, Shrock, sjb

Condensate evaluated 
inside hadron boundary
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u

d

p
p

The arrows and superscripts indicate helicity/chirality

ū

u u

p

ρ0gmu

ΔM2
p = g < pF |Aμψ̄γμψ|pI >

|pI >= |u+u+d−g+ >Lz=−1

|pF >= |u+u+d−ū+u+ >Lz=−1

� |(u+u+d−)p(u+ū+)ρ0 >Lz=−1

Linear quark mass term generated by transition from  
valence to meson-nucleon LF Fock state

HLF
I = gAψ̄γμψ ∼ −gmqagb

†
qd

†
q

Dynamical chiral symmetry breaking
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Relate Observables to Each Other

• Eliminate intermediate scheme

• No scale ambiguity 

• Transitive!

• Commensurate Scale Relations

• Example: Generalized Crewther Relation
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 Eliminate MSbar, 
Find Amazing Simpli�cation
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√
s∗ � 0.52Q

[1 + αR(s
∗)

π ][1− αg1(q
2)

π ] = 1

Generalized Crewther Relatio�

Conformal relation true to all orders in 
perturbation theory

No radiative corrections to axial anomaly
Nonconformal terms set relative scales �BLM�

Analytic matching at quark thresholds
No renormalization scale ambiguity!

Lu, Kataev, Gabadadze, Sjb
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• Hadroproduction at large transverse momentum does not  derive exclusively
from 2 to 2 scattering subprocesses: Baryon Anomaly at RHIC Sickles, sjb

• Color Transparency  Mueller, sjb;  Di�ractive Di�Jets and Tri�jets Strikman et al

• Heavy quark distributions do not derive exclusively from DGLAP or gluon 
splitting �� component intrinsic to hadron wavefunction.  Hoyer, et al

• Higgs production at large xF  from intrinsic heavy quarks                    
Kopeliovitch, Goldhaber, Schmidt, So�er, sjb

• Initial and �nal�state interactions are not always power suppressed in a hard 
QCD reaction: Sivers E�ect, Di�ractive DIS, Breakdown of Lam Tung 
PQCD Relation  Schmidt, Hwang, Hoyer, Boer, sjb; Collins

• LFWFS are universal, but measured nuclear parton distributions are not
universal �� antishadowing  is �avor dependent Schmidt, Yang, sjb

• Renormalization scale is not arbitrary;  multiple scales, unambiguous at 
given order.  Disentangle running coupling and conformal e�ects,                                    
Skeleton expansion:     Gardi, Grunberg, Rathsman, sjb

• Quark and Gluon condensates reside within hadrons: Shrock, sjb

Novel  QCD Phenomena and Perspectives 

90
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String Theory

AdS/CFT

g

SSS//////////////////////////////////////////C

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

D /

Boost Invariant 3+1 Light-Front Wave Equationsgh

Hadron Spectra, Wavefunctions, Dynamics

gggggggggggggggggggggggggggggggggggggghh

ve

S//CS/C

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

QCD at the Amplitude Level
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