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• Quantum Chromodynamics is the fundamental theory of 
hadron and nuclear physics, as fundamental as Quantum 
Electrodynamics is to atomic physics and chemistry!

• In fact: limit QCD(NC --> 0) =  Quantum Electrodynamics 
(QED)

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

• Novel QCD Phenomena:  “hidden color”, “color 
transparency”, “quark-gluon plasma”, “intrinsic charm” 
anomalous heavy quark phenomena, diffraction, spin effects

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

2

Quantum Chromodynamics  (QCD)
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Hadron Dynamics at the 
Amplitude Level

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

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

• Impact of ISI and FSI: Single Spin Asymmetries, Diffractive Deep 
Inelastic Scattering, Shadowing, Antishadowing

• Hadron wavefunctions: Fundamental QCD Dynamics

• Remarkable new insights from AdS/CFT, the duality between 
conformal field theory and  Anti-de Sitter Space
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Polarized 15 GeV stored anti-proton beam

Novel Tests of QCD at GSI

• Characteristic momentum scale of QCD: 300 MeV

• Many Tests of AdS/CFT predictions possible

• Exclusive channels: Conformal scaling laws, quark-interchange

• proton-antiproton scattering:  test fundamental aspects of nuclear force

• Color transparency: Coherent color effects

• Nuclear Effects, Hidden Color,  Anti-Shadowing 

• Anomalous heavy quark phenomena 

• Spin Effects:  AN, ANN
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Testing quantum chromodynamics with antiprotons.
Stanley J. Brodsky (SLAC) . SLAC-PUB-10811, Oct 2004. 92pp. 
Published in *Varenna 2004, Hadron physics* 345-422 
e-Print Archive: hep-ph/0411046 

Novel QCD Phenomenology, Part 1, Part 2, Part 3, Part 4, Part 5, Part 6, Part 7, Part 8,
International School of Physics Enrico Fermi, Varenna, Italy, 6/2004
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General remarks about orbital angular mo-
mentum

!R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

∑n
i=1(xi

!P⊥+ !k⊥i) = !P⊥

xi
!P⊥+ !k⊥i

∑n
i

!k⊥i = !0⊥

∑n
i xi = 1

General remarks about orbital angular mo-
mentum

Ψn(xi,!k⊥i, λi)

∑n
i=1(xi

!R⊥+!b⊥i) = !R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

P+, !P+

xiP
+, xi

!P⊥+ !k⊥i

ẑ

!L = !R× !P

!Li = (xi
!R⊥+!b⊥i)× !P

!"i = !b⊥i × !k⊥i

!"i = !Li − xi
!R⊥ × !P = !b⊥i × !P

A(σ,∆⊥) = 1
2π

∫
dζe

i
2σζM(ζ,∆⊥)

P+, $P⊥

xiP
+, xi

$P⊥+ $k⊥i

ζ = Q2

2p·q

ẑ

$L = $R× $P

$Li = (xi
$R⊥+$b⊥i)× $P

Light-Front Wavefunctions

P+ = P0 + Pz

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

ū

E′ = E − ν, &q

P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

Invariant under boosts!  Independent of Pμ 
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Final-State Interactions Produce 
T-Odd  (Sivers Effect)

• Bjorken Scaling!

• Arises from Interference of Final-State Coulomb 
Phases 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 gravito-anomalous magnetic 
moment: B(0)= 0)

8

!S ·!p jet×!q

!S ·!p jet×!q

Hwang, Schmidt. sjb; 
Burkardt

i
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In the context of the quark-parton model, the virtual-photon asymmetry Ah
UT can be

represented in terms of parton distribution and fragmentation functions [7]:

Ah
UT (φ, φS) ∝ sin(φ + φS)

∑
q

e2
q I

[
hq

1T (x, p2
T ) H⊥,q

1 (z, k2
T )

]
+ sin(φ − φS)

∑
q

e2
q I

[
f⊥,q

1T (x, q2
T ) Dq

1(z, k
2
T )

]
+ . . . (3)

Here eq is the charge of the quark species q, f⊥,q
1T (x, q2

T ) the Sivers distribution func-
tion, H⊥,q

1 (z, k2
T ) the Collins fragmentation function, hq

1T (x, p2
T ) a twist-2 relative of the

transversity distribution function [7] and Dq
1(z, k

2
T ) is the usual unpolarized fragmentation

function.
The appearance in Eq. 3 of the convolution integral I[. . .] over initial (pT ) and final

(kT ) quark transverse momenta implies that the different functions involved can not be
readily extracted in a model-independent way from the measured asymmetry. It is under
theoretical debate to what extent weighting of the measured asymmetries makes the
involved distribution and fragmentation functions appear factorized.

The data were taken since 2002 using the Hermes forward spectrometer [10] at Desy
in conjunction with a transversely polarized hydrogen target [11]. All presently available
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final results are summarized in Ref. [9], de-
tails of the analysis can be found in Ref. [12].
The kinematics coverage of the measure-
ment is 0.023 < x < 0.4 and 0.2 < z < 0.7,
and the corresponding average values of the
kinematic parameters are 〈x〉 = 0.09, 〈z〉 =
0.36, 〈y〉 = 0.54, 〈Q2〉 = 2.41 GeV2 and
〈Pπ⊥〉 = 0.41 GeV. The x and z-dependence
of the extracted moments is shown in Fig.2.
The statistical correlation in the fit between
the Collins and Sivers harmonic components
ranges between -0.5 and -0.6.

Figure 2. Top (middle) panel: Fitted
virtual-photon Collins (Sivers) moments for
charged pions, as a function of x (left) and z
(right). The error bars represent the statis-
tical uncertainties, the moments have an 8%
scale uncertainty. The bottom panel shows
the relative contribution to the measured
pion yield from exclusive vector meson pro-
duction, based on a Monte Carlo simulation.
The figure was taken from Ref.[9].
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Sivers asymmetry from HERMES

3. INTERPRETATION

The Collins moment for π+, averaged over acceptance, is positive: Aπ+
C = 0.042 ±

0.014stat.. This agrees with expectations for the transversity distributions hq
1(x), derived

from the similarities to the well measured valence helicity distributions g q
1(x) [13], namely

positive hu
1(x) and negative hd

1(x). The acceptance averaged Collins moment for π− is
large and negative, especially at large x: Aπ−

C = −0.076 ± 0.0016stat.. This comes as a
surprise, as neither u nor d flavor dominates π− production and also |hd

1(x)| < |hu
1(x)| is

expected. This observation may be explained if the disfavored Collins function was larger
and opposite in sign, as e.g. suggested by the string fragmentation model of Ref. [14].
Note that little dependence on z is seen for the Collins moments.

The Sivers moments averaged over acceptance are Aπ+
S = 0.034 ± 0.008stat. and Aπ−

S =
−0.004 ± 0.010stat., i.e. positive for π+ and consistent with zero for π−. The former
result is the first indication for the existence of a non-zero Sivers distribution function
f⊥,u

1T . However, this conclusion has to be taken with caution, as presently an unknown
systematic uncertainty has to be attributed to this result, due to the yet unmeasured
asymmetry in the pion yield from exclusive ρ0 production. More data is presently collected
at Hermes, both for semi-inclusive pion and exclusive vector meson production, which
is hoped to allow a firm conclusion on the existence of a non-zero Sivers function.
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Measure single-spin asymmetry AN

in Drell-Yan reactions

!S · !q × !p correlation

pp↑ → "+"−X

Q2 = x1x2s

Q2 = 4 GeV2, s = 80 GeV2

x1x2 = .05, xF = x1 − x2
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Q2 = x1x2s

Q2 = 4 GeV2, s = 80 GeV2

x1x2 = .05, xF = x1 − x2

Measure single-spin asymmetry AN

in Drell-Yan reactions

!S · !q × !p correlation

pp↑ → "+"−X

Q2 = x1x2s

Q2 = 4 GeV2, s = 80 GeV2

x1x2 = .05, xF = x1 − x2

Measure single-spin asymmetry AN

in Drell-Yan reactions

!S · !q × !p correlation

pp↑ → "+"−X

Q2 = x1x2s

Q2 = 4 GeV2, s = 80 GeV2

x1x2 = .05, xF = x1 − x2

Measure single-spin asymmetry AN

in Drell-Yan reactions

Leading-twist Bjorken-scaling AN

from S, P -wave
initial-state gluonic interactions

!S · !q × !p correlation

AN(DY ) = −AN(DIS): Opposite in sign!

pp↑ → "+"−X

Measure single-spin asymmetry AN

in Drell-Yan reactions

Leading-twist Bjorken-scaling AN

from S, P -wave
initial-state gluonic interactions

!S · !q × !p correlation

Predict: AN(DY ) = −AN(DIS)
Opposite in sign!

pp↑ → "+"−X
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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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Boer, Hwang, sjb

cos 2φ correlation in DY from double ISI

Ep
lab = 50 GeV

Counting Rules, AdS/CFT

dσ
dxF

(dA→ pX) ∼ (1− xF )5.

dσ
dxF

(dA→∆++X) ∼ (1− xF )5.

xF = p+
H/p+

d → 1
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Higher Twist seen in Data 
NA10, CP
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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 !

