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Hadron Dynamics at the 
Amplitude Level

• DIS studies have primarily focussed on 
probability distributions:  integrated and 
unintegrated

• We need to determine hadron wavefunctions!

• Test QCD at the amplitude level: Phases, multi-
parton correlations, spin, angular momentum

• Wavefunctions: Fundamental QCD Dynamics
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Light Front Wavefunctions
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ψ(x,k⊥)
HQCD
LF |ψ>=M2|ψ>

Dirac’s Front Form: Fixed τ= t+ z/c

Light-Front Wavefunctions

Invariant under boosts.   Independent of Pµ

xi =
k+
i

P+

0 < xi < 1

n∑
i=1

xi = 1
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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⊥.

4
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In terms of the hadron four-momentum P =
(P+, P−, !P⊥) with P± = P0 ± P3, the light-
front frame independent Hamiltonian for a
hadronic composite system HQCD

LC = PµPµ =
P−P+− !P2⊥, has eigenvalues given in terms of
the eigenmass M squared corresponding to
the mass spectrum of the color-singlet states
in QCD,

HQCD
LC |Ψh〉 =M2

h |Ψh〉In terms of the hadron four-momentum P =
(P+, P−, !P⊥) with P± = P0 ± P3, the light-
front frame independent Hamiltonian for a
hadronic composite system HQCD

LC = PµPµ =
P−P+− !P2⊥, has eigenvalues given in terms of
the eigenmass M squared corresponding to
the mass spectrum of the color-singlet states
in QCD,

HQCD
LC |Ψh〉 =M2

h |Ψh〉

In terms of the hadron four-momentum P =
(P+, P−, !P⊥) with P± = P0 ± P3, the light-
front frame independent Hamiltonian for a
hadronic composite system HQCD

LC = PµPµ =
P−P+− !P2⊥, has eigenvalues given in terms of
the eigenmass M squared corresponding to
the mass spectrum of the color-singlet states
in QCD,

HQCD
LC |Ψh〉 =M2

h |Ψh〉

The hadron state |Ψh〉 is expanded in a Fock-
state complete basis of non-interacting n-
particle states |n〉 with an infinite number of
components

∣∣∣Ψh(P
+, !P⊥)

〉
=

∑
n,λi

∫
[dxi d2!k⊥i]ψn/h(xi,!k⊥i, λi)

× |n : xiP
+, xi

!P⊥ + !k⊥i, λi〉

The hadron state |Ψh〉 is expanded in a Fock-
state complete basis of non-interacting n-
particle states |n〉 with an infinite number of
components

∣∣∣Ψh(P
+, !P⊥)

〉
=

∑
n,λi

∫
[dxi d2!k⊥i]ψn/h(xi,!k⊥i, λi)

× |n : xiP
+, xi

!P⊥ + !k⊥i, λi〉

measure of the phase space integration is
defined by

[dxi d2!k⊥i] = (16π3) δ

1−
n∑

j=1
xj

 δ(2)

 n∑
$=1

!k⊥$

 n∏
i=1

dxi

xi

d2!k⊥i

16π3 ,

(3)
and a normalized hadronic state 〈ψ|ψ〉 = 1,
can be expressed as a sum of overlap inte-
grals of light-front wavefunctions∑

n

∫
[dxi d2!k⊥i] |ψn/h(xi,!k⊥i, λi)|2 = 1. (4)

Compute 
LFWFS from 
first principles



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC6

!uud

uud  +

i=1

n

i=1

n

M

(a)    Light Cone Fock Expansion

(b)    Distribution Amplitude

n
   

   <  Q
2

p  =
u
u
d

x2, k"2, #2

x3, k"3, #3

x1, k"1, #1

!uud

!n (xi, k"i, # i )  :   $!xi = 1,  $ k" i = 0

%
(x,Q)

 =     d2k" 

u
u
g
d

1–x, –k"

x, k"

!2

uudg  +...

p  qqq    :

!uudg

&�

M
2

n
p

p
p

p

q q

'('(

(c)  Deep Inelastic p       ' X

n
    2

  <  Q
2
,    xq  =  xBJ

xq, k"
   2

!n!n

!n

q(xBJ
, Q) =$     )!d2k"dx &�

p   J+(z) J+(0)  p

q

xx

q

= $

n

M

q

x, k"F##'  (Q
2
)  =  $

(d)    Form Factors  !!!!p!!!!!!!!!' p'

Large Q2

p+q, #'=#p, #

p, # p+q, #'

n
x, k"!"!q"

p' # '   J+ (0)  p#

TH

TH

y1

!n

'(

!n

y2

y3

x1

x2

x3

#$

#
*s

Q
f (xi, yi,)

2

4

+  ...

%
%

9–97 

8348A10

k k'

k k'

Large   s, t 

(e)    Compton   '!!p!!!!!!!'' p'

p+q, #'=#p, #

p'  J$!(z) J+(0)  p

TH

TH

y
1

y2

y3

x1

x2

x3

Compton #$

#
*s

PT

f (xi, yi, ,cm)

2

4

+ ...

%
%

Deep Inelastic Lepton Proton Scattering 

Imaginary Part of 
Forward Virtual Compton Amplitude
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q(x,Q2) = ∑n
R k2⊥≤Q2⊥ d2k⊥ |Ψn(x,k⊥)|2

x= xq

Light-Front Wave Functions ψn(xi,"k⊥i, λi)

Parton distributions " Light-Front Probabil-
ities
modulo FSI effects

All spin, flavor distributions



 
 Stan Brodsky,  SLACQCD at the Amplitude LevelComo Transversity 9-08-05 7

Hadron Dynamics at the 
Amplitude Level

• LFWFS are the universal hadronic amplitudes 
that underlie  structure functions, GPDs, 
exclusive processes.

• Relation of transversity and other distributions to  
physics of the hadron itself.

• Connections between observables, orbital angular 
momentum

• Role of FSI and ISIs--Sivers effect
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Holographic Model for Light-Front Wave
Functions

SJB and GdT

02/21/2005

Hadron form factors can be expressed as a sum of overlap integrals of light-front
wave functions:

F (q2) =
∑

n

∫ [
dxi

] [
d2!k⊥i

] ∑
j

ejψ
∗
n(xi,!k

′
⊥i, λi)ψn(xi,!k⊥i, λi), (1)

where the variables of the light-cone Fock components in the final-state are given by

!k′⊥i = !k⊥i + (1− xi) !q⊥, (2)

for a struck constituent quark and

!k′⊥i = !k⊥i − xi !q⊥, (3)

for each spectator. The momentum transfer is q2 = −!q 2
⊥ = −2P · q = −Q2. The

measure of the phase-space integration is

[
dxi

]
=

n∏
i=1

dxi√
xi

δ

(
1−

n∑
j=1

xj

)
, (4)

[
d2!k⊥i

]
= (16π3)

n∏
i=1

d2!k⊥i

16π3
δ(2)

(
n∑

!=1

!k⊥!

)
. (5)

We define the total position coordinate of a hadron or its transverse center of
momentum !R⊥ in terms of the energy momentum tensor T µν

!R⊥ =
1

P+

∫
dx−

∫
d2!r⊥T++!r⊥. (6)

In terms of partonic variables:

xi!r⊥i = !R⊥ +!b⊥i, (7)

where the variables !r⊥i are the physical coordinates and!b⊥ are the frame-independent
internal coordinates. Thus, !R⊥ =

∑
i xi!r⊥i and

∑
i
!b⊥i = 0.

Exact Representation of Form Factors using LFWFs

Drell Yan,  West,  Drell, SJB
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PQCD and Exclusive Processes

• Iterate kernel of LFWFs when at high virtuality; distribution 
amplitude contains all physics below factorization scale

• Rigorous Factorization Formulae: Leading twist

• Underly Exclusive B-decay analyses

• Distribution amplitude: gauge invariant, OPE, evolution 
equations, conformal expansions

• BLM scale setting: sum nonconformal contributions in scale 
of running coupling

• Derive Dimensional Counting Rules/ Conformal Scaling

M =
∫ ∏

dxidyiφF (x, Q̃)×TH(xi, yi, Q̃)φI(yi, Q)

Lepage; SJB
Efremov, Radyuskin
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• Fundamental measure of valence wavefunction

• Gauge Invariant (includes Wilson line)

• Evolution Equations, OPE

• Conformal Expansion

• Hadronic Input in Factorization Theorems

Hadron Distribution 
Amplitudes 

Lepage; SJB
Efremov, Radyuskin

φ(xi, Q) ≡ Πn−1
i=1

∫ Q d2"k⊥ ψn(xi,"k⊥i)



11

!uud

uud  +

i=1

n

i=1

n

M

(a)    Light Cone Fock Expansion

(b)    Distribution Amplitude

n
   

   <  Q
2

p  =
u
u
d

x2, k"2, #2

x3, k"3, #3

x1, k"1, #1

!uud

!n (xi, k"i, # i )  :   $!xi = 1,  $ k" i = 0

%
(x,Q)

 =     d2k" 

u
u
g
d

1–x, –k"

x, k"

!2

uudg  +...

p  qqq    :

!uudg

&�

M
2

n
p

p
p

p

q q

'('(

(c)  Deep Inelastic p       ' X

n
    2

  <  Q
2
,    xq  =  xBJ

xq, k"
   2

!n!n

!n

q(xBJ
, Q) =$     )!d2k"dx &�

p   J+(z) J+(0)  p

q

xx

q

= $

n

M

q

x, k"F##'  (Q
2
)  =  $

(d)    Form Factors  !!!!p!!!!!!!!!' p'

Large Q2

p+q, #'=#p, #

p, # p+q, #'

n
x, k"!"!q"

p' # '   J+ (0)  p#

TH

TH

y1

!n

'(

!n

y2

y3

x1

x2

x3

#$

#
*s

Q
f (xi, yi,)

2

4

+  ...

%
%

9–97 

8348A10

k k'

k k'

Large   s, t 

(e)    Compton   '!!p!!!!!!!'' p'

p+q, #'=#p, #

p'  J$!(z) J+(0)  p

TH

TH

y
1

y2

y3

x1

x2

x3

Compton #$

#
*s

PT

f (xi, yi, ,cm)

2

4

+ ...

%
%

!uud

uud  +

i=1

n

i=1

n

M

(a)    Light Cone Fock Expansion

(b)    Distribution Amplitude

n
   

   <  Q
2

p  =
u
u
d

x2, k"2, #2

x3, k"3, #3

x1, k"1, #1

!uud

!n (xi, k"i, # i )  :   $!xi = 1,  $ k" i = 0

%
(x,Q)

 =     d2k" 

u
u
g
d

1–x, –k"

x, k"

!2

uudg  +...

p  qqq    :

!uudg

&�

M
2

n
p

p
p

p

q q

'('(

(c)  Deep Inelastic p       ' X

n
    2

  <  Q
2
,    xq  =  xBJ

xq, k"
   2

!n!n

!n

q(xBJ
, Q) =$     )!d2k"dx &�

p   J+(z) J+(0)  p

q

xx

q

= $

n

M

q

x, k"F##'  (Q
2
)  =  $

(d)    Form Factors  !!!!p!!!!!!!!!' p'

Large Q2

p+q, #'=#p, #

p, # p+q, #'

n
x, k"!"!q"

p' # '   J+ (0)  p#

TH

TH

y1

!n

'(

!n

y2

y3

x1

x2

x3

#$

#
*s

Q
f (xi, yi,)

2

4

+  ...

%
%

9–97 

8348A10

k k'

k k'

Large   s, t 

(e)    Compton   '!!p!!!!!!!'' p'

p+q, #'=#p, #

p'  J$!(z) J+(0)  p

TH

TH

y
1

y2

y3

x1

x2

x3

Compton #$

#
*s

PT

f (xi, yi, ,cm)

2

4

+ ...

%
%

!uud

uud  +

i=1

n

i=1

n

M

(a)    Light Cone Fock Expansion

(b)    Distribution Amplitude

n
   

   <  Q
2

p  =
u
u
d

x2, k"2, #2

x3, k"3, #3

x1, k"1, #1

!uud

!n (xi, k"i, # i )  :   $!xi = 1,  $ k" i = 0

%
(x,Q)

 =     d2k" 

u
u
g
d

1–x, –k"

x, k"

!2

uudg  +...

p  qqq    :

!uudg

&�

M
2

n
p

p
p

p

q q

'('(

(c)  Deep Inelastic p       ' X

n
    2

  <  Q
2
,    xq  =  xBJ

xq, k"
   2

!n!n

!n

q(xBJ
, Q) =$     )!d2k"dx &�

p   J+(z) J+(0)  p

q

xx

q

= $

n

M

q

x, k"F##'  (Q
2
)  =  $

(d)    Form Factors  !!!!p!!!!!!!!!' p'

Large Q2

p+q, #'=#p, #

p, # p+q, #'

n
x, k"!"!q"

p' # '   J+ (0)  p#

TH

TH

y1

!n

'(

!n

y2

y3

x1

x2

x3

#$

#
*s

Q
f (xi, yi,)

2

4

+  ...

%
%

9–97 

8348A10

k k'

k k'

Large   s, t 

(e)    Compton   '!!p!!!!!!!'' p'

p+q, #'=#p, #

p'  J$!(z) J+(0)  p

TH

TH

y
1

y2

y3

x1

x2

x3

Compton #$

#
*s

PT

f (xi, yi, ,cm)

2

4

+ ...

%
%

Scaling  Laws from PQCD or 
AdS/CFT

QCD  Factorization 
Lepage, Sjb

Efremov 
Radyushkin
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Conformal Behavior : t2F1(t) = const

Non-perturbative model: 
Diehl, Kroll

Remarkable scaling 
behavior
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• Define “Effective” form factor by

• Peak at threshold, sharp dips at 2.25 GeV, 
3.0 GeV.

• Good fit to pQCD prediction for high mpp.

Timelike Proton Form Factor

N. Berger

Symmetrize

August 21, 2005

Φ(x, z = z0 = 1
ΛQCD

) = 0
In the large ! limit:
M2 = π2

4 !2Λ2
QCD

Conformal Symmetry – Property of classical renormalizable Lagrangian

Poincare transformations plus

dilatation : xµ → λxµ

plus

conformal transformations : inversion[xµ → −xµ

x2
] × translation × inversion

F (s) ∝ log−2 s
Λ2

s2

1
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zero Py.
The predictions for Px and Pz are shown in Figs. 2 and 3. Both figures are for

scattering angle 45◦ and Pe = 1. The phase difference (δE −δM ) between GE and GM

is directly given by the Py/Px ratio,

Py

Px
=

cos θ

Pe

Im G∗

MGE

Re G∗

MGE
=

cos θ

Pe
tan(δE − δM) . (14)
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Figure 2: The predicted polarization Px in the timelike region for θ = 45◦ and Pe = 1.
The four curves correspond to those in Fig. 1.

