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• Define effective single particle transverse density by (Soper, Phys. Rev. D 15, 1141 (1977))

F (q2) =
∫ 1

0
dx

∫
d2�η⊥ei�η⊥·�q⊥ ρ̃(x, �η⊥)

• From DYW expression for the FF in transverse position space:

ρ̃(x, �η⊥) =
∑
n

n−1∏
j=1

∫
dxj d2�b⊥j δ(1 − x −

n−1∑
j=1

xj) δ(2)(
n−1∑
j=1

xj
�b⊥j − �η⊥)|ψn(xj ,�b⊥j)|2

• Compare with the the form factor in AdS space for arbitrary Q:

F (Q2) = R3

∫ ∞
0

dz

z3
e3A(z)ΦP ′(z) J(Q, z) ΦP (z)

• Holographic variable z is expressed in terms of the average transverse separation distance of the

spectator constituents �η =
∑n−1

j=1 xj
�b⊥j

z =
√

x

1 − x

∣∣ n−1∑
j=1

xj
�b⊥j

∣∣

109

N-parton case
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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
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High Transverse 
momentum  dependence 

consistent with PQCD, 
ERBL Evolution

111

Two Componentsdσ
dkT

kT (GeV)

Gaussian

k−6.5
T

k−6.5
T

E791 Di�ractive Di�Jet transverse momentum distribution

Gaussian component similar 
to AdS/CFT HO LFWF
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s = E2
cmA

B

C

D

Constituent Counting Rules

dσ
dt (s, t) = F (θcm)

s[ntot−2]

FH(Q2) ∼ [ 1
Q2]

nH−1

112

Conformal symmetry and PQCD predict  leading-twist 
scaling behavior of  fixed-CM angle exclusive amplitudes

Characteristic scale of QCD: 300 MeV

Many new  J-PARC, GSI, J-Lab, Belle, Babar tests

Farrar & sjb; Matveev, Muradyan, 
Tavkhelidze

ntot = nA + nB + nC + nD

Fixed t/s or cos θcm
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Features of  Hard Exclusive 
Processes in PQCD 

• Factorization of  perturbative hard scattering subprocess 
amplitude and nonperturbative distribution amplitudes

• Dimensional counting rules re�ect conformal invariance:

• Hadron helicity conservation:

• Color transparency   Mueller, sjb;

• Hidden color        Ji, Lepage, sjb;

• Evolution of Distribution Amplitudes

M =
∫

TH ×Πφi

M ∼ f(θCM)
QNtot−4

∑
initial λ

H
i =

∑
final λ

H
j

Lepage, sjb; Efremov, Radyushkin
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Test of PQCD Scaling

PQCD and AdS/CFT:

sntot−2d�
dt (A+B→C+D) =

FA+B→C+D(�CM)

s7d�
dt (�p→ �+n) = F(�CM)

ntot = 1+3+2+3 = 9

s7d�/dt(�p→ �+n)∼ const
f ixed �CM scaling

Conformal invariance 

Constituent counting rules
Farrar, sjb; Muradyan, Matveev, Tavkelidze

No sign of running coupling

114

θcm = 90o
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s(GeV2)

dσ
dt (γp → MB) = F (θcm)

s7

s(GeV2)

Conformal Invariance:

115
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Compton-Scattering Cross Section on the Proton at High Momentum Transfer 

Je�erson Lab 
Hall A 

Collaboration

Open points:   Cornell measurement
M. A. Shupe et al., Phys. Rev. D 19, 1921 �1979�. 

pQCD
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Agrees with PQCD
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Ratio of Real Compton-Scattering Cross Section 
to Electron -Proton Scattering  at Fixed CM Angle

A. Nathan

Ratio 
becomes 
energy- 

independent 
at large s
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Quark-Counting : dσ
dt (pp → pp) = F (θCM)

s10
n = 4× 3− 2 = 10

n = 9.7± 0.5

Best Fit  

cm2

GeV2

Re�ects
underlying 
conformal 
scale�free 

interactions
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 Six-Quark 
Hidden-Color Resonances?