Remarkable observation at HERA
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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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• 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



 
 Stan Brodsky,  SLACInsights for QCD 

from AdS/CFT
Kyoto University 12-5-05

20

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

Z y

0
dx eiA(x)·dx ψ(0)
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P 

t 

. PF 

q 

1464Al 

Fig. 1 

Double-Diffractive Drell-Yan

pp→ p + !+!−+ p

Prototype for exclusive Higgs production

QCD at the Amplitude Level
and New Perspectives from AdS/CFT

ΛQCD = 0.184 GeV for the pion

ΛQCD = 0.157 GeV

Double-Diffractive Drell-Yan

pp→ p + !+!−+ p

Prototype for exclusive Higgs production

QCD at the Amplitude Level
and New Perspectives from AdS/CFT

ΛQCD = 0.184 GeV for the pion

ΛQCD = 0.157 GeV

Phys. Rev. Lett. 23, 1363–1365 (1969)

Large-Mass Timelike Muon Pairs in Hadronic Interactions
S. M. Berman*, D. J. Levy, and T. L. Neff§ 

pp→ p + !+!−+ p

Measure antiproton-proton scattering

M ∝ 1
s2u2

dσ
dt (pp→ (πp)p) = F (θcm)

s10

dσ
dt (pp→ pp) = F (θcm)

s10

p
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Important Tests of Intrinsic Charm

Measure diffractive hidden charm production
at forward xF

dσ
dtdxF

(pp→ p + J/ψ + X)

dσ
dt1dt2dxF

(pp→ p + J/ψ + p)

M2sim10 GeV2

s = 80 GeV2

x1x2 = .20, xF = x1 − x2

Measure diffractive hidden charm production
at forward xF

dσ
dtdxF

(pp→ p + J/ψ + X)

dσ
dt1dt2dxF

(pp→ p + J/ψ + p)

M2sim10 GeV2

s = 80 GeV2

x1x2 = .20, xF = x1 − x2

Measure diffractive hidden charm production
at forward xF

dσ
dtdxF

(pp→ p + J/ψ + X)

dσ
dt1dt2dxF

(pp→ p + J/ψ + p)

M2 " 10 GeV2

s = 80 GeV2

x1x2 = .20, xF = x1 − x2

(X)

Measure diffractive hidden charm production
at forward xF

dσ
dtdxF

(pp→ p + J/ψ + X)

dσ
dt1dt2dxF

(pp→ p + J/ψ + p)

Anomalous nuclear dependence

Aα(x2) versus Aα(xF )

M2 " 10 GeV2

Measure diffractive hidden charm production
at forward xF

dσ
dtdxF

(pp→ p + J/ψ + X)

dσ
dt1dt2dxF

(pp→ p + J/ψ + p)

Anomalous nuclear dependence

Aα(x2) versus Aα(xF )

M2 " 10 GeV2

Measure diffractive hidden charm production
at forward xF

dσ
dtdxF

(pp→ p + J/ψ + X)

dσ
dxF

(pA→ J/ψ + X)

dσ
dt1dt2dxF

(pp→ p + J/ψ + p)

Anomalous nuclear dependence

Aα(x2) versus Aα(xF )

Even close to threshold
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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. 4: (Color online) Comparison with Drell-Yan data of
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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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Origin of Nuclear Shadowing 
in Glauber  - Gribov Theory

Interaction on upstream leading-twist 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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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}

Schmidt, Yang, Lu, sjb
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The one-step and two-step processes in DIS
on a nucleus.

Coherence at small Bjorken xB :
1/MxB = 2ν/Q2 ≥ LA.

If the scattering on nucleon N1 is via pomeron
exchange, the one-step and two-step ampli-
tudes are opposite in phase, thus diminishing
the q flux reaching N2.

→ Shadowing of the DIS nuclear structure
functions.

Kowalski:  HERA DDIS produces observed nuclear shadowing
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The one-step and two-step processes in DIS
on a nucleus.

If the scattering on nucleon N1 is via
C = − Reggeon or Odderon exchange,
the one-step and two-step amplitudes are
opposite in phase, enhancing
the q flux reaching N2

→ Antishadowing of the
DIS nuclear structure functions

constructive in
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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

Crtical test: Tagged Drell-Yan
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Shadowing and Antishadowing 
in Lepton-Nucleus Scattering

• Shadowing and Antishadowing in DIS arise
from interference of multi-nucleon processes
in nucleus

• Not due to nuclear wavefunction
Wavefunction of stable nucleus is real.
Effect of multi-scattering of qq in nucleus.

• Bjorken Scaling :
Interference requires leading-twist diffractive
DIS processes

Phases!
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Measure nuclear shadowing, antishadowing
at J-PARC in Drell-Yan reactions

pA→ !+!−X

Q2 = x1x2s

Q2 = 4 GeV2, spN = 80 GeV2

x1x2 = .05, xF = x1 − x2

Higher twist effects at high xF :

Measure nuclear shadowing, antishadowing
at J-PARC in Drell-Yan reactions

pA→ !+!−X

Q2 = x1x2s

Q2 = 4 GeV2, spN = 80 GeV2

x1x2 = .05, xF = x1 − x2

Higher twist effects at high xF :

Measure nuclear shadowing, antishadowing
at J-PARC in Drell-Yan reactions

pA→ !+!−X

Q2 = x1x2s

Q2 = 4 GeV2, spN = 80 GeV2

x1x2 = .05, xF = x1 − x2

Higher twist effects at high xF :

Measure nuclear shadowing, antishadowing
at J-PARC in Drell-Yan reactions

pA→ !+!−X

Q2 = x1x2s

Q2 = 4 GeV2, spN = 80 GeV2

x1x2 = .05, xF = x1 − x2

Higher twist effects at high xF :

Deviations from (1 + cos2 θ)

cos 2φ correlation.

Aα(x1) =
2 dσ

dQ2dxF
(pA→#+#−X)

A dσ
dQ2dxF

(pd→#+#−X)

Higher twist effects at high xF :

Deviations from (1 + cos2 θ)

cos 2φ correlation.