The magnetic form factor in the IJL model is very small in the 10 to 20 GeV2

region (taking the dipole form for comparison) and has a zero in the complex plane
near q2 = 15 GeV2. This accounts for much of the different behavior of the IJL
model seen in the polarization plots. That the IJL ratio for GE/GM is strikingly
large even by the standard set by the other three models also strongly affects the
angular behavior of the differential cross section. This is witnessed by Fig. 4, which
shows the angular behavior of dσ/dΩ for q2 = 10 GeV2. The lower three models are
also showing significant contributions from GE; at 90◦, the difference between the
curves shown and the value 0.5 is entirely due to |GE|2.

8

Carlson,  Hiller, Hwang, SJB

“Exclusive Transversity”



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC15

   

[18]

Exclusive Processes in QCD and Light-Front Wavefunctions

S. Brodsky

   

Return

Common Ingredients:  
Universal LFWFS, Distribution Amplitudes
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Fig. 5. Cross section for (a) γγ→π+π−, (b) γγ→K+K− in the c.m. angular region
|cos θ∗| < 0.6 together with a W−6 dependence line derived from the fit of s|RM |.
(c) shows the cross section ratio. The solid line is the result of the fit for the data
above 3 GeV. The errors indicated by short ticks are statistical only.

6 Systematic errors

The dominant systematic errors are listed in Table 2. The uncertainty due
to trigger efficiency is estimated by comparing the yields of γγ → µ+µ− in
real and simulated data [9] after accounting for the background from e+e− →
µ+µ− nγ events (varying with W from 0.5–4.6%), which have the same topol-
ogy [13]. The uncertainty in the relative muon identification efficiency between
real and simulated data is used to determine the error associated with the
residual µ+µ− subtraction from the π+π− sample. We use an error of 100% of
the subtracted value for the non-exclusive background subtraction. We allow
the number of χcJ events to fluctuate by up to 20% of the measured excess to
estimate the error due to the χc subtraction that is applied for the energy bins
in the range 3.3 GeV < W < 3.6 GeV. The total W -dependent systematic
error is 10–33% (10–21%) for the γγ → π+π− (γγ → K+K−) cross section.

11

PQCD, AdS/CFT:
Δσ(γγ→ π+π−,K+,K−)∼ 1/W 6

|cos(θCM)| < 0.6

Hard Exclusive Processes:
 Fixed angle

Two Photon Reactions
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Deuteron Photodisintegration & Dimensional Counting Rules 

PQCD and AdS/CFT:

sntot−2dσdt (A+B→C+D) =
FA+B→C+D(θCM)

s11dσdt (γd→ np) = F(θCM)

ntot−2=
(1 + 6 + 3+ 3 ) - 2 = 11



Check of CCR
Fit of dσ/dt data for 
the central angles and 
PT≥1.1 GeV/c "with 
 A s-11

For all but two of the fits 
�  χ2≤  1.34

Data consistent with CCR

P.Rossi et al, P.R.L. 94, 012301 (2005)

•Better χ2 at 55o and 75o if different data 
 sets are renormalized to each other

•No data at PT≥1.1 GeV/c at forward and   
 backward angles

•Clear s-11 behaviour for last 3 points at 35o 
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• Remarkable Test of Quark Counting Rules

• Deuteron Photo-Disintegration γd → np 

•
•

γd→ np

dσ
dt = F (t/s)

sntot−2

ntot = 1 + 6 + 3 + 3 = 13

γd→ np

dσ
dt = F (t/s)

sntot−2

ntot = 1 + 6 + 3 + 3 = 13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry

Hidden color: dσ

dt
(γd→∆++∆−) # dσ

dt
(γd→ pn)

at high pT

M =
∫ ∏

dxidyiφF (x, Q̃)×TH(xi, yi, Q̃)φI(yi, Q̃)

t = m2
π

αs → √
αs
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• Dimensional scaling of exclusive processes 
implies QCD is approximately conformal

• PQCD is conformal when β = 0

• Evaluate gluon exchange at small effective scales 
where αs is approximately constant: IR fixed point

• Apply AdS/CFT

Why is Conformal Theory 
Relevant?
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Why do dimensional counting 
rules work so well?

• PQCD predicts log corrections from powers of αs, logs, 
pinch contributions

• QCD coupling evaluated in IR regime. 

• IR Fixed point!   DSE:  Alkofer, von Smekal et al.

• QED, EW -- define coupling from observable, 
predict other observable

• Underlying Conformal Symmetry of QCD 
Lagrangian
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Define QCD Coupling from 
Observable

Re+e−→X(s) ≡ 3Σqe2q [1 + αR(s)
π ]

Γ(τ → Xeν)(m2
τ ) ≡ Γ0(τ → ud̄eν)×[1+ατ(m2

τ )
π ]

Re+e−→X(s) ≡ 3Σqe2q [1 + αR(s)
π ]

Γ(τ → Xeν)(m2
τ ) ≡ Γ0(τ → ud̄eν)×[1+ατ(m2

τ )
π ]

Relate observable to observable at 
commensurate scales

Grunberg

H.Lu, sjb
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!0.008 at s"m!
2 corresponds to a value of "MS(MZ

2)

"(0.117–0.122)!0.002, where the range corresponds to
three different perturbative methods used in analyzing the

data. This result is, at least for the fixed order and renorma-

lon resummation methods, in good agreement with the world

average "MS(MZ

2)"0.117!0.002 #46$. However, from the

figure we also see that the effective charge only reaches

"!(s)%0.9!0.1 at s"1 GeV2, and it even stays within the
same range down to s%0.5 GeV2. This result is in good
agreement with the estimate of Mattingly and Stevenson #47$
for the effective coupling "R(s)%0.85 for !s#0.3 GeV de-
termined from e

$
e

% annihilation, especially if one takes into

account the perturbative commensurate scale relation,

"!(m!!
2
)""R(s*) where, for "R"0.85, we have s*

!0.10 m!!
2
according to Eq. &7'. As we will show in more

detail in the next section, this behavior is not consistent with

the coupling having a Landau pole but rather shows that the

physical coupling is much more constant at low scales, sug-

gesting that physical QCD couplings are effectively constant

or ‘‘frozen’’ at low scales.

At the same time, it should be recognized that the behav-

ior of "!(s) in the region s#1 GeV2 is more and more
influenced by nonperturbative effects as the scale is lowered.

Even though the dominant nonperturbative effects cancel in

the sum of the vector and axial-vector contributions as can

be seen by looking at the corresponding effective charges

individually. Looking at "!
V(s), we see that it more or less

vanishes as the integration region moves to the left of the

two-pion peak in the hadronic spectrum. In the same way the

behavior of "!
A(s) at small scales is governed by the single

pion pole.

III. ANALYSIS OF THE INFRARED BEHAVIOR OF !"„s…

In order to be able to analyze the infrared behavior of the

effective coupling "!(s) in more detail, we will compare

with &a' the fixed-order perturbative evolution of the "!(s)

coupling on the one hand, and &b' with the evolution of cou-
plings that have nonperturbative or all-order resummations

included in their definition. For the latter case, many differ-

ent schemes have been suggested, and we will concentrate on

two of them: the one-loop ‘‘timelike’’ effective coupling

"eff(s) #3–5$, and the modified "̃V coupling calculated from

the static quark potential using perturbative gluon condensate

dynamics #48$.
The perturbative couplings evolve according to the stan-

dard evolution equation

das&s '

d ln s
"%(0as

2&s '%(1as
3&s '%(2as

4&s '%(3as
5&s '% . . . ,

&8'

where as(s)""s(s)/(4)). The first two terms in the ( func-
tion, (0 and (1, are universal at leading twist whereas the
higher order terms are scheme dependent. Currently the (
function is known to four loops ((3) in the MS scheme and
to three loops ((2) in the "! scheme. In the latter case there

also exists an estimate of the four-loop term. For complete-

ness these terms are summarized in the Appendix.

Figure 3 shows a comparison of the experimentally deter-

mined effective charge "!(s) with solutions to the evolution

equation &8' for "! at two-, three-, and four-loop order nor-

malized at m! . It is clear from the figure that the data on

"!(s) does not have the same behavior as the solution of the

&universal' two-loop equation which is singular1 at the scale
s!1 GeV2. However, at three loops the behavior of the per-
turbative solution drastically changes, and instead of diverg-

ing, it freezes to a value "!!2 in the infrared. The reason for
this fundamental change is, of course, the negative sign of

(! ,2 . At the same time, it must be kept in mind that this

result is not perturbatively stable since the evolution of the

coupling is governed by the highest order term. This is illus-

trated by the widely different results obtained for three dif-

ferent values of the unknown four-loop term (! ,3 which are

also shown.2 Still, it may be more than a mere coincidence

that the three-loop solution freezes in the infrared. Recently

it has been argued that "R(s) freezes perturbatively to all

orders #49$. Given the commensurate scale relation &6' this
should also be true perturbatively for "!(s). It is also inter-

esting to note that the central four-loop solution is in good

agreement with the data all the way down to s!1 GeV2.
The one-loop ‘‘timelike’’ effective coupling #3–5$

1The same divergent behavior would also be seen at three-and

four-loop order in the MS scheme where both (2 and (3 are posi-
tive for n f"3.
2The values of (! ,3 used are obtained from the estimate of the four

loop term in the perturbative series of R! , K4
MS"25!50 #30$.

FIG. 3. &Color online' The effective charge "! for nonstrange

hadronic decays of a hypothetical ! lepton with m!!
2 "s compared

to solutions of the fixed order evolution equation &8' for "! at two-,

three-, and four-loop order. Error bands include statistical and sys-

tematic errors.

BRODSKY et al. PHYSICAL REVIEW D 67, 055008 &2003'

055008-4

QCD Effective Coupling from
hadronic τ decay

Menke,Merino,Rathsman,SJB



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC24

A. Deur, et al

Preliminary

G.Gabadadze,H.J.Lu,A.Kataev,
J.Rathsman,SJB

• Generalized Crewther Relation

[1− αg1(Q
2)

π ]× [1 + αR(s∗)
π ] = 1

at s∗ = CQ2.

• Exact at leading twist.

• No scale ambiguity!

• Extraordinary Test of QCD

• αg1(Q
2)

π :
Analytic at quark thresholds.
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Conformal symmetry: Template 
for QCD

• Initial approximation to PQCD; correct for non-
zero beta function

• Commensurate scale relations: relate observables 
at corresponding scales

• Infrared fixed-point for αs

• Effective Charges: analytic at quark mass 
thresholds

• Eigensolutions of Evolution Equations



Transversity in Drell-Yan Processes

p p
Q
L

Q

l+

l-
Q2=
M2

Q
T

Polarized Antiproton Beam → Polarized Proton Target 
(both transversely polarized)

M invariant Mass
of lepton pair

F. Rathsman



pp Elastic Scattering from ZGS/AGS

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”

Coincidence?: Quenching of Color Transparency

Coincidence?: Charm and Strangeness Thresholds

GSI: 
Study in antiproton-proton 
elastic scattering
at second charm threshold

“Exclusive Transversity”
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The remarkable anomalies of 
proton-proton scattering 

• Double spin correlations

• Single spin correlations

• Color transparency
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Ideas for CarlFest

May 4, 2005

Spin Correlations in Elastic p− p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

1

Ideas for CarlFest

May 4, 2005

Spin Correlations in Elastic p− p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

1

Ideas for CarlFest

May 4, 2005

Spin Correlations in Elastic p− p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

AN

plab√
s

1



30

FIG. 3. The scaled differential cross section s7 dσ
dt versus center-of-mass energy for the

γp → π+n at θcm = 90◦. The data from JLab E94-104 are shown as solid circles. The er-
ror bars for the new data and for the Anderson et al. data [1], include statistical and systematic
uncertainties. Other data sets [26,27] are shown with only statistical errors. The open squares
in the lower plot were averaged from data at θcm = 85◦ and 95◦ [28]. The solid line was obtained
from the recent partial-wave analysis of single-pion photoproduction data [29] up to Eγ=2 GeV,
while the dashed line from the MAID analysis [30] up to Eγ=1.25 GeV.

10

Test of PQCD Scaling

PQCD and AdS/CFT:

sntot−2dσdt (A+B→C+D) =
FA+B→C+D(θCM)

s7dσdt (γp→ π+n) = F(θCM)
ntot = 1+3+2+3= 9

s7dσ/dt(γp→ π+n)∼ const
f ixed θCM scaling

Conformal invariance at high  momentum transfers!
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[113]

Exclusive Processes in QCD and Light-Front Wavefunctions

S. Brodsky

   

Return

Ideas for CarlFest

May 4, 2005

dσ
dt (pp→ pp) = F (t/s)

s9.7±0.5

Spin Correlations in Elastic p− p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

AN

plab√
s

1
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Ideas for CarlFest

May 4, 2005

Spin Correlations in Elastic p− p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

1

Ratio reaches 4:1 !

Ideas for CarlFest

May 4, 2005
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Ideas for CarlFest

May 4, 2005

Spin Correlations in Elastic p− p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

1
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[112]

Exclusive Processes in QCD and Light-Front Wavefunctions

S. Brodsky

   

Return

Strangeness Charm
p Δ
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[125]

Exclusive Processes in QCD and Light-Front Wavefunctions

S. Brodsky

   

Return

Test Color Transparency 

Ideas for CarlFest

May 4, 2005

dσ
dt (pA→ pp(A− 1))→ Z × dσ

dt (pp→ pp)
Spin Correlations in Elastic p− p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
Scientific American, 255, 42-50 (August, 1987).

AN

plab√
s

1

A.H. Mueller, SJB
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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].

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).

Quark Interchange + 8-Quark Resonance
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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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What causes the Krisch Effect?

Largest spin-spin correlation in hadron physics!

An outstanding problem confronting QCD

Two Models:

Carlson, Lipkin, SJB:

Complete analysis of spin correlations

Interference of QIM and
Landshoff “Pinch” (triple scattering)
contributions

de Teramond, SJB:

Peaks in RNN associated with
p∆, strangeness, charm thresholds

Predict significant strangeness production
σ(pp→ sX) ∼ 1 mb just above threshold

Predict significant charm production
σ(pp→ cX) ∼ 1 µb just above threshold
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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).