Spin-dependence at large-PT (90°cm):

Hard scattering takes place 

only with spins ��

A. Krisch, Sci. Am. 257 (1987) 
“The results challenge the prevailing theory that 

describes the proton’s structure and forces”

Quenching of Color Transparency!

de Teramond, sjb: Effect of Charm and 
Strangeness Thresholds

�Exclusiv� 
Transversity�

RNN

pT

plab
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Quark Interchange + 8-Quark Resonance

|uuduudcc̄ > Strange and Charm Octoquark!

M = 3 GeV, M = 5 GeV.

J = L = S = 1, B = 2

S. J. Brodsky and G. F. de Teramond, “Spin
Correlations, QCD Color Transparency And
Heavy Quark Thresholds In Proton Proton
Scattering,” Phys. Rev. Lett. 60, 1924 (1988).
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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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• New QCD physics in proton�proton elastic 
scattering at the charm threshold

• Anomalously large charm production at threshold!!?

•  Octoquark resonances?

• Color Transparency disappears at charm threshold

• Key physics at GSI: second charm threshold

123

pp → ppJ/ψ

pp → pΛcD
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Light Front Wavefunctions
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GPDs & Deeply Virtual Exclusive Processes
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� New Insight into Nucleon Structure

�$���#����� ��������
$'#�8�$�'* $�'#��� �#���+
�,&�:��"#'
�&&�
�*����

��&
#������%���$#�*&�$�'*& ���*�#���8�����#$'*���&$#��,$�'*&� �

Vector �� ����!��!���
Tensor � "���!�� !��

Axial-Vector � ����!��!����
Pseudoscalar � "���!�� !��

~
~

���!�!��!�"��!�!��!�#�#��;��*�#���8�����#$'*���&$#��,$�'*&<

� ��
�

���� J G = �

1

1

)0,,()0,,(
2

1

2

1
xExHxdxJ

qqq

�,�#���*�,��#��'��*$,� ����&,��#,���

X. Ji, Phy.Rev.Lett.78,610(1997)  
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N-1N+1

N N

NN

Light-Front Wave Function Overlap Representation

See also: Diehl, Feldmann, Jakob, Kroll
DGLAP
region

DGLAP
region

ERBL
region

N=3 VALENCE QUARK � Light�cone Constituent quark model

N=5 VALENCE QUARK + QUARK SEA � Meson�Cloud model

Diehl, Hwang, sjb,  NPB596, 2001

126

DVCS/GPD
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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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1√
1 − ζ

Δ1 − iΔ2

2M
E(n+1→n−1)(x, ζ, t)

= (√
1 − ζ

)3−n
∑
n,λi

∫ n+1∏
i=1

dxi d2�k⊥i

16π3 16π3δ

(
1 −

n+1∑
j=1

xj

)
δ(2)

(
n+1∑
j=1

�k⊥j

)
× 16π3δ(xn+1 + x1 − ζ )δ(2)

(�k⊥n+1 + �k⊥1 − �Δ⊥
)

× δ(x − x1)ψ
↑∗
(n−1)

(
x ′
i ,

�k′⊥i , λi

)
ψ

↓
(n+1)

(
xi, �k⊥i , λi

)
δλ1−λn+1,

where i = 2, . . . , n label the n − 1 spectator partons which appear in the final-state hadron
wavefunction with

x ′
i = xi

1 − ζ
, �k′⊥i = �k⊥i + xi

1 − ζ
�Δ⊥.