Measure Non-Universal Anti-Shadowing in 
Drell-Yan

Flavor 
u, d tag

Schmidt, Yang, 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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Conformal Behavior : t2F1(t) = const

Non-perturbative model: 
Diehl, Kroll

Remarkable 
scaling 

behavior
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Scaling is a manifestation of asymptotically free hadron interactions

Brodsky and Farrar, Phys. Rev. Lett. 31 (1973) 1153 
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719 

A

B

C

D

From dimensional arguments at high 
energies in binary reactions:

CONSTITUENT COUNTING RULE

Counting Rules:

q(x) ∼ (1− x)2nspect−1 for x→ 1

F (Q2) ∼ ( 1
Q2)

(n−1)

dσ
dt (AB → CD) ∼ F (t/s)

s
(nparticipants−2)

nparticipants = nA + nB + nC + nD

dσ
d3p/E

(AB → CX) ∼ F (t̂/ŝ)×(1−xR)(2nspectators−1)

(p2
T )(nparticipants−2)

hadron helicity 
conservation

Farrar, Jackson;
Lepage, sjb;

Burkardt, Schmidt, Sjb

Predictions 
from conformal 

symmetry

and AdS/CFT
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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 transfer

Constituent counting rules
Farrar, sjb; Muradyan, Matveev, Taveklidze
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Scaling  Laws from PQCD or AdS/CFT

QCD  Factorization 

Lepage, Sjb
Efremov 

Radyushkin

Normalization, 
scale-setting, higher order issues
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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 Semi-
Classical QCD Lagrangian  --  Apply AdS/CFT
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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
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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



 
 Stan Brodsky,  SLACAdS/CFT, QCD, & GSITrentoJuly 5, 2006 39

QCD Lagrangian and Conformal Symmetry

Parisi

Symmetrize

August 20, 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

1

αs = g2

4π is dimensionless

Massless quarks: LQCD is scale invariant

If β = dαs(Q2)
d logQ2 = 0

then QCD is invariant under conformal trans-
formations:

αs = g2

4π is dimensionless

Massless quarks: LQCD is scale invariant

If β = dαs(Q2)
d logQ2 = 0

then QCD is invariant under conformal trans-
formations:
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AdS/QCD G. F. de Téramond

5-Dimensional
Anti-de Sitter

Spacetime

4-Dimensional
Flat Spacetime

(hologram)

Black Hole

1-2006
8685A7

z0 = 1/ΛQCD

z

Caltech High Energy Seminar, Feb 6, 2006 Page 3
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• Semi-Classical Approximation to massless QCD

• Coupling is constant, zero beta function

• Conformal symmetry broken by confinement

• No particle creation, absorption

• Spectrum of  Mesons, Baryons, Glueballs

• Light-Front Wavefunctions

• Quark Counting Rules 

41

Features of AdS/QCD
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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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AdS/QCD G. F. de Téramond

• Pseudoscalar mesons: O3+L = ψγ5D{!1 . . . D!m}ψ (Φµ = 0 gauge).

• 4-d mass spectrum from boundary conditions on the normalizable string modes at z = z0,

Φ(x, zo) = 0, given by the zeros of Bessel functions βα,k: Mα,k = βα,kΛQCD.

• Normalizable AdS modes Φ(z)

10 2 3 4

1

2

0

3

4

5

z

Φ(z)

2-2006
8721A7

10 2 3 4

-2

0

2

4

z

Φ(z)

3-2006
8721A13

Fig: Meson orbital and radial AdS modes for ΛQCD = 0.32 GeV.

Caltech High Energy Seminar, Feb 6, 2006 Page 19

Confinement 
in the 5th 

dimension
z∆

∆: conformal dimension of meson

P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

Conformal dimension 
of hadron

z0 = 1
ΛQCD

z∆

∆: conformal dimension of meson

P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

de Teramond, sjb

z0 = 1
ΛQCD

z∆

∆ = 3 + L: conformal dimension of meson

P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz
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AdS/QCD G. F. de Téramond

• Pseudoscalar mesons: O3+L = ψγ5D{!1 . . . D!m}ψ (Φµ = 0 gauge).

• 4-d mass spectrum from boundary conditions on the normalizable string modes at z = z0,

Φ(x, zo) = 0, given by the zeros of Bessel functions βα,k: Mα,k = βα,kΛQCD

• Normalizable AdS modes Φ(z)
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Φ(z)
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Φ(z)
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8721A8

Fig: Meson orbital and radial AdS modes for ΛQCD = 0.32 GeV.

Caltech High Energy Seminar, Feb 6, 2006 Page 19

Match fall-off at small z to Conformal Dimension 
of State at short distances

z∆

γd→ np

γγ → π+π−

γγ → K+K−

s = E2
cm = W2 = Q2

Q4GMp(Q
2)

Q2FK(Q2)

z∆

z0

γd→ np

γγ → π+π−

γγ → K+K−

s = E2
cm = W2 = Q2

Q4GMp(Q
2)

z∆

z0 = 1
ΛQCD

γd→ np

γγ → π+π−

γγ → K+K−

s = E2
cm = W2 = Q2

Q4GMp(Q
2)



 
 Stan Brodsky,  SLACAdS/CFT, QCD, & GSITrentoJuly 5, 2006 45

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

0 2
L

4 6

2

0

4

6

8

1-2005 
8694A7

N (939)
N (1520)

N (2220)

N (1535)

N (1650)
N (1675)
N (1700)

N (1680)
N (1720)

N (2190)
N (2250)

N (2600)

2

0

4

6

8

∆ (1232)

∆ (1620)

∆ (1905)

∆ (2420)

∆ (1700)

∆ (1910)
∆ (1920)
∆ (1950)

(b)

(a)

(G
eV

2 )

∆ (1930)

S=3/2 
S=1/2

Fig: Predictions for the light baryon orbital spectrum for ΛQCD = 0.22 GeV

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 20

Guy de Teramond
SJB 

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.

SU(6) S L Baryon State

56 1
2 0 N 1

2
+(939)

3
2 0 ∆ 3

2
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70 1
2 1 N 1

2
−(1535) N 3

2
−(1520)

3
2 1 N 1

2
−(1650) N 3

2
−(1700) N 5

2
−(1675)

1
2 1 ∆ 1

2
−(1620) ∆ 3

2
−(1700)

56 1
2 2 N 3

2
+(1720) N 5

2
+(1680)

3
2 2 ∆ 1

2
+(1910) ∆ 3

2
+(1920) ∆ 5

2
+(1905) ∆ 7

2
+(1950)

70 1
2 3 N 5

2
− N 7

2
−

3
2 3 N 3

2
− N 5

2
− N 7
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2
−(2250)

1
2 3 ∆ 5

2
−(1930) ∆ 7

2
−

56 1
2 4 N 7

2
+ N 9

2
+(2220)

3
2 4 ∆ 5

2
+ ∆ 7

2
+ ∆ 9

2
+ ∆ 11

2
+(2420)

70 1
2 5 N 9

2
− N 11

2
−

3
2 5 N 7

2
− N 9

2
− N 11

2
−(2600) N 13

2
−

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 19
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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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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

L L 
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(G
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2 )
(a) (b) 

0 2 4 0 2 4 
1-2005 
8694A10

ω (782) 
ρ (770) π (140) 

b1 (1235) 

π2 (1670) 
a0 (1450) 
a2 (1320) 
f1 (1285)

f2 (1270) 
a1 (1260) 

ρ (1700)�
ρ3 (1690)

ω3 (1670) 
ω (1650)

f4 (2050) 
a4 (2040)

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

Glueball Spectrum

• AdS wave function with effective mass µ:[
z2 ∂2

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

where Φ(x, z) = e−iP ·x f(z) and PµPµ =M2.

• Glueball interpolating operator with twist -dimension minus spin- two, and conformal dimen-
sion ∆ = 4 + L

O4+L = FD{!1 . . . D!m}F,

where L =
∑m

i=1 "i is the total internal space-time orbital momentum.

• Normalizable scalar AdS mode ( d = 4):
Φα,k(x, z) = Cα,ke

−iP ·xz2Jα (z βα,aΛQCD)

with α = 2 + L and scaling dimension ∆ = 4 + L.

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 13
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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
‡Electronic address: mlm@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++ .

5 10 15 20 25 30 

2 

4 

6 

8 

10 

J
 

M 
2 
  (Gev 

2 
) 

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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Dirac’s Amazing  Idea:
The “Front Form”

Fig. 1. Dirac’s three forms of Hamiltonian dynamics.

2.4. Forms of Hamiltonian dynamics

Obviously, one has many possibilities to parametrize space—time by introducing some general-
ized coordinates xJ (x). But one should exclude all those which are accessible by a Lorentz
transformation. Those are included anyway in a covariant formalism. This limits considerably the
freedom and excludes, for example, almost all rotation angles. Following Dirac [123] there are no
more than three basically different parametrizations. They are illustrated in Fig. 1, and cannot be
mapped on each other by a Lorentz transform. They differ by the hypersphere on which the fields
are initialized, and correspondingly one has different “times”. Each of these space—time parametriz-
ations has thus its own Hamiltonian, and correspondingly Dirac [123] speaks of the three forms of
Hamiltonian dynamics: The instant form is the familiar one, with its hypersphere given by t"0. In
the front form the hypersphere is a tangent plane to the light cone. In the point form the time-like
coordinate is identified with the eigentime of a physical system and the hypersphere has a shape of
a hyperboloid.