Quark Interchange + 8-Quark Resonance

|uuduudcc̄ > Strange and Charm Octoquark!

M = 3 GeV, M = 5 GeV.

J = L = S = 1, B = 2
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• New QCD physics in anti-proton proton elastic 
scattering at the second charm threshold

• Octoquark resonances?

• Color Transparency

• Exclusive Processes: New physics at GSI

41
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Light-Front QCD Phenomenology

• Hidden color, Intrinsic glue, sea, Color Transparency

• Near Conformal Behavior of LFWFs at Short 
Distances; PQCD constraints

• Vanishing anomalous gravitomagnetic moment

• Relation between edm and anomalous magnetic 
moment

• Cluster Decomposition Theorem for relativistic 
systems

• OPE: DGLAP, ERBL evolution; invariant mass scheme
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316 S.J. Brodsky et al. / Nuclear Physics B 593 (2001) 311–335

〈
P + q,↑ ∣∣J+(0)

2P+
∣∣P,↑ 〉 = F1(q

2), (5)

〈
P + q,↑ ∣∣J+(0)

2P+
∣∣P,↓ 〉 = −(q1 − iq2)F2(q

2)

2M
. (6)

The magnetic moment of a composite system is one of its most basic properties. The

magnetic moment is defined at the q2 → 0 limit,

µ = e

2M

[
F1(0) + F2(0)

]
, (7)

where e is the charge and M is the mass of the composite system. We use the standard

light-cone frame (q± = q0 ± q3):

q = (
q+, q−, %q⊥

) =
(
0,

−q2

P+ , %q⊥
)

,

P = (
P+,P−, %P⊥

) =
(

P+,
M2

P+ , %0⊥
)

, (8)

where q2 = −2P · q = −%q2⊥ is 4-momentum square transferred by the photon.
The Pauli form factor and the anomalous magnetic moment κ = e

2M F2(0) can then be

calculated from the expression

−(q1 − iq2)F2(q
2)

2M
= ∑

a

∫
d2%k⊥ dx
16π3

∑
j

ej ψ↑∗
a

(
xi, %k′⊥i ,λi

)
ψ↓

a

(
xi, %k⊥i ,λi

)
, (9)

where the summation is over all contributing Fock states a and struck constituent charges

ej . The arguments of the final-state light-cone wavefunction are [1,2]

%k′⊥i = %k⊥i + (1− xi)%q⊥ (10)

for the struck constituent and

%k′⊥i = %k⊥i − xi %q⊥ (11)

for each spectator. Notice that the magnetic moment must be calculated from the spin-

flip non-forward matrix element of the current. It is not given by a diagonal forward matrix

element [21]. In the ultra-relativistic limit where the radius of the system is small compared

to its Compton scale 1/M , the anomalous magnetic moment must vanish [22]. The light-

cone formalism is consistent with this theorem.

The form factors of the energy–momentum tensor for a spin- 1
2
composite are defined by

〈P ′|T µν(0)|P 〉 = ū(P ′)
[
A(q2)γ (µ +P ν) + B(q2)

i

2M
+P (µσν)αqα

+ C(q2)
1

M
(qµqν − gµνq2)

]
u(P ), (12)

where qµ = (P ′ − P)µ, +Pµ = 1
2
(P ′ + P)µ , a(µbν) = 1

2
(aµbν + aνbµ), and u(P ) is the

spinor of the system.

As in the light-cone decomposition Eqs. (5) and (6) of the Dirac and Pauli form factors

for the vector current [8], we can obtain the light-cone representation of the A(q2) and
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B(q2) form factors of the energy-tensor equation (12). Since we work in the interaction

picture, only the non-interacting parts of the energy–momentum tensor T ++(0) need to be

computed in the light-cone formalism. By calculating the ++ component of Eq. (12), we

find 〈
P + q,↑ ∣∣T ++(0)

2(P+)2

∣∣P,↑〉 = A(q2), (13)

〈
P + q,↑ ∣∣T ++(0)

2(P+)2

∣∣P,↓〉 = −(q1 − iq2)B(q2)

2M
. (14)

The A(q2) and B(q2) form factors Eqs. (13) and (14) are similar to the F1(q
2) and F2(q

2)

form factors Eqs. (5) and (6) with an additional factor of the light-conemomentum fraction

x = k+/P+ of the struck constituent in the integrand. The B(q2) form factor is obtained

from the non-forward spin-flip amplitude. The value of B(0) is obtained in the q2 → 0

limit. The angular momentum projection of a state is given by

〈J i〉 = 1
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This result is derived using a wave packet description of the state. The 〈Li〉 term is the

orbital angular momentum of the center of mass motion with respect to an arbitrary origin

and can be dropped. The coefficient of the 〈Li〉 termmust be 1;A(0) = 1 also follows when

we evaluate the four-momentum expectation value 〈Pµ〉. Thus the total intrinsic angular
momentum J z of a nucleon can be identified with the values of the form factors A(q2) and

B(q2) at q2 = 0:

〈J z〉 =
〈
1

2
σ z

〉[
A(0) + B(0)

]
. (16)

One can define individual quark and gluon contributions to the total angular momentum

from the matrix elements of the energy–momentum tensor [9]. However, this definition is

only formal;Aq,g(0) can be interpreted as the light-conemomentum fraction carried by the

quarks or gluons 〈xq,g〉. The contributions from Bq,g(0) to Jz cancel in the sum. In fact,

we shall show that the contributions to B(0) vanish when summed over the constituents of

each individual Fock state.

We will give an explicit realization of these relations in the light-cone Fock representa-

tion for general composite systems. In the next section we will illustrate the formulae by

computing the electron’s electromagnetic and energy–momentum tensor form factors to

one-loop order in QED. In fact, the structure of this calculation has much more generality

and can be used as a template for more general composite systems.

3. The light-cone Fock state decomposition and spin structure of leptons in QED

The Schwinger one-loop radiative correction to the electron current in quantum

electrodynamics has played a historic role in the development of quantum field theory.
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moment vanishes [22]. The light-cone formalism also properly incorporatesWigner boosts.

Thus this model of composite systems can serve as a useful theoretical laboratory to

interrelate hadronic properties and check the consistency of formulae proposed for the

study of hadron substructure.

7. Spin and orbital angular momentum composition of light-cone wavefunctions

In general the light-cone wavefunctions satisfy conservation of the z projection of

angular momentum:

J z =
n∑

i=1
sz
i +

n−1∑
j=1

lzj . (62)

The sum over sz
i represents the contribution of the intrinsic spins of the n Fock state

constituents. The sum over orbital angular momenta lzj = −i(k1j ∂
∂k2j

− k2j
∂

∂k1j

)
derives from

the n−1 relative momenta. This excludes the contribution to the orbital angularmomentum
due to the motion of the center of mass, which is not an intrinsic property of the hadron.

We can see how the angular momentum sum rule Eq. (62) is satisfied for the

wavefunctions Eqs. (20) and (23) of the QED model system of two-particle Fock states.

In Table 1 we list the fermion constituent’s light-cone spin projection sz
f = 1

2
λf, the boson

constituent spin projection sz
b = λb, and the relative orbital angular momentum lz for each

contributing configuration of the QED model system wavefunction.

Table 1 is derived by calculating the matrix elements of the light-cone helicity operator

γ +γ 5 [29] and the relative orbital angular momentum operator−i(k1 ∂
∂k2

− k2 ∂
∂k1

)
[16,30,

31] in the light-cone representation. Each configuration satisfies the spin sum rule: J z =
sz
f + sz

b + lz.

For a better understanding of Table 1, we look at the non-relativistic and ultra-relativistic

limits. At the non-relativistic limit, the transversal motions of the constituent can be

neglected and we have only the | + 1
2
〉 → | − 1

2
+ 1〉 configuration which is the non-

relativistic quantum state for the spin-half system composed of a fermion and a spin-1

boson constituents. The fermion constituent has spin projection in the opposite direction

to the spin J z of the whole system. However, for ultra-relativistic binding in which the

transversal motions of the constituents are large compared to the fermion masses, the

Table 1

Spin decomposition of the J z = + 1
2
electron

Configuration Fermion spin sz
f

Boson spin sz
b

Orbital ang. mom. lz∣∣+ 1
2

〉 → ∣∣+ 1
2

+ 1〉 + 1
2

+1 −1∣∣+ 1
2

〉 → ∣∣− 1
2

+ 1〉 − 1
2

+1 0∣∣+ 1
2

〉 → ∣∣+ 1
2

− 1〉 + 1
2

−1 +1

Conserved 
LF Fock state by Fock State
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n-1 orbital angular momenta

Angular Momentum on the Light-Front
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At zero momentum transfer

B(0) = Bf(0) + Bb(0) = 0, (58)

which is another example of the vanishing of the anomalous gravitomagneticmoment. [See

also Fig. 1(e) + Fig. 1(f).] The general proof that B(0) = 0 for any system is given in the

next section. Note that B(Q2) does not vanish for nonzero momentum transfer.

5. The anomalous gravitomagnetic moment for composite systems

In this section we shall show that the anomalous gravitomagnetic moment B(0) always

vanishes for each contributing Fock state of a general composite system. In order to

calculate B(0) using Eq. (14), we need to consider a non-forward amplitude. The internal

momentum variables for the final state wavefunction are given by Eqs. (10) and (11). The

subscripts of xi and !k⊥i label constituent particles, the superscripts of q
1⊥, k1⊥, and k2⊥ label

the Lorentz indices, and the subscript a in ψa indicates the contributing Fock state. The

essential ingredient is the Lorentz property of the light-cone wavefunctions.

It is important to identify the n− 1 independent relative momenta of the n-particle Fock

state.

−B(0)

2M
= lim

q1⊥→0

∂

∂q1⊥

〈
P + q,↑ ∣∣T ++(0)

2(P+)2

∣∣P,↓〉
= lim

q1⊥→0

∂

∂q1⊥

〈
Ψ ↑(

P+ = 1, !P⊥ = !q⊥
)∣∣T ++(0)

2(P+)2

∣∣Ψ ↓(
P+ = 1, !P⊥ = !0⊥

)〉
= lim

q1⊥→0

∂

∂q1⊥

∑
a

∫ n−1∏
k=1

d2!k⊥k dxk

16π3

× ψ↑∗
a

(
x1, x2, . . . , xn−1, (1− x1 − x2 − · · · − xn−1),

!k′⊥1, !k′⊥2, . . . , !k′⊥n−1,
(−!k′⊥1 − !k′⊥2 − · · · − !k′⊥n−1

))
×

[
n−1∑
i=1

xi + (1− x1 − x2 − · · · − xn−1)
]

× ψ↓
a

(
x1, x2, . . . , xn−1, (1− x1 − x2 − · · · − xn−1),

!k⊥1, !k⊥2, . . . , !k⊥n−1,
(−!k⊥1 − !k⊥2 − · · · − !k⊥n−1

))
. (59)

Using integration by parts,

−Ba(0)

2M

=
∫ n−1∏

k=1

d2!k⊥k dxk

16π3
ψ↑∗

a

(
x1, x2, . . . , xn−1, (1− x1 − x2 − · · · − xn−1),

!k⊥1, !k⊥2, . . . , !k⊥n−1,
(−!k⊥1 − !k⊥2 − · · · − !k⊥n−1

))
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×
[

n−1∑
i=1

xi

(
(−1+ xi)

∂

∂k1⊥i

+
n−1∑
j $=i

xj
∂

∂k1⊥j

)

+ (1− x1 − x2 − · · · − xn−1)
n−1∑
j=1

xj
∂

∂k1⊥j

]
×ψ↓

a

(
x1, x2, . . . , xn−1, (1− x1 − x2 − · · · − xn−1),

&k⊥1, &k⊥2, . . . , &k⊥n−1,
(−&k⊥1 − &k⊥2 − · · · − &k⊥n−1

))
=

∫ n−1∏
k=1

d2&k⊥k dxk

16π3
ψ↑∗

a

(
x1, x2, . . . , xn−1, (1− x1 − x2 − · · · − xn−1),

&k⊥1, &k⊥2, . . . , &k⊥n−1,
(−&k⊥1 − &k⊥2 − · · · − &k⊥n−1

))
×

[
n−1∑
i=1

(
−1+

n−1∑
j=1

xj + (1− x1 − x2 − · · · − xn−1)
)

xi
∂

∂k1⊥i

]
×ψ↓

a

(
x1, x2, . . . , xn−1, (1− x1 − x2 − · · · − xn−1),

&k⊥1, &k⊥2, . . . , &k⊥n−1,
(−&k⊥1 − &k⊥2 − · · · − &k⊥n−1

))
= 0. (60)

Thus the contribution Ba(0) from each contributing Fock state a to the total anomalous

gravitomagnetic moment B(0) vanishes separately.

6. The perturbative models as a template for a composite system

We can use the structure of the one-loop QED and Yukawa calculations with general

values for M , m, and λ, to represent a spin- 1
2
system composed of a fermion and a spin-1

or spin-0 boson. Such a model describes an effectively composite system with no bare

one-particle Fock state. We can also generalize the functional form of the momentum

space wavefunction ϕ(x, &k⊥) by introducing a spectrum of vector bosons satisfying the

generalized Pauli–Villars spectral conditions∫
dλ2 λ2Nρ(λ2) = 0, N = 0,1, . . . . (61)

For example, we can simulate a proton as a bound state of a quark and diquark [24],

using spin-0, spin-1 diquarks, or a linear superposition of the two states. The model can be

made to match the power-law fall-off of the hadron form factors predicted in perturbative

QCD by the choice of sum rule conditions on the Pauli–Villars spectra [25,26]. The light-

cone framework of the model resembles that of the covariant parton model of Landshoff,

Polkinghorne and Short [27,28], in which the power behavior of the spectral integral at

high masses corresponds to the Regge behavior of the deep inelastic structure functions.