Example of LFWF representation 
of GPDs  �n+1 => n�1�

Diehl,Hwang, sjb
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���������	
������������������������

),,(
~

,
~

,, txEHEH
qqqq

�

� ��
�

���� JG = �

1

1

)0,,()0,,(
2

1

2

1
xExHxdxJ

qqq

Quark angular momentum (Ji’s sum rule)

X. Ji, Phy.Rev.Lett.78,610(1997)  

DIS at �=t=0

)(),()0,0,(
~

)(),()0,0,(

xqxqxH

xqxqxH
q

q

�		�

���

Form factors (sum rules)

�

)(),,(
~

,)(),,(
~

) Dirac f.f.(),,(

,

1

1

,

1

1

1

tGtxEdxtGtxHdx

tF1txHdx

qP
q

qA
q

q

q

����

���

��

� 


��

� ) Pauli f.f.(),,(
1

tF2txEdx
q

q
���� 


Veri�ed using 
LFWFs

Diehl,Hwang, sjb
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N

N

γ
*

γ
*

x0
x3

The position of the struck quark differs by x− in the two wave functions

x+ = x⊥ = 0)

P. Hoyer

x−

Space-time picture of  DVCS

σ = 1
2x−P+

Measure x� distribution from DVCS: 
Take Fourier transform of skewness, 
the longitudinal momentum transfer 

,

S. J. Brodskya, D. Chakrabartib, A. Harindranathc, A. Mukherjeed, J. P. Varye,a,f

ξ = Q2

2p.q
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S. J. Brodskya, D. Chakrabartib, A. Harindranathc, A. Mukherjeed, J. P. Varye,a,f

Hadron Optics

σ = 1
2x−P+

-20 -10 0 10 20
�

0

20

40

60

80

|b
�
�����

|b
�
�����

|b
�
�����

(b)

The Fourier Spectrum of the DVCS ampli-

tude in σ space for different fixed values of

|b⊥|.

DVCS  Amplitude using 
holographic QCD  meson LFWF

ΛQCD = 0.32

GeV units

B

S

0
0.005
0.01

0.015
0.02

  

B

ψ(σ, b⊥)

σ

ξ = Q2

2p.q

|b⊥|

A(σ,�b⊥) = 1
2π

∫
dξei12ξσÃ(ξ,�b⊥)
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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

132
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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



 

 Stan Brodsky,  SLAC
BARYONS & AdS/CFTBARYONS07

Seoul,  June 15, 2007

AdS/CFT explains why  
quark interchange is 

dominant 
interaction at high 
momentum transfer 

in exclusive reactions

Non�linear Regge behavior:

αR(t)→ −1

134

M(t, u)interchange ∝ 1
ut2

Quark Interchange
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Why is quark-interchange dominant over gluon

exchange?

Example: M(K+p → K+p) ∝ 1
ut2

Exchange of common u quark

MQIM =
∫

d2k⊥dx ψ
†
Cψ

†
DΔψAψB

Holographic model (Classical level):

Hadrons enter 5th dimension of AdS5

Quarks travel freely within cavity as long as

separation z < z0 = 1
ΛQCD

LFWFs obey conformal symmetry producing

quark counting rules.

135
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B.R. Baller et al.. 1988. 
 Published in 
Phys.Rev.Lett.60:1118
-1121,1988 

Quark Interchange: 
Dominant Dynamics at 

large t, u

Relative Rates Correct

137
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String Theory

AdS/CFT

Semi-Classical QCD / Wave EquationsSemi-Classical QCD / Wave Equations

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

3+1 space 
to  AdS5 space

Integrable!

Boost Invariant 3+1 Light-Front Wave EquationsBoost Invariant 3+1 Light-Front Wave Equations

Hadron Spectra, Wavefunctions, Dynamics

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

138
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• Predictions for hadronic spectra, light�front 
wavefunctions, interactions

• Use AdS/CFT as basis for diagonalizing the LF 
Hamiltonian

• Deduce meson and baryon  wavefunctions, 
distribution amplitude, structure function  from 
holographic constraint

• Extension to massive quarks

• Implementation of Chiral Symmetry

Holographic Connnection 
between LF and AdS/CFT

139
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H
QCD
LC |Ψh〉 =M2

h |Ψh〉
Heisenberg Equation

Light-Front QCD

Use AdS/QCD  basis functions

140
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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

141

Pauli, Hornbostel, Hiller, 
McCartor, sjb
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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 e�ects, single�spin 
asymmetries, odderon, di�ractive deep 
inelastic scattering, dangling gluons, 
shadowing, antishadowing ...
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