Which of the three forms should be prefered? The question is difficult to answer, in fact it is
ill-posed. In principle, all three forms should yield the same physical results, since physics should
not depend on how one parametrizes the space (and the time). If it depends on it, one has made
a mistake. But usually one adjusts parametrization to the nature of the physical problem to
simplify the amount of practical work. Since one knows so little on the typical solutions of a field
theory, it might well be worth the effort to admit also other than the conventional “instant” form.

The bulk of research on field theory implicitly uses the instant form, which we do not even
attempt to summarize. Although it is the conventional choice for quantizing field theory, it has

S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486 315

Instant Form Front Form 

z0 = 1
ΛQCD

z∆

∆ = 3 + L: conformal dimension of meson

P+ = P0 + Pz

Fixed τ = t + z/c

σ = ct− z

z0 = 1
ΛQCD

z∆

∆ = 3 + L: conformal dimension of meson

P+ = P0 + Pz

Fixed τ = t + z/c

σ = ct− z

Evolve in 
light-front time!
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General remarks about orbital angular mo-
mentum

!R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

∑n
i=1(xi

!P⊥+ !k⊥i) = !P⊥

xi
!P⊥+ !k⊥i

∑n
i

!k⊥i = !0⊥

∑n
i xi = 1

General remarks about orbital angular mo-
mentum

Ψn(xi,!k⊥i, λi)

∑n
i=1(xi

!R⊥+!b⊥i) = !R⊥

xi
!R⊥+!b⊥i

∑n
i
!b⊥i = !0⊥

∑n
i xi = 1

P+, !P+

xiP
+, xi

!P⊥+ !k⊥i

ẑ

!L = !R× !P

!Li = (xi
!R⊥+!b⊥i)× !P

!"i = !b⊥i × !k⊥i

!"i = !Li − xi
!R⊥ × !P = !b⊥i × !P

A(σ,∆⊥) = 1
2π

∫
dζe

i
2σζM(ζ,∆⊥)

P+, $P⊥

xiP
+, xi

$P⊥+ $k⊥i

ζ = Q2

2p·q

ẑ

$L = $R× $P

$Li = (xi
$R⊥+$b⊥i)× $P

Light-Front Wavefunctions

P+ = P0 + Pz

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

ū

E′ = E − ν, &q

P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

Invariant under boosts!  Independent of Pμ 
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S.J. Brodsky et al. / Nuclear Physics B 593 (2001) 311–335 331

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
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〉 → ∣∣+ 1
2

− 1〉 + 1
2

−1 +1

Conserved 
LF Fock state by Fock State
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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
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+1 −1∣∣+ 1
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〉 → ∣∣− 1
2

+ 1〉 − 1
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〉 → ∣∣+ 1
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−1 +1

n-1 orbital angular momenta

Angular Momentum on the Light-Front

Nonzero Anomalous Moment -->Nonzero orbital angular momentum
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ψ(x,"b⊥) = ψ(ζ)

φ(z)

ζ =
√

(x(1− x)|b⊥|

z

z∆

z0 = 1
ΛQCD

γd→ np

ψ(x,"b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)"b2⊥

z

z∆

z0 = 1
ΛQCD

γd→ np

ψ(x,"b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)"b2⊥

z

z∆

z0 = 1
ΛQCD

γd→ np

Mapping between LF(3+1) and AdS5

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

x (1− x) !b⊥

ψ(x,!b⊥) = ψ(ζ)

φ(z)

ζ =
√

x(1− x)!b2⊥

z

z∆

z0 = 1
ΛQCD

LF(3+1)              AdS5

κ = 0.77GeV

ψ(x,#b⊥) =
√

x(1− x) φ(ζ)

√
x(1− x)

M ∝ ∂2

∂2k⊥
ψπ(x, k⊥)

M ∝ ∂2

∂2k⊥
ψγ∗(x, k⊥)

F2
A(q2⊥) ∼ e−

1
3R2

Aq2⊥
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3

from momentum conservation at the vertex we find

F (Q2) = R3

∫ ∞

0

dz

z3
e3A(z)ΦP ′(z)J(Q, z)ΦP (z). (9)

The form factor in AdS is the overlap of the normalizable
modes dual to the incoming and outgoing hadron ΦP and
ΦP ′ and the non-normalizable mode J(Q, z), dual to the
external source [15]

We integrate (4) over angles to obtain

F (q2) = 2π

∫ 1

0
dx

(1− x)
x

∫
ζdζJ0

(
ζq

√
1− x

x

)
ρ̃(x, ζ),

(10)
where we have introduced the variable

ζ =
√

x

1− x

∣∣∣ n−1∑
j=1

xjb⊥j

∣∣∣, (11)

representing the x-weighted transverse impact coordinate
of the spectator system.

We can now make contact with the AdS results. Com-
paring (10) with the expression for the form factor in
AdS space (9) for arbitrary values of Q we find

J(Q, ζ) =
∫ 1

0
dxJ0

(
ζQ

√
1− x

x

)
= ζQK1(ζQ), (12)

which is also the solution for the electromagnetic poten-
tial in AdS (8). Thus we can identify the spectator den-
sity function appearing in the light-front formalism with
the corresponding AdS density

ρ̃(x, ζ) =
R3

2π

x

1− x
e3A(ζ) |Φ(ζ)|2

ζ4
. (13)

Eq (13) expresses the duality between extended AdS
modes and point-like partonic distributions. It gives a
precise relation between the string modes in AdS5 and
the QCD transverse density in four dimensional space-
time. The variable ζ, 0 ≤ ζ ≤ Λ−1

QCD, represents the
invariant separation between quarks, and it is also the
holographic variable z, ζ = z.

For two partons ρ̃(x, ζ) = |ψn=2(x, ζ)|2/(1−x)2, and a
closed form solution for the two-constituent bound state
light-front wave function is found

|ψ(x, ζ)|2 =
R3

2π
x(1− x) e3A(ζ) |Φ(ζ)|2

ζ4
. (14)

In the case of two partons ζ2 = x
1−x%η2

⊥ = x(1− x)b2
⊥.

For spin-carrying constituents the relevant dimension
is that of twist (dimension minus spin) τ = ∆−σ, where
σ is the sum over the constituent’s spin σ =

∑n
i=1 σi.

Twist is equal to the number of partons τ = n. Upon
the substitution ∆ → n + L, φ(z) = z−3/2Φ(z), in

the five-dimensional AdS wave equations describing glue-
balls, mesons or vector mesons [5] we find an effec-
tive Schrödinger equation written in terms of the four-
dimensional impact variable ζ[

− d2

d2ζ
+ V (ζ)

]
= M2φ(ζ), (15)

with the effective conformal potential [16]

V (ζ) = −1− 4L2

4ζ2
. (16)

The new wave equation has a stable range of solutions ac-
cording to the Breitenlohner-Freedman bound [17]. The
solution to (15) is

φ(z) = z−
3
2 Φ(z) = Cz

1
2 JL(zM). (17)

The eigenvalues are determined by the boundary condi-
tions at φ(z = 1/ΛQCD) = 0, and are given in terms of
the roots of the Bessel functions: ML,k = βL,kΛQCD.
The normalized LFWF ψ̃L,k follow from (14) [18]

ψ̃L,k(x,%b⊥) = BL,k

√
x(1− x)

JL

(√
x(1− x)|%b⊥|βL,kΛQCD

)
θ
(
%b 2
⊥ ≤

Λ−2
QCD

x(1− x)

)
, (18)

where BL,k = ΛQCD

[
(−1)LπJ1+L(βL,k)J1−L(βL,k)

]− 1
2 .

The first eigenmodes are depicted in Figure 1, and the
masses of the light mesons in Figure 2. The predictions
for the lightest hadrons are improved relative to the re-
sults of [5] with the boundary conditions determined in
terms of twist instead of conformal dimensions. The de-
scription of baryons is carried out along similar lines and
will be presented somewhere else.
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FIG. 1: Two-parton bound state holographic LFWF eψ(x, ζ)
for ΛQCD = 0.32 GeV: (a) ground state # = 0, k = 1, (b) first
orbital excited state # = 1, k = 1.