Although the model is based on just two Fock constituents, it is relativistic and satisfies

self-consistency conditions such as in the point-like limit whereR2M2 → 0, the anomalous

B(q2) not zero : 
QED: 2 photon cut

Equivalence Theorem
Kobsarev, Okun

Taryaev

Hwang, Ma, Schmidt, sjb
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2 QED Model (Perturbative)

ψ↑
+ 1

2 +1
(x,"k⊥) = −√

2 (−k1+ik2)
x(1−x) ϕ ,

ψ↑
+ 1

2 −1
(x,"k⊥) = −√

2 (+k1+ik2)
1−x ϕ ,

ψ↑
− 1

2 +1
(x,"k⊥) = −√

2(M − m
x ) ϕ ,

ψ↑
− 1

2 −1
(x,"k⊥) = 0 ,

(8)

where

ϕ = ϕ(x,"k⊥) =
e/
√

1 − x

M2 − ("k2⊥ + m2)/x − ("k2⊥ + λ2)/(1 − x)
. (9)



ψ↓
+ 1

2 +1
(x,"k⊥) = 0 ,

ψ↓
+ 1

2 −1
(x,"k⊥) = −√

2(M − m
x ) ϕ ,

ψ↓
− 1

2 +1
(x,"k⊥) = −√

2 (−k1+ik2)
1−x ϕ ,

ψ↓
− 1

2 −1
(x,"k⊥) = −√

2 (+k1+ik2)
x(1−x) ϕ .

(10)

q(x, Λ2)spin−1 diquark

=
∫ d2"k⊥dx

16π3
θ(Λ2 −M2) 2

[ "k2
⊥

x2(1 − x)2
+

"k2
⊥

(1 − x)2
+ (M − m

x
)2

]
|ϕ|2 ,

∆q(x, Λ2)spin−1 diquark

=
∫ d2"k⊥dx

16π3
θ(Λ2 −M2) 2

[ "k2
⊥

x2(1 − x)2
+

"k2
⊥

(1 − x)2
− (M − m

x
)2

]
|ϕ|2 ,

δq(x, Λ2)spin−1 diquark

=
∫ d2"k⊥dx

16π3
θ(Λ2 −M2) 4

[ "k2
⊥

x(1 − x)2

]
|ϕ|2 . (11)

3

LFWFs of Electron (n=2)

Hwang, Schmidt, sjb

Spin-1/2    
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Fig. 1. Helicity-flip electromagnetic and gravitational form factors for spacelike q2 = −Q2 < 0 from

the quantum fluctuations of a fermion at one-loop order in units of α/π for QED and g2/4π2 for

the Yukawa theory. The fermion constituent mass is taken as mf = M . The boson constituent is

massless.

The helicity-flip electromagnetic and gravitational form factors for the fluctuations of

the electron at one-loop are illustrated in Fig. 1. The cancellation of the sum of graviton

couplings B(q2) to the constituents at q2 = 0 is evident.

(a) Helicity-flip Pauli form factor F2(q
2) in QED. Notice that F2(0) = 1/2.

(b) Helicity-flip form factor Bb(q
2) of the graviton coupling to the boson (photon)

constituent of the electron at one-loop order in QED. Notice that Bb(0) = −1/3.
(c) Helicity-flip fermion form factor Bf(q

2) of the graviton coupling to the fermion

constituent at one-loop order in QED. Notice that Bf(0) = 1/3, and thus Bf(0) + Bb(0) =
0.

(d) Helicity-flip Pauli form factor F2(q
2) in the Yukawa theory. Notice that in this case

F2(0) = 3/4.

(e) Helicity-flip form factor Bb(q
2) of the graviton coupling to the boson at one-loop

order in the Yukawa theory. Notice that Bb(0) = −5/12.
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(a) Helicity-flip Pauli form factor F2(q
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(b) Helicity-flip form factor Bb(q
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Light-Cone Wavefunction Representations of
Anomalous Magnetic Moment and Electric Dipole

Moment
August 28, 2005

1 Outline

• P, C, T on the LF

• LF representations of the electromagnetic form factors

• Relationship between F2 and F3

• Consequences for estimate of F3 and bounds on CP-violating parameters

1.1 Discrete Symmetry Transformations on the Light Front

We use the γ matrices in the Dirac representation:

γ0 =

(
1 0
0 −1

)
, γi =

(
0 σi

−σi 0

)
, γ5 =

(
0 1
1 0

)
, (1)

where σi are Pauli matrices and σµν = i
2 [γ

µ, γν ]. The light-cone spinors are given by

uLC
↑ (p) =

1√
2p+


p+ + m

pR

p+ −m
pR

 , uLC
↓ (p) =

1√
2p+


−pL

p+ + m
pL

−p+ + m

 , (2)

where we use the notation pR = p1 + ip2, pL = p1 − ip2, p± = p0 ± p3. Moreover, we
employ the notation kµ = (k+, k−, kL, kR) throughout. Note that k ·x = (1/2)(k+x−+
k−x+ − kLxR − kRxL).

The development of the transformation properties of the various fermion bilinears
under C, P , and T in the light-front formalism parallels that of Peskin and Schroeder,
p. 64ff. One crucial difference, however, is that we will invoke the transformation
properties on the ⊥ components of xµ, kµ only, so that we can avoid the occurrence
of transformations such as k+ ↔ k−, or negative definite values of k+ or k−. In
specific, we will consider transformations on #k⊥ alone, so that |#k⊥|2, k−, and k+ all
remain unchanged. This means that our particles will remain on their energy shell
throughout, in analogy to the on-mass-shell condition in the equal-time formalism.

2 Light-Cone Wavefunction Representations

2.1 Electric Dipole Moment Form Factor

In the case of a spin-1
2 composite system, the Dirac and Pauli form factors F1(q2) and

F2(q2), electric dipole moment form factor F3(q2) are defined by

〈P ′|Jµ(0)|P 〉 = U(P ′)
[
F1(q

2)γµ+F2(q
2)

i

2M
σµαqα+F3(q

2)
−1

2M
σµαγ5qα

]
U(P ) , (47)

where qµ = (P ′ − P )µ and u(P ) is the bound state spinor. In the light-cone formal-
ism it is convenient to identify the Dirac and Pauli form factors from the helicity-
conserving and helicity-flip vector current matrix elements of the J+ current:

F1(q
2) =

〈
P + q, ↑

∣∣∣∣∣J+(0)

2P+

∣∣∣∣∣ P, ↑
〉

=

〈
P + q, ↓

∣∣∣∣∣J+(0)

2P+

∣∣∣∣∣ P, ↓
〉

, (48)

F2(q2)

2M
=

1

2

[
+

1

−q1 + iq2

〈
P + q, ↑

∣∣∣∣∣J+(0)

2P+

∣∣∣∣∣ P, ↓
〉

+
1

q1 + iq2

〈
P + q, ↓

∣∣∣∣∣J+(0)

2P+

∣∣∣∣∣ P, ↑
〉 ]

,

(49)
F3(q2)

2M
=

i

2

[
+

1

−q1 + iq2

〈
P + q, ↑

∣∣∣∣∣J+(0)

2P+

∣∣∣∣∣ P, ↓
〉
− 1

q1 + iq2

〈
P + q, ↓

∣∣∣∣∣J+(0)

2P+

∣∣∣∣∣ P, ↑
〉 ]

.

(50)
In getting (48), (49) and (50) from (47), we used (for P ′+ = P+)

1

2P+
U(P ′, λ′)γ+ U(P, λ) = δλ, λ′ , (51)

1

2P+
U(P ′, λ′)iσ+1 U(P, λ) = −λ δλ,−λ′ , (52)

1

2P+
U(P ′, λ′)iσ+2 U(P, λ) = − i δλ,−λ′ ,

1

2P+
U(P ′, λ′)iσ+1γ5 U(P, λ) = − δλ,−λ′ , (53)

1

2P+
U(P ′, λ′)iσ+2γ5 U(P, λ) = − i λ δλ,−λ′ .

The magnetic and electric moment of a composite system is one of its most basic
properties. The magnetic moment is defined at the q2 → 0 limit,

µ =
e

2M
[F1(0) + F2(0)] , d =

e

2M
F3(0) , (54)
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where e is the charge and M is the mass of the composite system. We use the standard
light-cone frame (q± = q0 ± q3):

q = (q+, q−, !q⊥) =

(
0,
−q2

P+
, !q⊥

)
,

P = (P+, P−, !P⊥) =

(
P+,

M2

P+
,!0⊥

)
, (55)

where q2 = −2P · q = −!q2
⊥ is 4-momentum square transferred by the photon.

The Pauli form factor and the anomalous magnetic moment κ = e
2M F2(0) and the

electric dipole moment d = e
2M F3(0) can then be calculated from the expressions

F2(q2)

2M
=

∑
a

∫ d2!k⊥dx

16π3

∑
j

ej
1

2
× (56)

[
+

1

−q1 + iq2
ψ↑∗

a (xi,!k
′
⊥i, λi) ψ↓

a(xi,!k⊥i, λi) +
1

q1 + iq2
ψ↓∗

a (xi,!k
′
⊥i, λi) ψ↑

a(xi,!k⊥i, λi)
]

,

F3(q2)

2M
=

∑
a

∫ d2!k⊥dx

16π3

∑
j

ej
i

2
× (57)

[
+

1

−q1 + iq2
ψ↑∗

a (xi,!k
′
⊥i, λi) ψ↓

a(xi,!k⊥i, λi)− 1

q1 + iq2
ψ↓∗

a (xi,!k
′
⊥i, λi) ψ↑

a(xi,!k⊥i, λi)
]

,

where the summation is over all contributing Fock states a and struck constituent
charges ej. The arguments of the final-state light-cone wavefunction are

!k′⊥i = !k⊥i + (1− xi)!q⊥ (58)

for the struck constituent and

!k′⊥i = !k⊥i − xi!q⊥ (59)

for each spectator.

3 Explicit Calculations in Example of Scalar Di-
quark Model

3.1 Sivers Function

In this section we calculate the Sivers function explicitly using the formula (??), which
expresses the Sivers function in terms of the light-cone wavefunctions, in the scalar

8

Relation between edm and anomalous magnetic moment
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where q2 = −2P · q = −!q2
⊥ is 4-momentum square transferred by the photon.
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2M F2(0) and the
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3 Explicit Calculations in Example of Scalar Di-
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Fig. 3. Light-cone time-ordered contributions to deeply virtual Compton scattering. Only the

contributions of leading power in 1/Q are illustrated. These contributions illustrate the factorization

property of the leading twist amplitude.

see Fig. 3. We specify the frame by choosing a convenient parametrization of the light-cone

coordinates for the initial and final proton:

P =
(

P+, !0⊥,
M2

P+

)
, (3)

P ′ =
(

(1− ζ )P+,− !∆⊥,
M2 + !∆2⊥
(1− ζ )P+

)
, (4)

whereM is the proton mass. We use the component notation V = (V +, !V⊥,V −), and our

metric is specified by V ± = V 0±V z and V 2 = V +V − − !V 2⊥. The four-momentum transfer
from the target is

∆ = P − P ′ =
(

ζP+, !∆⊥,
t + !∆2⊥
ζP+

)
, (5)

where t = ∆2. In addition, overall energy–momentum conservation requires ∆− =
P− − P ′−, which connects !∆2⊥, ζ , and t according to

t = 2P · ∆ = −ζ 2M2 + !∆2⊥
1− ζ

. (6)

As in the case of space-like form factors, it is convenient to choose a frame where the

incident space-like photon carries q+ = 0 so that q2 = −Q2 = −!q 2⊥:

Nuclear Physics B 596 (2001) 99–124
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Abstract

We give a complete representation of virtual Compton scattering γ ∗p → γp at large initial photon

virtuality Q2 and small momentum transfer squared t in terms of the light-cone wavefunctions of

the target proton. We verify the identities between the skewed parton distributions H(x, ζ, t) and

E(x, ζ, t) which appear in deeply virtual Compton scattering and the corresponding integrands of

the Dirac and Pauli form factors F1(t) and F2(t) and the gravitational form factors Aq(t) and Bq(t)

for each quark and anti-quark constituent. We illustrate the general formalism for the case of deeply

virtual Compton scattering on the quantum fluctuations of a fermion in quantum electrodynamics at

one loop. ! 2001 Elsevier Science B.V. All rights reserved.

PACS: 12.20.-m; 12.39.Ki; 13.40.Gp; 13.60.Fz

1. Introduction

Virtual Compton scattering γ ∗p → γp (see Fig. 1) has extraordinary sensitivity to

fundamental features of the proton’s structure. Particular interest has been raised by the

description of this process in the limit of large initial photon virtuality Q2 = −q2 [1–5].

Even though the final state photon is on-shell, one finds that the deeply virtual process

probes the elementary quark structure of the proton near the light-cone as an effective

local current, or in other words, that QCD factorization applies [3,6,7].

In contrast to deep inelastic scattering, which measures only the absorptive part of

the forward virtual Compton amplitude, ImTγ ∗p→γ ∗p , deeply virtual Compton scattering

!Work partially supported by the Department of Energy, contract DE-AC03-76SF00515.

E-mail addresses: sjbth@slac.stanford.edu (S.J. Brodsky), markus.diehl@desy.de (M. Diehl),

dshwang@kunja.sejong.ac.kr (D.S. Hwang).
1 Supported by the Feodor Lynen Program of the Alexander von Humboldt Foundation.

0550-3213/01/$ – see front matter ! 2001 Elsevier Science B.V. All rights reserved.

PII: S0550-3213(00)00695-7



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC56

S.J. Brodsky et al. / Nuclear Physics B 596 (2001) 99–124 111

encode all of the bound state quark and gluon properties of hadrons, including their

momentum, spin and flavor correlations, in the form of universal process- and frame-

independent amplitudes.

The deeply virtual Compton amplitude can be evaluated explicitly by starting from the

Fock state representation for both the incoming and outgoing proton, using the boost

properties of the light-cone wavefunctions, and evaluating the matrix elements of the

currents for a quark target. One can also directly evaluate the non-local current matrix

elements (16) in the same framework. In the following we will concentrate on the

generalized Compton form factors H and E. Formulae analogous to our results can be

obtained for H̃ and Ẽ.

For the n → n diagonal term (∆n = 0), the relevant current matrix element at quark

level is∫
dy−
8π

eixP+y−/2
〈
1;x ′

1P
′+, $p′⊥1,λ′

1

∣∣ψ̄(0)γ +ψ(y)
∣∣1;x1P

+, $p⊥1,λ1
〉∣∣

y+=0,y⊥=0

=
√

x1x
′
1

√
1− ζδ(x − x1)δλ′

1λ1
, (38)

where for definiteness we have labeled the struck quark with the index i = 1. We thus

obtain formulae for the diagonal (parton-number-conserving) contributions to H and E in

the domain ζ ! x ! 1 [17]:
√
1− ζ

1− ζ
2

H(n→n)(x, ζ, t) − ζ 2

4
(
1− ζ

2

)√
1− ζ

E(n→n)(x, ζ, t)

= (√
1− ζ

)2−n
∑
n,λi

∫ n∏
i=1

dxi d
2$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

)
, (39)

1√
1− ζ

∆1 − i∆2

2M
E(n→n)(x, ζ, t)

= (√
1− ζ

)2−n
∑
n,λi

∫ n∏
i=1

dxi d
2$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

)
, (40)

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
$∆⊥ for the struck quark,

x ′
i = xi

1− ζ
, $k′⊥i = $k⊥i + xi

1− ζ
$∆⊥ for the spectators i = 2, . . . , n.