We have shown how the string amplitude Φ(z) defined
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potential:

Map AdS/CFT  to  3+1 LF Theory

3

from momentum conservation at the vertex we find

F (Q2) = R3

∫ ∞

0

dz

z3
e3A(z)ΦP ′(z)J(Q, z)ΦP (z). (9)

The form factor in AdS is the overlap of the normalizable
modes dual to the incoming and outgoing hadron ΦP and
ΦP ′ and the non-normalizable mode J(Q, z), dual to the
external source [15]

We integrate (4) over angles to obtain

F (q2) = 2π

∫ 1

0
dx

(1− x)
x

∫
ζdζJ0

(
ζq

√
1− x

x

)
ρ̃(x, ζ),

(10)
where we have introduced the variable

ζ =
√

x

1− x

∣∣∣ n−1∑
j=1

xjb⊥j

∣∣∣, (11)

representing the x-weighted transverse impact coordinate
of the spectator system.

We can now make contact with the AdS results. Com-
paring (10) with the expression for the form factor in
AdS space (9) for arbitrary values of Q we find

J(Q, ζ) =
∫ 1

0
dxJ0

(
ζQ

√
1− x

x

)
= ζQK1(ζQ), (12)

which is also the solution for the electromagnetic poten-
tial in AdS (8). Thus we can identify the spectator den-
sity function appearing in the light-front formalism with
the corresponding AdS density

ρ̃(x, ζ) =
R3

2π

x

1− x
e3A(ζ) |Φ(ζ)|2

ζ4
. (13)

Eq (13) expresses the duality between extended AdS
modes and point-like partonic distributions. It gives a
precise relation between the string modes in AdS5 and
the QCD transverse density in four dimensional space-
time. The variable ζ, 0 ≤ ζ ≤ Λ−1

QCD, represents the
invariant separation between quarks, and it is also the
holographic variable z, ζ = z.

For two partons ρ̃(x, ζ) = |ψn=2(x, ζ)|2/(1−x)2, and a
closed form solution for the two-constituent bound state
light-front wave function is found

|ψ(x, ζ)|2 =
R3

2π
x(1− x) e3A(ζ) |Φ(ζ)|2

ζ4
. (14)

In the case of two partons ζ2 = x
1−x%η2

⊥ = x(1− x)b2
⊥.

For spin-carrying constituents the relevant dimension
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]
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V (ζ) = −1− 4L2
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The new wave equation has a stable range of solutions ac-
cording to the Breitenlohner-Freedman bound [17]. The
solution to (15) is
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3
2 Φ(z) = Cz

1
2 JL(zM). (17)

The eigenvalues are determined by the boundary condi-
tions at φ(z = 1/ΛQCD) = 0, and are given in terms of
the roots of the Bessel functions: ML,k = βL,kΛQCD.
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FIG. 1: Two-parton bound state holographic LFWF eψ(x, ζ)
for ΛQCD = 0.32 GeV: (a) ground state # = 0, k = 1, (b) first
orbital excited state # = 1, k = 1.

We have shown how the string amplitude Φ(z) defined
on the fifth dimension in AdS5 space can be precisely

[
− d2

d2ζ
+ V (ζ)

]
=M2φ(ζ)

[
− d2

dζ2 + V (ζ)
]
=M2φ(ζ)

ζ2 = x(1− x)b2⊥.

Jz = Sz
p =

∑n
i=1 Sz

i +
∑n−1

i=1 #z
i = 1

2

each Fock State

Jz
p = Sz

q + Sz
g + Lz

q + Lz
g = 1

2

Effective radial equation:

General solution:

G. de Teramond and sjb 

u↓(x)
u↑(x)

∼ (1− x)2

Q2(GeV2)

[
− d2

d2ζ
+ V (ζ)

]
φ(ζ) =M2φ(ζ)

[
− d2

dζ2 + V (ζ)
]
φ(ζ) =M2φ(ζ)

ζ2 = x(1− x)b2⊥.

#L = #P × #R
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Nearly Conformal QCD and AdS/CFT G. F. de Téramond, UCR

x

ψ(x,b)
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b[GeV−1]

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

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 26

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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• 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)

AdS/CFT : φ(x, Q0) ∝
√

x(1− x)

pp→ ppJ/ψ

pp→ pΛcD

pp→ γγ

PQCD: No handbag dominance
for real photons

J = 0 fixed pole from
local qq → γγ interactions



 
 Stan Brodsky,  SLAC

LF Wavefunctions and QCD 
Amplitudes from AdS/CFTCAQCD

5-12-06 58

AdS/QCD G. F. de Téramond
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Two-parton holographic LFWF in impact space ψ̃(x, ζ) for ΛQCD = 0.32 GeV: (a) ground state
L = 0, k = 1; (b) first orbital exited state L = 1, k = 1; (c) first radial exited state L = 0, k = 2.
The variable ζ is the holographic variable z = ζ = |b⊥|√x(1− x).

Caltech High Energy Seminar, Feb 6, 2006 Page 37

AdS/CFT Prediction for Meson LFWF

AdS/QCD G. F. de Téramond

• Change the integration variable ζ = |"b⊥|√x(1− x)

F (Q2) = 2π

∫ 1

0

dx

x(1− x)

∫ ζmax=Λ−1
QCD

0
ζ dζ J0

(
ζQx√

x(1− x)

)∣∣ψ̃(x, ζ)
∣∣2,

• Compare with AdS form factor for arbitrary Q. Find:

J(Q, ζ) =
∫ 1

0
dxJ0

(
ζQx√

x(1− x)

)
= ζQK1(ζQ),

the solution for the electromagnetic potential in AdS space, and

ψ̃(x, ζ) =
ΛQCD√
πJ1(β0,1)

√
x(1− x)J0 (ζβ0,1ΛQCD) θ

(
z ≤ Λ−1

QCD

)
the holographic LFWF for the valence Fock state of the pion ψqq/π .

• The variable ζ , 0 ≤ ζ ≤ Λ−1
QCD, represents the scale of the invariant separation between quarks

and is also the holographic coordinate ζ = z !

Caltech High Energy Seminar, Feb 6, 2006 Page 36

G. de Teramond
SJB 
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Hadronic Form Factor in Space and Time-Like Regions
SJB and GdT in preparation

• The form factor in AdS/QCD is the overlap of the normalizable modes dual to the incoming

and outgoing hadron ΦI and ΦF and the non-normalizable mode J , dual to the external

source (hadron spin σ):

F (Q2)I→F = R3+2σ
∫ ∞

0

dz

z3+2σ
e(3+2σ)A(z)ΦF (z) J(Q, z) ΦI(z)

! R3+2σ
∫ zo

0

dz

z3+2σ
ΦF (z) J(Q, z) ΦI(z),

• J(Q, z) has the limiting value 1 at zero momentum transfer, F (0) = 1, and has as boundary
limit the external current, Aµ = εµeiQ·xJ(Q, z). Thus:

lim
Q→0

J(Q, z) = lim
z→0

J(Q, z) = 1.

• Solution to the AdS Wave equation with boundary conditions at Q = 0 and z → 0:

J(Q, z) = zQK1(zQ).

Polchinski and Strassler, hep-th/0209211; Hong, Yong and Strassler, hep-th/0409118.

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 21



 
 Stan Brodsky,  SLAC

LF Wavefunctions and QCD 
Amplitudes from AdS/CFTCAQCD

5-12-06 60

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

• Propagation of external perturbation suppressed inside AdS.

• At large enoughQ ∼ r/R2, the interaction occurs in the large-r conformal region. Important

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

J(Q, z), Φ(z)

1 2 3 4 5

0.2

0.4

0.6

0.8

1

z

• Consider a specific AdS mode Φ(n) dual to an n partonic Fock state |n〉. At small z, Φ(n)

scales as Φ(n) ∼ z∆n . Thus:

F (Q2) →
[

1
Q2

]τ−1

,

where τ = ∆n − σn, σn =
∑n

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

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 22

General result from 
AdS/CFT
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AdS/QCD G. F. de Téramond
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Space-like pion form factor in holographic model for ΛQCD = 0.2 GeV.