(41)

One easily checks that
∑n

i=1 x ′
i = 1 and

∑n
i=1 $k′⊥i = $0⊥. In Eqs. (39) and (40) one has to

sum over all possible combinations of helicities λi and over all parton numbers n in the

Fock states. We also imply a sum over all possible ways of numbering the partons in the

n-particle Fock state so that the struck quark has the index i = 1.
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For the n → n diagonal term (∆n = 0), the relevant current matrix element at quark

level is∫
dy−
8π

eixP+y−/2
〈
1;x ′

1P
′+, $p′⊥1,λ′

1

∣∣ψ̄(0)γ +ψ(y)
∣∣1;x1P

+, $p⊥1,λ1
〉∣∣

y+=0,y⊥=0

=
√

x1x
′
1

√
1− ζδ(x − x1)δλ′

1λ1
, (38)

where for definiteness we have labeled the struck quark with the index i = 1. We thus

obtain formulae for the diagonal (parton-number-conserving) contributions to H and E in

the domain ζ ! x ! 1 [17]:
√
1− ζ

1− ζ
2

H(n→n)(x, ζ, t) − ζ 2

4
(
1− ζ

2

)√
1− ζ

E(n→n)(x, ζ, t)

= (√
1− ζ

)2−n
∑
n,λi

∫ n∏
i=1

dxi d
2$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

)
, (39)

1√
1− ζ

∆1 − i∆2

2M
E(n→n)(x, ζ, t)

= (√
1− ζ

)2−n
∑
n,λi

∫ n∏
i=1

dxi d
2$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

)
, (40)

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
$∆⊥ for the struck quark,

x ′
i = xi

1− ζ
, $k′⊥i = $k⊥i + xi

1− ζ
$∆⊥ for the spectators i = 2, . . . , n.

(41)

One easily checks that
∑n

i=1 x ′
i = 1 and

∑n
i=1 $k′⊥i = $0⊥. In Eqs. (39) and (40) one has to

sum over all possible combinations of helicities λi and over all parton numbers n in the

Fock states. We also imply a sum over all possible ways of numbering the partons in the

n-particle Fock state so that the struck quark has the index i = 1.

Example of LFWF representation 
of GPDs  (n => n)
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Analogous formulae hold in the domain ζ − 1 < x < 0, where the struck parton in the

target is an antiquark instead of a quark. Some care has to be taken regarding overall signs

arising because fermion fields anticommute. For details we refer to [17,27].

For the n + 1→ n − 1 off-diagonal term ("n = −2), let us consider the case where
quark 1 and antiquark n + 1 of the initial wavefunction annihilate into the current leaving

n−1 spectators. Then xn+1 = ζ −x1 and #k⊥n+1 = #∆⊥ − #k⊥1. The remaining n−1 partons
have total plus-momentum (1−ζ )P+ and transverse momentum− #∆⊥. The current matrix
element now is∫

dy−
8π

eixP+y−/2
〈
0
∣∣ψ̄(0)γ +ψ(y)

∣∣2;x1P
+, xn+1P+, #p⊥1, #p⊥n+1,λ1,λn+1

〉∣∣∣
y+=0,y⊥=0

= √
x1xn+1 δ(x − x1)δλ1−λn+1, (42)

and we thus obtain the formulae for the off-diagonal contributions to H and E in the

domain 0! x ! ζ :
√
1− ζ

1− ζ
2

H(n+1→n−1)(x, ζ, t) − ζ 2

4
(
1− ζ

2

)√
1− ζ

E(n+1→n−1)(x, ζ, t)

= (√
1− ζ

)3−n
∑
n,λi

∫ n+1∏
i=1

dxi d
2#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(x − x1)ψ
↑∗
(n−1)

(
x ′
i ,

#k′⊥i ,λi

)
ψ

↑
(n+1)

(
xi, #k⊥i ,λi

)
δλ1−λn+1,

(43)

1√
1− ζ

∆1 − i∆2

2M
E(n+1→n−1)(x, ζ, t)

= (√
1− ζ

)3−n
∑
n,λi

∫ n+1∏
i=1

dxi d
2#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(x − x1)ψ
↑∗
(n−1)

(
x ′
i ,

#k′⊥i ,λi

)
ψ

↓
(n+1)

(
xi, #k⊥i ,λi

)
δλ1−λn+1,

(44)

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
#∆⊥. (45)

We can again check that the arguments of the final-state wavefunction satisfy
∑n

i=2 x ′
i = 1,∑n

i=2 #k′⊥i = #0⊥. We imply in (43) and (44) a sum over all possible ways of numbering the
partons in the initial wavefunction such that the quark with index 1 and the antiquark with

index n + 1 annihilate into the current.
The powers of

√
1− ζ in (39), (40) and (43), (44) have their origin in the integration

measures in the Fock state decomposition (36) for the outgoing proton. The fractions x ′
i
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Analogous formulae hold in the domain ζ − 1 < x < 0, where the struck parton in the

target is an antiquark instead of a quark. Some care has to be taken regarding overall signs

arising because fermion fields anticommute. For details we refer to [17,27].

For the n + 1→ n − 1 off-diagonal term ("n = −2), let us consider the case where
quark 1 and antiquark n + 1 of the initial wavefunction annihilate into the current leaving

n−1 spectators. Then xn+1 = ζ −x1 and #k⊥n+1 = #∆⊥ − #k⊥1. The remaining n−1 partons
have total plus-momentum (1−ζ )P+ and transverse momentum− #∆⊥. The current matrix
element now is∫

dy−
8π

eixP+y−/2
〈
0
∣∣ψ̄(0)γ +ψ(y)

∣∣2;x1P
+, xn+1P+, #p⊥1, #p⊥n+1,λ1,λn+1

〉∣∣∣
y+=0,y⊥=0

= √
x1xn+1 δ(x − x1)δλ1−λn+1, (42)

and we thus obtain the formulae for the off-diagonal contributions to H and E in the

domain 0! x ! ζ :
√
1− ζ

1− ζ
2

H(n+1→n−1)(x, ζ, t) − ζ 2

4
(
1− ζ

2

)√
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E(n+1→n−1)(x, ζ, t)

= (√
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∑
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(
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i ,
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)
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)
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(44)

where i = 2, . . . , n label the n − 1 spectator partons which appear in the final-state hadron
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Example of LFWF representation 
of GPDs  (n+1 => n-1)

Diehl,Hwang, sjb
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Verified using 
LFWFs

Diehl,Hwang, sjb
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γ∗p→ γp′, γ∗p→ π+n′,

• Remarkable sensitivity to spin, flavor, dynamics

• Measure Real and Imaginary parts from Bethe-
Heitler Interference; phase determined by Regge 
theory (Kuti-Weiskopf)

• J=0 fixed pole:  test QCD contact interaction!

• Sum Rules connecting to form factors, Lz

• Evolution Equations (ERBL), PQCD constraints

• Convolutions of Light-front wavefunctions

Deeply Virtual Compton Scattering

Close, Gunion, sjb
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LFWFS give a fundamental description 
of hadron observables

• LFWFS underly structure functions and 
generalized parton distributions.     

•  Parton number not conserved: n=n’ & n=n’+2 at 
nonzero skewness

• GPDs are not densities or probability 
distributions

• Nonperturbative QCD: Lattice, DLCQ,        
Bethe-Salpeter, AdS/CFT
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• Discretized Light-Cone Quantization (DLCQ)

• Many 1+1 model field theories completely solved using 
DLCQ Hornbostel, Pauli, sjb;  Klebanov

• UV Regularization: 3+ 1 Pauli Villars          Hiller, McCartor, sjb

• Transverse Lattice        Bardeen, Peterson,Rabinovici, Burkardt, Dalley

• Bethe-Salpeter/Dyson-Schwinger at fixed LF time

• Angular Structure of Solutions known    Karmanov, Hwang, sjb 

• Use AdS/CFT model solutions as starting point! Vary, sjb

Solving the LF Heisenberg Eqn.

Minkowski space !
Pauli, 

sjb
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y
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Structure function of boson constituent  in 3+1Yukawa theory

Hiller, McCartor, sjb

Three-particle Fock state truncation

Pauli-Villars Regularization
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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 momentum,

• Hadron Spectra, Regge Trajectories

AdS/CFT and QCD

x→ 1

Jz = +
1

2

Lz = 1

Lz = −1
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Hard Diffraction from 
Rescattering

• Diffractive DIS: New Insight into Final State 
Interactions in QCD

• Origin of Hard Pomeron

• Structure Functions not Probability Distributions

• T-odd Single-Spin Asymmetries

• Diffractive dijets/ trijets

• Color Transparency, Color Opaqueness
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Diffractive Deep Inelastic Lepton-Proton 
Scattering

DDIS

Enberg
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Fig. 4. Fraction r of events with a large rapidity gap, 

qmax < 1.5, as a function of Q2 A for two ranges of XDA. No 
acceptance corrections have been applied. 

small compared to WDA and is typically smaller than 

10 GeV. The events span the range of  WDA from 60 

to 270 GeV. For  WDA > 150 GeV these events are 

well separated from the rest of  the sample. In this 

region, acceptance corrections have little dependence 

on W and the contr ibut ion of  these events to the deep 

inelastic cross section is, within errors, constant with 

WDA, as expected for a diffractive type of  interaction 

(see fig. 3b). At smaller values of  WDA, the acceptance 

for these events decreases since the final state hadronic 

system is boosted in the forward direction. 

In fig. 3c we present the dis tr ibut ion of  Mx for 

events with r/max< 1.5 and WOA > 150 GeV. The dis- 

t r ibution is not corrected for detector or acceptance ef- 

fects. Although this acceptance could be model  depen- 

dent, the three models  we have checked [ 13,14,16 ] 

predict  a flat acceptance with Mx for Mx > 4 GeV. 

We observe a spectrum which, given our resolution, 

the uncertainty about the acceptance and the large sta- 

tistical errors, is compat ible  with a 1/MZx dependence,  

shown as the solid curve. 

The fraction of  events with a large rapidi ty gap, pre- 

sented as a function of  Q~A in fig. 4 for two selected 

bins of  XOA, is, within errors, independent  of  Q2. The 

Q2 dependence is little affected by acceptance correc- 

tions. In QCD terminology, leading twist contribu- 

tions to structure functions show little (at most loga- 

r i thmic)  dependence on Q2 at fixed x, whereas higher 

twist terms fall as a power of  Q2. Since the proton 

structure function determined for our DIS data  sam- 

ple shows a leading twist behavior  [29], the produc- 

t ion mechanism responsible for the large rapidity gap 

events is also likely to be a leading twist effect. The 

decrease with x is partly due to acceptance, since for 

larger values of x the final hadronic state is boosted 

in the direction of  the proton so that such events will 

not be identified as having a large rapidi ty  gap in our 

detector. 

8. Discussion and conclusions 

In a sample of  deep inelastic neutral current scatter- 

ing events, we have observed a class of  events with a 

large rapidi ty gap in the final hadronic state. The flat 

rapidi ty  distr ibution,  the lack of  W dependence and 

the shape of  the Mx distr ibution are suggestive of  a 

diffractive interaction between a highly virtual pho- 

ton and the proton, mediated by the exchange of  the 

pomeron [5 ]. The fact that the percentage of  events 

with a large rapidity gap shows only a weak depen- 

dence on Q2 points to a leading twist contribution to 

the proton structure function. 

For  the hypothesis that events with a large rapidi ty 

gap are produced by a diffractive mechanism, one 

expects such events to be accompanied by a quasi- 

elastically scattered proton. For  this type of  pro- 

cess the gap between the maximum rapidity of  the 

calorimeter  and the rapidi ty of  the scattered proton is 

about three units. The selection criteria, in part icular 

the requirement of  a rapidi ty gap in the detector of  

at least 2.8 units, l imit  the acceptance for diffractive- 

like events. Since we have made no corrections for 

acceptance, the 5.4% for DIS events with a large 

rapidity gap should be considered a lower l imit  for 

diffractively produced events. 
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Inclusive Diffraction at HERA

F.-P. Schillinga∗ (on behalf of the H1 and ZEUS collaborations) †

aDESY, Notkestr. 85, D-22603 Hamburg, Germany

New precision measurements of inclusive diffractive deep-inelastic ep scattering interactions, performed by the
H1 and ZEUS collaborations at the HERA collider, are discussed. A new set of diffractive parton distributions,
determined from recent high precision H1 data, is presented.

1. INTRODUCTION

One of the biggest challenges in our under-
standing of QCD is the nature of colour sin-
glet exchange or diffractive interactions. The
electron-proton collider HERA is an ideal place to
study hard diffractive processes in deep-inelastic
ep scattering (DIS). In such interactions, the
point-like virtual photon probes the structure of
colour singlet exchange, similarly to inclusive DIS
probing proton structure.

2

!

Figure 1: Illustration of
a diffractive DIS event.

At HERA,
around 10% of
low x events
are diffractive
[1]. Experimen-
tally, such events
are identified by
either tagging
the elastically
scattered pro-
ton in Roman
pot spectrometers
60− 100 m down-
stream from the
interaction point
or by asking for

a large rapidity gap without particle production
between the central hadronic system and the
proton beam direction.

A diagram of diffractive DIS is shown in Fig. 1.
A virtual photon coupling to the beam electron

∗e-mail address: fpschill@mail.desy.de
†Talk presented at 31st Intl. Conference on High Energy
Physics ICHEP 2002, Amsterdam

interacts diffractively with the proton through
the exchange of a colour singlet and produces a
hadronic system X with mass MX in the final
state. If the 4-momenta of the incoming (out-
going) electron and proton are labeled l (l′) and
p (p′) respectively, the following kinematic vari-
ables can be defined: Q2 = −q2 = −(l − l′)2, the
photon virtuality; β = Q2/q.(p − p′), the longi-
tudinal momentum fraction of the struck quark
relative to the diffractive exchange; xIP = q.(p −
p′)/q.p, the fractional proton momentum taken
by the diffractive exchange and t = (p− p′)2, the
4-momentum squared transferred at the proton
vertex. Bjorken-x is given by x = xIP β. For the
measurements presented here typical values of xIP

are < 0.05. y = Q2/sx denotes the inelasticity,
where s is the ep CMS energy.