Caltech High Energy Seminar, Feb 6, 2006 Page 29
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AdS/QCD G. F. de Téramond

Dirac Neutron Form Factor F n
1

Q4Fn
1 (Q2) [GeV4]
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Prediction forQ4Fn
1 (Q2) for ΛQCD = 0.21 GeV in the infinite wall approximation.
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AdS/QCD G. F. de Téramond

Dirac Proton Form Factor F p
1

Q4F p
1 (Q2) [GeV4]
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Prediction forQ4F p
1 (Q2) forΛQCD = 0.21 GeV in the infinite wall approximation includding the data

from Kirk (superimposed green points assuming Gp
E = Gp

M ): P. N. Kirk et al., Phys. Rev. D 8 (1973) 63.

Caltech High Energy Seminar, Feb 6, 2006 Page 33
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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

• No ggg bound states  --  No Odderon!

• Quark-interchange dominates scattering amplitudes  !!





 Stan Brodsky,  SLAC
Insights for QCD 

from AdS/CFTKyoto University 12-5-05

• 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

65
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AdS/CFT, QCD, & GSI

66

Consequences of AdS/CFT for 
Antiproton physics

• Analytic form for form factors, distribution 
amplitude

• Matrix elements and LFWFs for baryon scattering 
amplitudes: Quark Counting Rules!

• Orbital angular momentum in baryon wavefunction 
for Pauli form factor, SSAs

• Dominance of quark interchange at short distances

• Effective Regge trajectories

• Regge intercepts at negative integers at large t
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e+

Measurement of  hadron time-like form factors
angular distributions 

Test QCD Counting Rules 
Conformal Symmetry: AdS/CFT
Hadron Helicity Conservation

FH(s) ∝ [1s ]
nH−1

Sz = 0

Tseagull = F (M2
HH̄

)

e+e− → BcBc

e+e− → DsDs

e+e− → J/ψηc

γ∗γ → V 0X

Leading power in 
QCD

γ∗

e+e− → "V jet X

Infamous J/ψ → ρπ decay:

Violates hadron helicity conservation

ψ′ → ρπ and ψ′′ → ρπ suppressed

Is there an Υ → ρπ puzzle?

εµνστ εµV pν
V pσ

jet qτ

e+

e-
p

p

at large t, u

s

u

u

d

p

p

at large t, u

s

u

u

d

Separate F1, F2
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HADRON05 Aug. 22, 2005
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CLEO

Proton timelike form factor. Kaon timelike form factor.

Q2|FK(13.48 GeV2)| = 0.85 ± 0.05(stat) ± 0.02(syst) GeV2

Q4|Gp
M(13.48 GeV2)| = 2.54 ± 0.36(stat) ± 0.16(syst) GeV4

The proton magnetic form factor result agrees with that measured in the reverse

reaction pp̄ → e+e− at Fermilab. The kaon form factor measurement is the first

ever direct measurement at |Q2| > 4 GeV2.

Northwestern University 16 K. K. Seth

New results from CLEO
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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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γ∗

e+e− → "V jet X

Infamous J/ψ → ρπ decay:

Violates hadron helicity conservation

ψ′ → ρπ and ψ′′ → ρπ suppressed

Is there an Υ → ρπ puzzle?

εµνστ εµV pν
V pσ

jet qτ

H+

H-

e+

e-
γ∗

e+e− → "V jet X

Infamous J/ψ → ρπ decay:

Violates hadron helicity conservation

ψ′ → ρπ and ψ′′ → ρπ suppressed

Is there an Υ → ρπ puzzle?

εµνστ εµV pν
V pσ

jet qτ

γ∗

e+e− → "V jet X

Infamous J/ψ → ρπ decay:

Violates hadron helicity conservation

ψ′ → ρπ and ψ′′ → ρπ suppressed

Is there an Υ → ρπ puzzle?

εµνστ εµV pν
V pσ

jet qτ

e+

e-

H+

H-

One-photon/two-photon 
interference gives electron-

positron asymmetry

Test Rosenbluth 
separation problem

Small Effect from Z0
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γ∗

e+e− → "V jet X

Infamous J/ψ → ρπ decay:

Violates hadron helicity conservation

ψ′ → ρπ and ψ′′ → ρπ suppressed

Is there an Υ → ρπ puzzle?

εµνστ εµV pν
V pσ

jet qτ

H+

H-

e+

e-
γ∗

e+e− → "V jet X

Infamous J/ψ → ρπ decay:

Violates hadron helicity conservation

ψ′ → ρπ and ψ′′ → ρπ suppressed

Is there an Υ → ρπ puzzle?

εµνστ εµV pν
V pσ

jet qτ

One-photon/two-photon 
interference gives electron-

positron asymmetry

Small Effect from Z0

• Two-photon exchange correction, elastic and 
inelastic nucleon channels, give significant; 
interference with one-photon exchange, destroys 
Rosenbluth method

Blunden, Melnitchouk; Afanasev, Chen,Carlson, Vanderhaegen, sjb
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Super B III
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Novel Tests of QCD at Super B72

q2!10 GeV2. The lower three models are also showing sig-
nificant contributions from GE ; at 90°, the difference be-

tween the curves shown and the value 0.5 is entirely due to

!GE!2.

IV. CONCLUSIONS

We have discussed how to measure baryon form factors in

the timelike region using polarization observables. Observ-

ing the baryon polarization in e"e#→BB̄ for spin-1/2 bary-

ons B may be the method of choice for determining the mag-

nitude and the phase of the form factor ratio GE /GM . In the

spacelike region, one recalls that at high Q2, the electric
form factor makes a small contribution to the cross section,
and the Rosenbluth method of separating it from the mag-
netic form factor, by its different angular dependence, is very
sensitive to experimental uncertainties and radiative correc-
tions !3". The more direct method is to use polarization trans-
fer !1,4". Similarly, in the timelike case, the angular distribu-
tion can be used to isolate !GE!, but the numerical size of the
GE contribution is small in many models, whereas two of the
three polarization observables are directly proportional to
GE . Additionally, the phase can only be measured using po-
larization.
The normal polarization Py is a single-spin asymmetry

and requires a phase difference between GE and GM . It is an
example of how time-reversal-odd observables can be non-
zero if final state interactions give interfering amplitudes dif-

FIG. 1. #Color online$. Predicted polarization Py in the timelike

region for selected form factor fits described in the text. The plot is

for %!45°. The four curves are for an F2 /F1&1/Q fit, using Eq.

#3.2$; the (log2Q2)/Q2 fit of Belitsky et al., Eq. #3.3$; an improved
(log2Q2)/Q2 fit, Eq. #3.4$; and a fit from Iachello et al., Eq. #3.5$.

FIG. 2. #Color online$. The predicted polarization Px in the

timelike region for %!45° and Pe!1. The four curves correspond
to those in Fig. 1.

FIG. 3. #Color online$. The predicted polarization Pz in the

timelike region for %!45° and Pe!1. The four curves correspond
to those in Fig. 1.

FIG. 4. #Color online$. The predicted differential cross section
'(%)(d'/d) . The four curves correspond to those in Fig. 1.
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Single-spin polarization effects and the determination of timelike proton form factors
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We show that measurements of the proton’s polarization in e!e"→pp̄ strongly discriminate between ana-

lytic forms of models which fit the proton form factors in the spacelike region. In particular, the single-spin

asymmetry normal to the scattering plane measures the relative phase difference between the timelike GE and

GM form factors. The expected proton polarization in the timelike region is large, of the order of several tens

of percent.

DOI: 10.1103/PhysRevD.69.054022 PACS number!s": 13.88.!e, 13.40.Gp, 13.66.Bc

I. INTRODUCTION

The form factors of hadrons as measured in both the

spacelike and timelike domains provide fundamental infor-

mation on the structure and internal dynamics of hadrons.