A diffractive reduced cross section σD(4)
r can be

defined via

d4σep→eXp

dxIP dt dβ dQ2
=

4πα2

βQ4

(
1 − y +

y2

2

)
σD(4)

r (xIP , t, β, Q2) , (1)

which is related to the diffractive structure func-
tions FD

2 and the longitudinal FD
L by

σD
r = FD

2 −
y2

2(1 − y + y2

2 )
FD

L . (2)

Except at the highest y, σD
r = FD

2 to a very good
approximation. If the outgoing proton is not de-
tected, the measurements are integrated over t:

σD(3)
r =

∫
dt σD(4)

r .

10% of DIS 
events are 

diffractive !
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p

Final State Interaction 
Produces Diffractive DIS 

Quark Rescattering 

Hoyer, Marchal, Peigne, Sannino, SJB (BHMPS)

Enberg, Hoyer, Ingelman, SJB

Hwang, Schmidt, SJB
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Integration over on-shell domain produces phase i
Need Imaginary Phase to Generate 

Pomeron
Need Imaginary Phase to Generate 

T-Odd Single-Spin Asymmetry

Physics of FSI not in Wavefunction of Target
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Pomeron is not 
a constituent 

of proton! 

Problem:  Wrong Phase

Real;  should be imaginary

Need Final State Interactions !
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• Quarks Reinteract in Final State

• Analogous to Coulomb phases, but not unitary

• Observable effects:  DDIS, SSI, shadowing, 
antishadowing

• Structure functions cannot be computed from 
LFWFs computed in isolation

• Wilson line not 1 even in lcg



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC71



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC72

Enberg

ψ(y)
Z y

0
dx eiA(x)·dx ψ(0)
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Feynman Gauge Light-Cone Gauge
Result is Gauge Independent

Final State Interactions in QCD 



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC74

easily expressed in eikonal form in terms of transverse distances rT , RT conjugate to
p2T , kT . The DIS cross section can be expressed as

Q4 dσ

dQ2 dxB
=

αem

16π2

1 − y

y2

1

2Mν

∫ dp−2
p−2

d2%rT d2 %RT |M̃ |2 (3)

where

|M̃(p−2 ,%rT , %RT )| =

∣∣∣∣∣∣
sin

[
g2 W (%rT , %RT )/2

]
g2 W (%rT , %RT )/2

Ã(p−2 ,%rT , %RT )

∣∣∣∣∣∣ (4)

is the resummed result. The Born amplitude is

Ã(p−2 ,%rT , %RT ) = 2eg2MQp−2 V (m||rT )W (%rT , %RT ) (5)

where m2
|| = p−2 MxB + m2 and

V (m rT ) ≡
∫ d2%pT

(2π)2

ei!rT ·!pT

p2
T + m2

=
1

2π
K0(m rT ). (6)

The rescattering effect of the dipole of the qq is controlled by

W (%rT , %RT ) ≡
∫ d2%kT

(2π)2

1 − ei!rT ·!kT

k2
T

ei!RT ·!kT =
1

2π
log


 |%RT + %rT |

RT


 . (7)

The fact that the coefficient of Ã in Eq. (4) is less than unity for all %rT , %RT shows that
the rescattering corrections reduce the cross section in analogy to nuclear shadowing.
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Figure 1: Two types of final state interactions. (a) Scattering of the antiquark (p2

line), which in the aligned jet kinematics is part of the target dynamics. (b) Scattering
of the current quark (p1 line). For each light-front time-ordered diagram, the poten-
tially on-shell intermediate states—corresponding to the zeroes of the denominators
Da, Db, Dc—are denoted by dashed lines.

A new understanding of the role of final-state interactions in deep inelastic scat-
tering has thus emerged. The final-state interactions from gluon exchange occurring

4

Final State Interactions Non-Zero in QCD

Light-Cone Gauge Feynman Gauge

BHMPS
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QCD Mechanism for Rapidity Gaps
Wilson Line: ψ(y)

Z y

0
dx eiA(x)·dx ψ(0)
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11-2001 
8624A06

S

current 
quark jet

final state 
interaction

spectator 
system

proton

e– 

!*

e– 

quark

Single-spin asymmetries Sivers Effect

!Sp ·!q×!pq

Hwang, Schmidt. 
sjb
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Hard Diffraction from 
Rescattering

• Diffractive Deep Inelastic Scattering  (DDIS) 

• Nuclear Shadowing &  Antishadowing

• Single Spin Asymmetries (Sivers Effect)

• Fundamental Features of Gauge Theory, Color

Unification:
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!S ·!p jet×!q

!S ·!p jet×!q

• Bjorken Scaling!

• Arises from Interference of Final State Coulomb 
Phase in S and P waves

• Relate to the quark contribution to the target 
proton anomalous magnetic moment

• Sum of Sivers Functions for all quarks and gluons 
vanishes. (Zero gravitoanomalous magnetic 
moment

Final State Interactions Produce 
T-Odd  (Sivers Effect)

Hwang, Schmidt. 
sjb
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Quarks Reinteract in the Final State
Interference of Coulomb Phases for S and P states
Produce Single Spin Asymmetry [Siver’s Effect]
!S ·!p jet×!q
Use thrust or momentum of leading pion
to find jet direction
Measure !S ·!pπ×!q
Distinguish from Collins Effect [from jet fragmentation]
Proportional to the Proton Anomalous Moment and αs.

Hwang, Schmidt. 
sjb; Burkardt
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Model Calculation producing a target single-spin asym-
metry in semi-inclusive leptoproduction
Quarks Reinteract in the Final State
Interference of Coulomb Phases for S and P states
Produce Single Spin Asymmetry [Siver’s Effect]
!S ·!p jet×!q
Proportional to the Proton Anomalous Moment and αs.

Hwang, Schmidt. 
sjb
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Single Spin Asymmetry In the Drell Yan Process
!Sp ·!p×!qγ∗
Quarks Interact in the Initial State
Interference of Coulomb Phases for S and P states
Produce Single Spin Asymmetry [Siver’s Effect]Proportional

to the Proton Anomalous Moment and αs.
Opposite Sign to DIS! No Factorization

Collins; 
Hwang, Schmidt. 

sjb
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Origin of Nuclear Shadowing 
in Glauber  - Gribov Theory

Interaction on upstream nucleon diffractive
Interference of one-step and two-step processes

Phase i X i = - 1 produces destructive interference
No Flux reaches down stream nucleon
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FIG. 2: (Color online) Comparison with experimental ratios
R = F A

2 /F D
2 . The ordinate indicates the fractional differences

between experimental data and theoretical values: (Rexp −

Rtheo)/Rtheo.
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FIG. 3: (Color online) Comparison with experimental data of
R = F A

2 /F C,Li
2

. The ratios (Rexp − Rtheo)/Rtheo are shown.

ters cannot be determined easily by the present data.
The χ2 analysis results are shown in comparison with

the data. First, χ2 values are listed for each nuclear
data set in Table III. The total χ2 divided by the degree
of freedom is 1.58. Comparison with the actual data is
shown in Figs. 2, 3, and 4 for the FA

2 /FD
2 , FA

2 /FC,Li
2 ,

and Drell-Yan (σpA
DY /σpA′

DY ) data, respectively. These ra-
tios are denoted Rexp for the experimental data and Rtheo

for the parametrization calculations. The deviation ra-
tios (Rexp−Rtheo)/Rtheo are shown in these figures. The
NPDFs are evolved to the experimental Q2 points, then
the ratios (Rexp − Rtheo)/Rtheo are calculated.
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FIG. 5: (Color online) Parametrization results are compared
with the data of F2 ratios F Ca

2 /F D
2 and Drell-Yan ratios

σpCa
DY /σpD

DY . The theoretical curves and uncertainties are cal-
culated at Q2=5 GeV2 for the F2 ratios and at Q2=50 GeV2

for the Drell-Yan ratios.

As examples, actual data are compared with the
parametrization results in Fig. 5 for the ratios FCa

2 /FD
2

and σpCa
DY /σpD

DY . The shaded areas indicate the ranges of
NPDF uncertainties, which are calculated at Q2=5 GeV2

for the F2 ratios and at Q2=50 GeV2 for the Drell-Yan
ratios. The experimental data are well reproduced by the
parametrization, and the the data errors agree roughly
with the uncertainty bands. We should note that the
parametrization curves and the uncertainties are calcu-
lated at at Q2=5 and 50 GeV2, whereas the data are
taken at various Q2 points. In Fig. 5, the smallest-
x data at x=0.0062 for FCa

2 /FD
2 seems to deviate from

the parametrization curve. However, the deviation comes
simply from a Q2 difference. In fact, if the theoretical ra-
tio is estimated at the experimental Q2 point, the data
point agrees with the parametrization as shown in Fig.
2.

5

Anti-Shadowing

Shadowing
M. Hirai, S. Kumano and T. H. Nagai,
“Nuclear parton distribution functions
and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
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Nuclear Shadowing in QCD 

Nuclear  Shadowing not included in nuclear LFWF !
Connection to DDIS 
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Phase of two-step amplitude relative to one
step:

1√
2
(1− i)× i = 1√

2
(i + 1)

Constructive Interference

Depends on quark flavor!

Thus antishadowing is not universal

Different for couplings of γ∗, Z0, W±

Reggeon 
Exchange

Lu, sjb

Yang, Schmidt, sjb

Momentum Sum Rule and 
antishadowing: 

 Nikolaev, Zakharov
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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}
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Figure 9: The nuclear shadowing and antishadowing effects at 〈Q2〉 = 1 GeV2. The
experimental data are taken from Refs. [47, 48].

interactions.

3 Nuclear effects on extraction of sin
2 θW

The observables measured in neutrino DIS experiments are the ratios of neutral cur-

rent (NC) to charged current (CC) current events; these are related via Monte Carlo

simulations to sin2 θW . In order to examine the possible impact of nuclear shadowing

and antishadowing corrections on the extraction of sin2 θW , one is usually interested

in the following ratios

Rν
A =

σ(νµ + A → νµ + X)

σ(νµ + A → µ− + X)
, (38)

Rν
A =

σ(νµ + A → νµ + X)

σ(νµ + A → µ+ + X)
(39)

of NC to CC neutrino (anti-neutrino) cross sections for a nuclear target A. As is well

known, if nuclear effects are neglected for an isoscalar target, one can extract the

24
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S. J. Brodsky, I. Schmidt and J. J. Yang,
“Nuclear Antishadowing in
Neutrino Deep Inelastic Scattering,”
Phys. Rev. D 70, 116003 (2004)
[arXiv:hep-ph/0409279].
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Estimate 20% effect on extraction of sin2 θW

for NuTeV

Need new experimental studies of
antishadowing in

• Parity-violating DIS

• Spin Dependent DIS

• Charged and Neutral Current DIS

Yang, Schmidt, sjb
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Diffractive Dissociation of 
Pion

Measure Light-Front Wavefunction of Pion
Two-gluon Exchange

Minimal momentum transfer to nucleus
Nucleus left Intact

E791 Ashery et al.
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Fluctuation of a Pion to a 
Compact Color Dipole State

Color-Transparent Fock State For High Transverse 
Momentum Di-Jets

Same Fock State 
Determines Weak 

Decay
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Fluctuation of a Pion to a 
Compact Color Dipole State

Small Size Pion Can 
Interact Coherently on 

Each Nucleon of 
Nucleus

Diffractive Dijet Cross Section Color Transparent

M(πA→ JetJetA′)=A1M(πN→ JetJetN ′)FA(t)
dσ/dt(πA→ JetJetA′) =
A2dσ/dt(πN→ JetJetN ′)|FA(t)|2
σ ∝ A2

R2A
∼ A4/3



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC94

E791 Collaboration, E. Aitala et al., Phys. Rev. Lett. 86, 4773 (2001)

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



 
 Stan Brodsky,  SLACQCD at the Amplitude LevelComo Transversity 9-08-05

E791 Collaboration, E. Aitala et al., Phys. Rev. Lett. 86, 4773 (2001)

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

Conventional Glauber 
Theory Ruled Out ! 

FermiLab E791 
Ashery et al

95

Ashery E791: 
Measure pion LFWF in diffractive dijet production 

Confirms color transparency !

Mueller, sjb; Bertsch et al; Frankfurt, Miller, Strikman
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πA→ JetJetA′

ψπ
qq̄(x,!k⊥)

D. Ashery, Tel Aviv University

THE qq̄ MOMENTUM WAVE FUNCTION

MEASURED BY DI-JETS

Fermilab E791 Collaboration, PRL 86, 4768 (2001)

1.5GeV/c ≤ kt ≤ 2.5GeV/c; Q2 ∼ 16 (GeV/c)2 : φ2 > 0.9φ2
Asy

1.25GeV/c ≤ kt ≤ 1.5GeV/c; Q2 ∼ 8 (GeV/c)2 :

φ2 contains contributions from CZ or other non-perturbative wave functions

x

Diffractive Dissociation of a 
Pion into Dijets

• E789 Fermilab Experiment 
Ashery et al

• 500 GeV pions collide on 
nuclei keeping it intact

• Measure momentum of two 
jets

• Study momentum distributions 
of pion LF wavefunction
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D. Ashery, Tel Aviv University

THE kt DEPENDENCE OF DI-JETS YIELD

dσ

dk2
t

∝
∣∣∣∣αs(k

2
t )G(x, k2

t )
∣∣∣∣2

∣∣∣∣∣∣∣
∂2

∂k2
t

ψ(u, kt)

∣∣∣∣∣∣∣
2

With ψ ∼ φ
k2

t
, weak φ(k2

t ) and αs(k2
t ) dependences and G(x, k2

t ) ∼ k1/2
t : dσ

dkt
∼ k−6

t

For low kt:

Gaussian: ψ ∼ e−βk2
t (Jakob and Kroll)

Coulomb: ψ(p) =
(

1
1+p2/p2

a

)2
(Pauli)

D. Ashery, Tel Aviv University

THE kt DEPENDENCE OF DI-JETS YIELD

dσ

dk2
t

∝
∣∣∣∣αs(k

2
t )G(x, k2

t )
∣∣∣∣2

∣∣∣∣∣∣∣
∂2

∂k2
t

ψ(u, kt)

∣∣∣∣∣∣∣
2

With ψ ∼ φ
k2

t
, weak φ(k2

t ) and αs(k2
t ) dependences and G(x, k2

t ) ∼ k1/2
t : dσ

dkt
∼ k−6

t

For low kt:

Gaussian: ψ ∼ e−βk2
t (Jakob and Kroll)

Coulomb: ψ(p) =
(

1
1+p2/p2

a

)2
(Pauli)

High Transverse 
momentum  dependence 
consistent with PQCD/

AdS/CFT



Diffractive Dissociation of 
Pion into Di-Jets

• Verify Color Transparency 

• Pion Interacts coherently 
on each nucleon of 
nucleus!

• Pion Distribution similar 
to Asymptotic Form

• Scaling in transverse 
momentum consistent 
with PQCD

M ∝ A, σ ∝ A2

ψ(x,k⊥) ∝ x(1− x)
Also: AdS/CFT
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Coulomb Dissociate Proton 
to Three Jets at HERA

Measure Ψqqq(xi,!k⊥i) valence wavefunction of proton

Frankfurt
Strikman

Miller



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC

 

100

Duality between  strongly 
coupled conformal theory and 
#eakly coupled  type IIB string 

theory



101  
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

Strongly Coupled Conformal QCD and Holography

• Conformal Theories are invariant under the Poincaré and conformal transformations with

Mµν , P µ,D,Kµ, the generators of SO(4, 2).

• QCD appears as a nearly-conformal theory in the energy regimes accessible to experiment.

Invariance of conformal QCD is broken by quark masses and quantum loops (running cou-

pling). For β = dαs(Q2)/dlnQ2 = 0 (fixed point theory), PQCD is a conformal theory:
Parisi, Phys. Lett. B 39, 643 (1972).

• Phenomenological success of dimensional scaling laws for exclusive processes dσ/dt ∼
1/sn−2 (n total number of constituents), implies QCD is a strongly coupled conformal theory

at moderate but not asymptotic energies (PQCD predicts powers of αs and logs).

• Theoretical and empirical evidence that αs(Q2) has an IR fixed point (constant in the IR):
Alkofer, Fischer and Llanes-Estrada, hep-th/0412330; Brodsky, Menke, Merino and Rathsman, hep-

ph/0212078; Deur, this conference.

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 6
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obtained by genetic analyses for the origin of
modern human variation1 only heightens
their importance. !

Chris Stringer is in the Human Origins Group 

at The Natural History Museum, 

London SW7 5BD, UK.

e-mail: c.stringer@nhm.ac.uk
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I
n fundamental physics, our description of
nature involves four forces: gravitational,
electromagnetic, weak and strong. The

strong force is responsible for binding pro-
tons and neutrons inside the atomic nucleus.
Two different theoretical approaches have
been taken in describing the workings of the
strong force and the structure of particles
such as the proton and neutron. The theories
are seemingly at odds with each other, but
steps are gradually being taken to reconcile
the two. Writing in the Journal of High 

Energy Physics, Polchinski and Strassler1 now
dispel worries over an apparent contra-
diction between the theories, by showing
that it isn’t necessarily a contradiction at all.

In the 1960s, experiments on high-energy
collisions between protons revealed a
plethora of other short-lived, strongly inter-
acting particles. Shortly afterwards, a theory
emerged that proposed that all of these 
different particles were particular excitation
modes of a string: as a violin string can
vibrate with different frequencies, these
strings could oscillate in different ways, 
corresponding to the ‘zoo’ of particles that
was observed. This ‘string theory’ proved
useful in explaining some aspects of the
masses and spins of the particles.

But further experiments carried out
through the 1970s showed that protons are
not fundamental particles. In the same way
that, much earlier in the century, Rutherford
had shown that the atomic nucleus was
much smaller than an atom, experimenters
showed that protons, and neutrons, have
small point-like constituents. This didn’t fit
with the theory of protons as strings, which
are extended objects. In fact, these experi-
ments led to a new description of the strong
interaction in terms of point-like quarks and
gluons, through a theory called quantum
chromodynamics (QCD). 

As the electron carries an electric charge,

quarks and gluons carry a new type of
charge, called ‘colour’ (hence ‘chromo-
dynamics’). The gluons transmit the strong
force between quarks in much the same way
that the photon transmits the electro-
magnetic force between electrons and other
charged particles. To describe the strong
force we need three ‘colours’ — three differ-
ent types of charges, usually designated ‘red’,
‘green’ and ‘blue’. The validity of QCD has
been spectacularly confirmed by experi-
ments at high energies in particle colliders.
But, despite this success, it is still remarkably
hard to do theoretical calculations with QCD
at low energies. And that’s exactly where
things should get interesting: at low energies,
the colour flux lines form bundles of energy

that should behave like a string — a tantaliz-
ing connection from QCD to string theory.
These strings, made of gluons, bind the
quarks together. 

In fact, in the 1970s, Gerard ’t Hooft2

showed that QCD becomes a theory of free
(non-interacting) strings if the number of
colours is infinite. This simplifies the theory
considerably. Strings still exist in the three-
colour version of QCD, but in this case the
strings are interacting. No way has yet been
found to simplify QCD into a free-string 
theory, but it could be the key to understand-
ing many low-energy properties of particles
that interact through the strong force, and in
particular for deriving a curious property of
QCD, called confinement. No one has ever
observed a free quark, because colour-
charge-bearing objects such as quarks and
gluons are subject to confinement: in other
words, as two quarks are gradually separated
the attractive force between them due to
their colour charges remains constant; this
contrasts with the more familiar forces in
electromagnetism and gravity that fall off
with the square of increasing distance.

The way forward has been signalled by
work on strings in ‘QCD-like’ theories3–5. A
surprising and counterintuitive feature of
these strings is that they move in more than
the familiar four dimensions of everyday life
— three spatial dimensions and one of time.
Even though the gluons that make up the
strings move in four dimensions, the string
itself moves in five dimensions. Polchinski
and Strassler1 now show that this fact is a 
crucial element in reconciling the string 
picture and the point-like behaviour seen in
high-energy collisions.  

The strings move in a five-dimensional
curved space-time with a boundary. The
boundary corresponds to the usual four
dimensions, and the fifth dimension
describes the motion away from this bound-
ary into the interior of the curved space-
time. In this five-dimensional space-time,
there is a strong gravitational field pulling
objects away from the boundary, and as a
result time flows more slowly far away from
the boundary than close to it. This also
implies that an object that has a fixed proper
size in the interior can appear to have a differ-
ent size when viewed from the boundary
(Fig. 1). Strings existing in the five-dimen-
sional space-time can even look point-like
when they are close to the boundary.
Polchinski and Strassler1 show that when an
energetic four-dimensional particle (such as
an electron) is scattered from these strings
(describing protons), the main contribution
comes from a string that is close to the
boundary and it is therefore seen as a point-
like object. So a string-like interpretation of a
proton is not at odds with the observation
that there are point-like objects inside it. 

Because the theory that describes the
interior of the five-dimensional space-time
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High-energy physics

Into the fifth dimension
Juan Maldacena

Particles such as the proton can be imagined as vibrating strings. We also
know that protons contain smaller, point-like particles, going against the
string theory. But in five dimensions, the contradiction disappears.

news and views

Particle in four dimensions

Four-dimensional

space-time

Fifth dimension

String

Figure 1 Strings, particles and extra dimensions.

Strings moving in the fifth dimension are

represented in the everyday world by their

projection onto the four-dimensional boundary

of the five-dimensional space-time. The same

string located at different positions along the

fifth dimension corresponds to particles of

different sizes in four dimensions: the further

away the string, the larger the particle. The

projection of a string that is very close to the

boundary of the four-dimensional world can

appear to be a point-like particle. 

© 2003        Nature  Publishing Group

J. Maldacena

AdS5 Metric

Holographic 
Model

Mapping of  Poincare’ and Conformal 
SO(4,2) symmetries of 3+1 space to  

AdS5 space

z
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• AdS/CFT:  Duality between string theory in  Anti-de 
Sitter Space and  Conformal Field Theory

• New Way to Implement Conformal Symmetry

• Holographic Model: Conformal Symmetry at Short 
Distances, Confinement at large distances

• Remarkable predictions for hadronic spectra, 
wavefunctions, interactions

• AdS/CFT provides novel insights into the quark 
structure of hadrons

New Perspectives on QCD 
Phenomena from AdS/CFT



 
 Stan Brodsky,  SLACQCD at the Amplitude LevelComo Transversity 9-08-05

• 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

105



AdS/CFT
• Use mapping of SO(4,2) to AdS5

• Scale Transformations represented by 
wavefunction Ψ(r) in 5th dimension

• Holographic model: Confinement at large 
distances and conformal symmetry at short 
distances

• Match solutions at large r to conformal 
dimension of hadron wavefunction at short 
distances

• Truncated space simulates “bag” boundary 
conditions

r =
Λ2

QCD
z

x2
µ → λ2x2

µ ≡ r → r
λ ≡ z → λz

Confinement:

0 < z < z0 = 1
ΛQCD

, r > r0 = ΛQCD

ψ(z0) = ψ(r0) = 0

r =
Λ2

QCD
z

x2
µ → λ2x2

µ ≡ r → r
λ ≡ z → λz

Confinement:

0 < z < z0 = 1
ΛQCD

, r > r0 = ΛQCD

ψ(z0) = ψ(r0) = 0

r =
Λ2

QCD
z

x2
µ → λ2x2

µ ≡ r → r
λ ≡ z → λz

Confinement:

ψ(r)→ r−∆ at large r, small z

0 < z < z0 = 1
ΛQCD

, r > r0 = ΛQCD

ψ(z0) = ψ(r0) = 0

r = R2

z

x2
µ → λ2x2

µ ≡ r → r
λ ≡ z → λz

Confinement:

ψ(r)→ r−∆ at large r, small z

0 < z < z0 = 1
ΛQCD

, r > r0 = ΛQCDR2

ψ(z0) = ψ(r0) = 0

r = R2

z

x2
µ → λ2x2

µ ≡ r → r
λ ≡ z → λz

Confinement:

ψ(r)→ r−∆ at large r, small z

0 < z < z0 = 1
ΛQCD

, r > r0 = ΛQCDR2

ψ(z0) = ψ(r0) = 0

z= R2/rdeTeramond, sjb
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR
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Fig: Predictions for the light baryon orbital spectrum for ΛQCD = 0.22 GeV
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Only one 
parameter! 

Phys.Rev.Lett.94:
201601,2005

hep-th/0501022

Entire light 
quark 

baryon 
spectrum

Predictions 
of  AdS/CFT
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

• SU(6) multiplet structure for N and ∆ orbital states, including internal spin S and L.
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR
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Fig: Light meson orbital spectrum: 4-dim states dual to vector fields in the bulk, ΛQCD = 0.26 GeV

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 16

Guy de Teramond
SJB 



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC111

ar
X

iv
:h

ep
-t

h
/0

5
0
7
0

6
3
 v

2
  
 2

0
 J

u
l 

2
0
0
5

Glueball Regge trajectories from gauge/string duality and the

Pomeron

Henrique Boschi-Filho,∗ Nelson R. F. Braga,† and Hector L. Carrion‡

Instituto de F́ısica, Universidade Federal do Rio de Janeiro,

Caixa Postal 68528, RJ 21941-972 – Brazil

Abstract

The spectrum of light baryons and mesons has been reproduced recently by Brodsky and Tera-

mond from a holographic dual to QCD inspired in the AdS/CFT correspondence. They associate

fluctuations about the AdS geometry with four dimensional angular momenta of the dual QCD

states. We use a similar approach to estimate masses of glueball states with different spins and

their excitations. We consider Dirichlet and Neumann boundary conditions and find approximate

linear Regge trajectories for these glueballs. In particular the Neumann case is consistent with the

Pomeron trajectory.

PACS numbers: 11.25.Tq ; 12.38.Aw ; 12.39.Mk .

∗Electronic address: boschi@if.ufrj.br
†Electronic address: braga@if.ufrj.br
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FIG. 1: Approximate linear Regge trajectory for Neumann Boundary con-

dition for the states 2++ , 4++ , 6++ , 8++ , 10++ .
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FIG. 2: Approximate linear Regge trajectory for Dirichlet Boundary condi-

tion for the states 2++ , 4++ , 6++ , 8++ , 10++ .

This result shows that the Neumann boundary condition seems to work better than

Dirichlet for glueballs in this holographic model. Both choices correspond to vanishing flux

for bulk scalar fields at z = zmax and would be physically acceptable conditions. It is

interesting to note that similar Neumann conditions appear in the Randall Sundrum model

[39] as a consequence of the orbifold condition.
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This result shows that the Neumann boundary condition seems to work better than

Dirichlet for glueballs in this holographic model. Both choices correspond to vanishing flux

for bulk scalar fields at z = zmax and would be physically acceptable conditions. It is

interesting to note that similar Neumann conditions appear in the Randall Sundrum model

[39] as a consequence of the orbifold condition.
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• Ratio of proton to Delta trajectories= ratio of 
zeroes of Bessel functions.

• One scale ΛQCD determines hadron spectrum 
(slightly different for mesons and baryons)

• Only quark-antiquark, qqq, and g g hadrons appear 
at classical level

• Covariant version of bag model: 
confinement+conformal symmetry 

Features of HolographicModel
de Teramond sjb
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New Perspectives on QCD 
from AdS/CFT

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

• AdS/CFT predicts Light-front wavefunctions:  
Fundamental description of hadrons at amplitude level

• AdS/CFT:  gluonium (gg) , meson (q q), and baryon (qqq) 
spectra

• Quark-interchange dominates scattering amplitudes

• No ggg bound states

­



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC

∆ ∼ (gsNC)
1
4 at large NC . The interpolating operators O, 〈P |O|0〉 $= 0, which couple to the

color-singlet hadrons at the boundary can be constructed from gauge-invariant products

of local quark and gluon fields taken at the same point in four-dimensional spacetime.

In contrast with the D3/D7 construction [11], we introduce quarks in the fundamental

representation at the AdS boundary, and follow their wavefunctions as they propagate into

the bulk. The endpoints of the open strings of the quarks of a given hadron then converge

to a point in the limit r → ∞.