Recent measurements #1$ of the electron-to-proton polariza-

tion transfer in e! "p→e"p! scattering at Jefferson Laboratory
show that the ratio of Sachs form factors #2$
GE
p (q2)/GM

p (q2) is monotonically decreasing with increasing

Q2#"q2, in strong contradiction with the GE /GM scaling
determined by the traditional Rosenbluth separation method.
The Rosenbluth method may in fact not be reliable, perhaps
because of its sensitivity to uncertain radiative corrections,
including two-photon exchange amplitudes #3$. The polariza-
tion transfer method #1,4$ is relatively insensitive to such
corrections.
The same data which indicate that GE for protons falls

faster than GM at large spacelike Q2 require in turn that
F2 /F1 falls more slowly than 1/Q

2. The conventional expec-
tation from dimensional counting rules #5$ and perturbative
QCD #6$ is that the Dirac form factor F1 should fall with a
nominal power 1/Q4 and the ratio of the Pauli and Dirac
form factors, F2 /F1, should fall like 1/Q

2 at high momen-
tum transfers. The Dirac form factor agrees with this expec-
tation in the range Q2 from a few GeV2 to the data limit of
31 GeV2. However, the Pauli/Dirac ratio is not observed to
fall with the nominal expected power, and the experimenters
themselves have noted that the data is well fit by F2 /F1
%1/Q in the momentum transfer range 2 to 5.6 GeV2.
The new Jefferson Laboratory results make it critical to

carefully identify and separate the timelike GE and GM form
factors by measuring the center-of-mass angular distribution
and by measuring the polarization of the proton in e!e"

→pp̄ or pp̄→!!!" reactions. The advent of high luminos-

ity e!e" colliders at Beijing, Cornell, and Frascati provides

the opportunity to make such measurements, both directly

and via radiative return.

Although the spacelike form factors of a stable hadron are

real, the timelike form factors have a phase structure reflect-

ing the final-state interactions of the outgoing hadrons. In

general, form factors are analytic functions Fi(q
2) with a

discontinuity for timelike momentum above the physical

threshold q2$4M 2. The analytic structure and phases of the

form factors in the timelike regime are thus connected by

dispersion relations to the spacelike regime #7–9$. The ana-
lytic form and phases of the timelike amplitudes also reflect

resonances in the unphysical region 0%q2%4M 2 below the

physical threshold #7$ in the JPC#1"" channel, including

gluonium states and dibaryon structures.

At very large center-of-mass energies, perturbative QCD

factorization predicts diminished final interactions in e!e"

→HH̄ , since the hadrons are initially produced with small
color dipole moments. This principle of QCD color transpar-
ency #10$ is also an essential feature #11$ of hard exclusive B
decays #12,13$, and thus needs to be tested experimentally.
There have been a number of explanations and theoreti-

cally motivated fits of the F2 /F1 data. Belitsky, Ji, and Yuan
#14$ have shown that factors of log(Q2) arise from a careful
QCD analysis of the form factors. The perturbative QCD
form Q2F2 /F1&log

2Q2, which has logarithmic factors mul-
tiplying the nominal power-law behavior, fits the large-Q2

spacelike data well. Others #15,16$ claim to find mechanisms
that modify the traditionally expected power-law behavior
with fractional powers of Q2, and they also give fits which
are in accord with the data. Asymptotic behaviors of the ratio
F2 /F1 for general light-front wave functions are investigated
in Ref. #17$. Each of the model forms predicts a specific
fall-off and phase structure of the form factors from s↔t

crossing to the timelike domain. A fit with the dipole poly-
nomial or nominal dimensional counting rule behavior would
predict no phases in the timelike regime.
As noted by Dubnickova, Dubnicka, and Rekalo, and by

Rock #18$, the existence of the T-odd single-spin asymmetry
normal to the scattering plane in baryon pair production

*Electronic address: sjbth@slac.stanford.edu
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§Electronic address: dshwang@sejong.ac.kr
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e!e"→BB̄ requires a nonzero phase difference between the

GE and GM form factors. The phase of the ratio of form

factors GE /GM of spin-1/2 baryons in the timelike region

can thus be determined from measurements of the polariza-

tion of one of the produced baryons. We shall show that

measurements of the proton polarization in e"e!→pp̄

strongly discriminate between the analytic forms of models

which have been suggested to fit the proton GE /GM data in

the spacelike region.

II. TIMELIKE MEASURES

The center-of-mass angular distribution provides the ana-

log of the Rosenbluth method for measuring the magnitudes

of various helicity amplitudes. The differential cross section

for e!e"→BB̄ when B is a spin-1/2 baryon is given in the

center-of-mass frame by

d!

d"
#

#2$

4q2
D , %2.1&

where $#!1!4mB
2 /q2 and D is given by

D#!GM!2%1"cos2'&"
1

(
!GE!2sin2'; %2.2&

we have used the Sachs form factors )2*

GM#F1"F2 ,

GE#F1"(F2 , %2.3&

with (+q2/4mB
2$1.

As we shall show, polarization observables can be used to

completely pin down the relative phases of the timelike form

factors. The complex phases of the form factors in the time-

like region make it possible for a single outgoing baryon to

be polarized in e!e"→BB̄ , even without polarization in the

initial state.

There are three polarization observables, corresponding to

polarizations in three directions which are perhaps best

called longitudinal, sideways, and normal but often denoted

z, x, and y, respectively. Longitudinal %z& when discussing the
final state means parallel to the direction of the outgoing

baryon. Sideways %x& means perpendicular to the direction of
the outgoing baryon but in the scattering plane. Normal %y&
means normal to the scattering plane, in the direction of

k!%p! , where k! is the electron momentum and p! is the baryon
momentum, with x, y, and z forming a right-handed coordi-

nate system.

The polarization Py does not require polarization in the

initial state and is )18*

Py#
sin 2' ImGE

*GM

D!(
#

%(!1 &sin 2' ImF2*F1

D!(
. %2.4&

The other two polarizations require initial state polarization.

If the electron has polarization Pe then )18*

Px#!Pe

2 sin ' ReGE
*GM

D!(
%2.5&

and

Pz#Pe

2 cos '!GM!2

D
. %2.6&

The sign of Pz can be determined from physical principles.

Angular momentum conservation and helicity conservation

for the electron and positron determine that Pz /Pe in the

forward direction must be "1, verifying the sign of the
above formula.

The polarization measurement in e"e!→pp̄ will require

a polarimeter for the outgoing protons, perhaps based on a

shell of a material such as carbon which has a good analyz-

ing power. However, timelike baryon-antibaryon production

can occur for any pair that is energetically allowed. Baryons

such as the , and - which decay weakly are easier to study,

since their polarization is self-analyzing.

The polarization observable Py is a manifestation of the

T-odd observable k!%p! •S! p , where S! p is the baryon polariza-
tion. This observable is zero in the spacelike case, but need

not be zero in the timelike case because final-state interac-

tions can give the baryon form factors a relative phase.

Notice the factor sin 2' in Py . The fact that this observ-

able vanishes at '#90° can be understood from first prin-

ciples. Since the leptons in the initial state are unpolarized,

the only vectorial information which the Jz#&1 photon can
transfer to the final state is the undirected line defined by the

electron and positron momenta. %This is equivalent to the
fact that the leptonic tensor L./ does not change under the

substitution k!→!k! . We work in the center of mass frame.&
We can nevertheless define a directed normal by rotating

from the lepton to the hadron momentum line through the

smaller angle. The observable Py is proportional to the dot

product of this directed normal with the baryon polarization.

However, at '#90° it is not possible to define the normal to
the lepton to hadron plane if there is no distinction between

k! and !k! , and thus one cannot obtain a nonzero polarization
observable. This is reflected in the extra cos' factor, included
in the sin 2', which one obtains from the detailed derivation

)18*.
Any model which fits the spacelike form factor data with

an analytic function can be continued to the timelike region.

Spacelike form factors are usually written in terms of Q2

#!q2. The correct relation for analytic continuation can be

obtained by examining denominators in loop calculations in

perturbation theory. The connection is Q2→q2e!i0, or

lnQ2#ln%!q2&→ln q2!i0 . %2.7&

If the spacelike F2 /F1 is fit by a rational function of Q
2,

then the form factors will be relatively real in the timelike

region also. However, one in general gets a complex result

from the continuation.