As a first application of our procedure, consider the twist -dimension minus spin- two glue-

ball interpolating operators O4+L = FD{!1 . . .D!m}F , written in terms of the symmetrized

product of covariant derivatives D. The operator O4+L has total internal spacetime or-

bital momentum, L =
∑m

i=1 !i and conformal dimension ∆ = 4 + L. We shall match the

large r asymptotic behavior of each string mode in the bulk to the corresponding conformal

dimension of the boundary operators of each hadronic state while maintaining conformal

invariance [15]. In the conformal limit, an L-quantum, which is identified with a quan-

tum fluctuation about the AdS geometry, corresponds to an effective five-dimensional mass

µ in the bulk side. The allowed values of µ are uniquely determined by requiring that

asymptotically the dimensions become spaced by integers, according to the spectral relation

(µR)2 = ∆(∆− 4). For large spacetime angular momentum L, we recover the string theory

results for the spectrum of oscillatory exited states µ ( L/R. The physical string modes are

plane waves along the Poincaré coordinates with four-momentum Pµ and hadronic invariant

mass states given by PµP µ = M2. The four-dimensional mass spectrum ML then follows

when we impose the truncated space boundary condition Φ(x, zo) = 0 on the solutions of

the AdS wave equation with effective mass µ:

[
z2 ∂2

z − (d − 1)z ∂z + z2 M2 − (µR)2
]
f(z) = 0, (2)

where Φ(x, z) = e−iP ·xf(z). The normalizable modes are

Φα,k(x, z) = Cα,k e−iP ·xz2Jα (zβα,kΛQCD) , (3)

with Cα,k =
√

2 ΛQCD/Jα+1(βα,k)R
3
2 , α = 2 + L and ∆ = 4 + L for d = 4. For small-z, Φ

scales as z−∆, where the scaling dimension ∆ of the string mode has the same dimension of

the interpolating operator which creates a hadron. The four-dimensional mass spectrum is

4

114

AdS/CFT and Light-Front 
Wavefunctions

• Light-Front Wavefunctions can be determined by 
matching functional dependence in fifth 
dimension to scaling in impact space.

• High transverse momentum behavior matches 
PQCD LFWF with orbital:  Belitsky,  Ji, Yuan 

β != 0, mq != 0

z → ζ = b
√

x(1− x)
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

x

ψ(x,b)
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Two-parton ground state LFWF in impact space ψ(x, b) for a for n = 2, " = 0, k = 1.
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AdS/CFT 
prediction for 
meson LFWF

Guy de Teramond
SJB 

ζ = b
√

x(1− x)

z → ζ

ζ = b
√

x(1− x)

Holographic Model
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

• Prediction for the pion form factor in the holographic model (numerical analysis):

F(Q)

space-likeQ time-likeQ

s↔ t duality!

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 23

de Teramond, SJB
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AdS/CFT 
prediction for 
meson LFWF

Guy de Teramond
SJB 

Holographic Model

where C = B1/2. In Fig. 1 we show the model results for the light-front wave function
of a two-parton bound state ψ̃L(x, ζ) as a function of the constituent’s longitudinal
momentum fraction x and 1− x, and the impact space variable #b⊥. The predictions
correspond to the ground state, L = 0, and the first orbital exited states L = 1 and
L = 2. The normalization in the figures is arbitrary.
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Figure 1: Two-parton bound state light-front wave function ψ̃L(x,"b⊥) as function of the
constituents longitudinal momentum fraction x and 1 − x and the impact space relative
coordinate "b⊥ in a holographic QCD model. The results for the ground state (L = 0) are
shown in (a). The predictions for first orbital exited states (L = 1 and L = 2) are shown in
(b) and (c) respectively.

The representation of the light-front wave function in terms of x and #k⊥, ψL(x,#k⊥),
has the invariant form

ψL(x,#k⊥) =
C

4π

∫ Λ−1
QCD

0

dζJ0

(
ζ|#k⊥|√
x(1− x)

)
J1+L (ζM) . (30)

In the |#k⊥|→∞ limit the important contribution to (30) is from the region near
ζ ∼√

x(1− x)/|#k⊥|. At large k⊥ the LFWF has the scaling behavior

ψ(x,#k⊥)→
[

|#k⊥|√
x(1− x)

]L [
x(1− x)

#k2
⊥

]1+L

, (31)

which reproduces the #k⊥ dependence of the results found in [7]. The results presented
here also include the scaling behavior in the x variable.

6 Concluding Remarks

An all-orders derivation of light-front wave functions including orbital angular mo-
mentum exited states was carried out from the gauge/string duality. Exact analytical
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In the |#k⊥|→∞ limit the important contribution to (30) is from the region near
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The representation of the light-front wave function in terms of x and #k⊥, ψL(x,#k⊥),
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C

4π

∫ Λ−1
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0
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(
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x(1− x)

)
J1+L (ζM) . (30)

In the |#k⊥|→∞ limit the important contribution to (30) is from the region near
ζ ∼√

x(1− x)/|#k⊥|. At large k⊥ the LFWF has the scaling behavior

ψ(x,#k⊥)→
[

|#k⊥|√
x(1− x)
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, (31)

which reproduces the #k⊥ dependence of the results found in [7]. The results presented
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Figure 1: Two-parton bound state light-front wave function ψ̃L(x,"b⊥) as function of the
constituents longitudinal momentum fraction x and 1 − x and the impact space relative
coordinate "b⊥ in a holographic QCD model. The results for the ground state (L = 0) are
shown in (a). The predictions for first orbital exited states (L = 1 and L = 2) are shown in
(b) and (c) respectively.

The representation of the light-front wave function in terms of x and #k⊥, ψL(x,#k⊥),
has the invariant form

ψL(x,#k⊥) =
C

4π

∫ Λ−1
QCD

0

dζJ0

(
ζ|#k⊥|√
x(1− x)

)
J1+L (ζM) . (30)

In the |#k⊥|→∞ limit the important contribution to (30) is from the region near
ζ ∼√

x(1− x)/|#k⊥|. At large k⊥ the LFWF has the scaling behavior

ψ(x,#k⊥)→
[

|#k⊥|√
x(1− x)

]L [
x(1− x)

#k2
⊥

]1+L

, (31)

which reproduces the #k⊥ dependence of the results found in [7]. The results presented
here also include the scaling behavior in the x variable.

6 Concluding Remarks

An all-orders derivation of light-front wave functions including orbital angular mo-
mentum exited states was carried out from the gauge/string duality. Exact analytical
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where C = B1/2. In Fig. 1 we show the model results for the light-front wave function
of a two-parton bound state ψ̃L(x, ζ) as a function of the constituent’s longitudinal
momentum fraction x and 1− x, and the impact space variable #b⊥. The predictions
correspond to the ground state, L = 0, and the first orbital exited states L = 1 and
L = 2. The normalization in the figures is arbitrary.
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Figure 1: Two-parton bound state light-front wave function ψ̃L(x,"b⊥) as function of the
constituents longitudinal momentum fraction x and 1 − x and the impact space relative
coordinate "b⊥ in a holographic QCD model. The results for the ground state (L = 0) are
shown in (a). The predictions for first orbital exited states (L = 1 and L = 2) are shown in
(b) and (c) respectively.

The representation of the light-front wave function in terms of x and #k⊥, ψL(x,#k⊥),
has the invariant form

ψL(x,#k⊥) =
C

4π

∫ Λ−1
QCD

0

dζJ0

(
ζ|#k⊥|√
x(1− x)

)
J1+L (ζM) . (30)

In the |#k⊥|→∞ limit the important contribution to (30) is from the region near
ζ ∼√

x(1− x)/|#k⊥|. At large k⊥ the LFWF has the scaling behavior

ψ(x,#k⊥)→
[

|#k⊥|√
x(1− x)

]L [
x(1− x)

#k2
⊥

]1+L

, (31)

which reproduces the #k⊥ dependence of the results found in [7]. The results presented
here also include the scaling behavior in the x variable.

6 Concluding Remarks

An all-orders derivation of light-front wave functions including orbital angular mo-
mentum exited states was carried out from the gauge/string duality. Exact analytical
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

AdS/CFT and QCD

Bottom-Up Approach

• Nonperturbative derivation of dimensional counting rules of hard exclusive glueball scattering

for gauge theories with mass gap dual to string theories in warped space:

Polchinski and Strassler, hep-th/0109174.

• Deep inelastic structure functions at small x:

Polchinski and Strassler, hep-th/0209211.

• Derivation of power falloff of hadronic light-front Fock wave functions, including orbital angular

momentum, matching short distance behavior with string modes at AdS boundary:

Brodsky and de Téramond, hep-th/0310227.

• Low lying hadron spectra, chiral symmetry breaking and hadron couplings in AdS/QCD:

Boschi-Filho and Braga, hep-th/0209080; hep-th/0212207. de Téramond and Brodsky, hep-th/0409074;

hep-th/0501022; Erlich, Katz, Son and Stephanov, hep-ph/0501128; Hong, Yong and Strassler,

hep-th/0501197; Da Rold and Pomarol, hep-ph/0501218.
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New Perspectives on QCD 
from AdS/CFT

• LFWFs:  Fundamental description of hadrons at 
amplitude level

• QCD is Nearly Conformal

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

• Model for LFWFs, meson and baryon spectra
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New Perspectives on QCD 
from AdS/CFT

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

• Physics similar to MIT bag model, but covariant,

• No problem with support 0 < x  < 1.

• Quark-interchange dominant scattering 
mechanism
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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†

D∆ψAψB

Holographic model (Classical level):

Hadrons enter 5th dimension of AdS5

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†

D∆ψAψB

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.
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Formula for  quark interchange using LFWFs

Blankenbecler, Gunion, sjb; Sivers
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Blankenbecler, Gunion, sjb

MIT Bag Model
 predicts dominance of quark 

interchange: deTar
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|uud >, |uudg>, |uudss̄>, |uudcc̄>, |uudbb̄> · · ·

s(x) != s̄(x)

• Proton Fock States

• Strange and Anti-Strange Quarks not Symmetric

• “Intrinsic Charm”: High momentum heavy quarks

• “Hidden Color”: Deuteron  not  always  p +  n

• Orbital Angular Momentum Fluctuations - 
Anomalous Magnetic Moment

Hadrons Fluctuate in Particle 
Number
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c

Hoyer, Peterson, SJB

Measure c(x) in Deep Inelastic 
Lepton-Proton Scattering



Intrinsic Charm in Proton
|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

In 
contrast:

OPE derivation - M.Polyakov et al.
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EMC Measurements of the 
Charm Structure Function

Analysis by
E. Hoffmann and R. Moore, Z. Phys. C 20, 71 (1983).

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).

1%  IC 

Photon Gluon Fusion Factor 30 too small
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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)



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC131

Nuclear effects in Quarkonium  production

p + A at s1/2 = 38.8 GeV

E772 data σ(p+A) = Aα σ(p+N)
Strong xF - dependence

Nuclear effects scale with xF, not x2 !!! M.Leitch



132

Doubly-Diffractive Higgs 
Production

pµH = pµa+ pµb− pµc− pµd
Low transverse momentum protons pc, pd
Higgs appears inMissingMass spectrum dN/dM2

M2 = p2H
Intrinsic Charm: Large range of Higgs
momentum xF = pzH/pza
Extrapolate from doubly diffractive J/ψ,ϒ,Z0

production

pa+ pb→ pc+ pd +H0

pa+ pb→ pc+ pd +H0 Kopeliovitch, Soffer, 
Schmidt, sjb

b

a
c

 d
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pp→ H0X

Higgs Production at High xF

• Intrinsic Charm and Bottom Couples to Higgs

• Higgs will carry high momentum fraction of 
projectile momentum

• Small transverse momentum

• Same xF Distribution as Quarkonium

• Axial Detector?
Kopeliovich, Schmidt, Soffer, SJB
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dσ
dt (γd→ Δ++Δ−)# dσ

dt (γd→ pn) at high Q2

dσ
dt (γd→ Δ++Δ−)# dσ

dt (γd→ pn) at high Q2

Lepage, Ji, sjb

• Deuteron six quark wavefunction:

•  5 color-singlet combinations of 6 color-triplets -- 
one state  is |n  p>

• Components evolve towards equality at short 
distances

• Hidden color states dominate deuteron form 
factor and photodisintegration at high 
momentum transfer

• Predict 

Hidden Color in QCD
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Hidden Color 
Fock State

Delta-Delta 
Fock State

Structure of   
Deuteron in 

QCD



136



 
Como Transversity 9-08-05

QCD at the Amplitude Level  Stan Brodsky,  SLAC137

Ji, Lepage, sjb
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QCD Prediction for Deuteron Form 
Factor 

Define “Reduced” Form Factor

Same large momentum transfer 
behavior as pion form factor
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Deuteron Reduced Form Factor
! Pion Form Factor×15%

• 15% Hidden Color in the Deuteron
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• Diffractive, Coulomb Dissociation to Δ++ Δ-

• Photodisintegration of Deuteron to Δ++ Δ-

• Connection to EMC

• Deuteron not simply n + p

Test Hidden Color of 
Deuteron 
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Physics of Rescattering
• Diffractive DIS: New Insight into Final State 

Interactions in QCD

• Origin of Hard Pomeron

• Structure Functions not Probability Distributions

• T-odd SSAs, Shadowing, Antishadowing

• Diffractive dijets/ trijets, doubly diffractive Higgs

• Novel Effects: Color Transparency, Color 
Opaqueness, Intrinsic Charm, Odderon
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• Light-Front Fock Expansions

• LFWFs boost invariant

• Direct connection to form factors, structure 
functions, distribution amplitudes,  GPDs 

• Higher-Twist Correlations

• Orbital Angular Momentum, physical 
polarization in A+ =  0 gauge

• Sum Rules

• Validated in QED,  Bethe-Salpeter Eqn.
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QCD at The Amplitude Level
• Light-Front Fock Expansions

• LFWFs boost invariant

• Direct connection to form factors, structure 
functions, distribution amplitudes,  GPDs 

• Higher Twist Correlations

• Orbital Angular Momentum

• Validated in QED,  Bethe-Salpeter

• AdS/CFT Holographic Model
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New Perspectives on QCD 
from AdS/CFT

• LFWFs:  Fundamental description of hadrons at 
amplitude level

• QCD is Nearly Conformal

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

• Model for LFWFs, meson and baryon spectra

• Quark-interchange dominates scattering amplitudes
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

Outlook

• Only one scaleΛQCD determines hadronic spectrum (slightly different for mesons and baryons).

• Ratio of Nucleon to Delta trajectories determined by zeroes of Bessel functions.

• String modes dual to baryons extrapolate to three fermion fields at zero separation in the AdS

boundary.

• Only dimension 3, 9
2 and 4 states qq, qqq, and gg appear in the duality at the classical level!

• Non-zero orbital angular momentum and higher Fock-states require introduction of quantum

fluctuations.

• Simple description of space and time-like structure of hadronic form factors.

• Dominance of quark-interchange in hard exclusive processes emerges naturally from the

classical duality of the holographic model. Modified by gluonic quantum fluctuations.

• Covariant version of the bag model with confinement and conformal symmetry.
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