More sophisticated dispersion relation based continua-

tions could give more reliable results, if there are data also in
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e!e"→BB̄ requires a nonzero phase difference between the

GE and GM form factors. The phase of the ratio of form

factors GE /GM of spin-1/2 baryons in the timelike region

can thus be determined from measurements of the polariza-

tion of one of the produced baryons. We shall show that

measurements of the proton polarization in e"e!→pp̄

strongly discriminate between the analytic forms of models

which have been suggested to fit the proton GE /GM data in

the spacelike region.

II. TIMELIKE MEASURES

The center-of-mass angular distribution provides the ana-

log of the Rosenbluth method for measuring the magnitudes

of various helicity amplitudes. The differential cross section

for e!e"→BB̄ when B is a spin-1/2 baryon is given in the

center-of-mass frame by
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#2$

4q2
D , %2.1&

where $#!1!4mB
2 /q2 and D is given by
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we have used the Sachs form factors )2*

GM#F1"F2 ,
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with (+q2/4mB
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As we shall show, polarization observables can be used to

completely pin down the relative phases of the timelike form

factors. The complex phases of the form factors in the time-

like region make it possible for a single outgoing baryon to

be polarized in e!e"→BB̄ , even without polarization in the

initial state.

There are three polarization observables, corresponding to

polarizations in three directions which are perhaps best

called longitudinal, sideways, and normal but often denoted

z, x, and y, respectively. Longitudinal %z& when discussing the
final state means parallel to the direction of the outgoing

baryon. Sideways %x& means perpendicular to the direction of
the outgoing baryon but in the scattering plane. Normal %y&
means normal to the scattering plane, in the direction of

k!%p! , where k! is the electron momentum and p! is the baryon
momentum, with x, y, and z forming a right-handed coordi-

nate system.

The polarization Py does not require polarization in the

initial state and is )18*

Py#
sin 2' ImGE

*GM
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%(!1 &sin 2' ImF2*F1
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The other two polarizations require initial state polarization.

If the electron has polarization Pe then )18*
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2 sin ' ReGE
*GM
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and

Pz#Pe

2 cos '!GM!2

D
. %2.6&

The sign of Pz can be determined from physical principles.

Angular momentum conservation and helicity conservation

for the electron and positron determine that Pz /Pe in the

forward direction must be "1, verifying the sign of the
above formula.

The polarization measurement in e"e!→pp̄ will require

a polarimeter for the outgoing protons, perhaps based on a

shell of a material such as carbon which has a good analyz-

ing power. However, timelike baryon-antibaryon production

can occur for any pair that is energetically allowed. Baryons

such as the , and - which decay weakly are easier to study,

since their polarization is self-analyzing.

The polarization observable Py is a manifestation of the

T-odd observable k!%p! •S! p , where S! p is the baryon polariza-
tion. This observable is zero in the spacelike case, but need

not be zero in the timelike case because final-state interac-

tions can give the baryon form factors a relative phase.

Notice the factor sin 2' in Py . The fact that this observ-

able vanishes at '#90° can be understood from first prin-

ciples. Since the leptons in the initial state are unpolarized,

the only vectorial information which the Jz#&1 photon can
transfer to the final state is the undirected line defined by the

electron and positron momenta. %This is equivalent to the
fact that the leptonic tensor L./ does not change under the

substitution k!→!k! . We work in the center of mass frame.&
We can nevertheless define a directed normal by rotating

from the lepton to the hadron momentum line through the

smaller angle. The observable Py is proportional to the dot

product of this directed normal with the baryon polarization.

However, at '#90° it is not possible to define the normal to
the lepton to hadron plane if there is no distinction between

k! and !k! , and thus one cannot obtain a nonzero polarization
observable. This is reflected in the extra cos' factor, included
in the sin 2', which one obtains from the detailed derivation

)18*.
Any model which fits the spacelike form factor data with

an analytic function can be continued to the timelike region.

Spacelike form factors are usually written in terms of Q2

#!q2. The correct relation for analytic continuation can be

obtained by examining denominators in loop calculations in

perturbation theory. The connection is Q2→q2e!i0, or

lnQ2#ln%!q2&→ln q2!i0 . %2.7&

If the spacelike F2 /F1 is fit by a rational function of Q
2,

then the form factors will be relatively real in the timelike

region also. However, one in general gets a complex result

from the continuation.

More sophisticated dispersion relation based continua-

tions could give more reliable results, if there are data also in
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completely pin down the relative phases of the timelike form

factors. The complex phases of the form factors in the time-

like region make it possible for a single outgoing baryon to

be polarized in e!e"→BB̄ , even without polarization in the
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There are three polarization observables, corresponding to

polarizations in three directions which are perhaps best

called longitudinal, sideways, and normal but often denoted

z, x, and y, respectively. Longitudinal %z& when discussing the
final state means parallel to the direction of the outgoing

baryon. Sideways %x& means perpendicular to the direction of
the outgoing baryon but in the scattering plane. Normal %y&
means normal to the scattering plane, in the direction of

k!%p! , where k! is the electron momentum and p! is the baryon
momentum, with x, y, and z forming a right-handed coordi-
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The sign of Pz can be determined from physical principles.

Angular momentum conservation and helicity conservation

for the electron and positron determine that Pz /Pe in the

forward direction must be "1, verifying the sign of the
above formula.

The polarization measurement in e"e!→pp̄ will require

a polarimeter for the outgoing protons, perhaps based on a

shell of a material such as carbon which has a good analyz-

ing power. However, timelike baryon-antibaryon production

can occur for any pair that is energetically allowed. Baryons

such as the , and - which decay weakly are easier to study,

since their polarization is self-analyzing.

The polarization observable Py is a manifestation of the

T-odd observable k!%p! •S! p , where S! p is the baryon polariza-
tion. This observable is zero in the spacelike case, but need

not be zero in the timelike case because final-state interac-

tions can give the baryon form factors a relative phase.

Notice the factor sin 2' in Py . The fact that this observ-

able vanishes at '#90° can be understood from first prin-

ciples. Since the leptons in the initial state are unpolarized,

the only vectorial information which the Jz#&1 photon can
transfer to the final state is the undirected line defined by the

electron and positron momenta. %This is equivalent to the
fact that the leptonic tensor L./ does not change under the

substitution k!→!k! . We work in the center of mass frame.&
We can nevertheless define a directed normal by rotating

from the lepton to the hadron momentum line through the

smaller angle. The observable Py is proportional to the dot

product of this directed normal with the baryon polarization.

However, at '#90° it is not possible to define the normal to
the lepton to hadron plane if there is no distinction between

k! and !k! , and thus one cannot obtain a nonzero polarization
observable. This is reflected in the extra cos' factor, included
in the sin 2', which one obtains from the detailed derivation

)18*.
Any model which fits the spacelike form factor data with

an analytic function can be continued to the timelike region.

Spacelike form factors are usually written in terms of Q2

#!q2. The correct relation for analytic continuation can be

obtained by examining denominators in loop calculations in

perturbation theory. The connection is Q2→q2e!i0, or

lnQ2#ln%!q2&→ln q2!i0 . %2.7&

If the spacelike F2 /F1 is fit by a rational function of Q
2,

then the form factors will be relatively real in the timelike

region also. However, one in general gets a complex result

from the continuation.

More sophisticated dispersion relation based continua-

tions could give more reliable results, if there are data also in
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e!e"→BB̄ requires a nonzero phase difference between the

GE and GM form factors. The phase of the ratio of form

factors GE /GM of spin-1/2 baryons in the timelike region

can thus be determined from measurements of the polariza-

tion of one of the produced baryons. We shall show that

measurements of the proton polarization in e"e!→pp̄

strongly discriminate between the analytic forms of models

which have been suggested to fit the proton GE /GM data in

the spacelike region.

II. TIMELIKE MEASURES

The center-of-mass angular distribution provides the ana-

log of the Rosenbluth method for measuring the magnitudes

of various helicity amplitudes. The differential cross section

for e!e"→BB̄ when B is a spin-1/2 baryon is given in the

center-of-mass frame by

d!

d"
#

#2$

4q2
D , %2.1&

where $#!1!4mB
2 /q2 and D is given by

D#!GM!2%1"cos2'&"
1

(
!GE!2sin2'; %2.2&

we have used the Sachs form factors )2*

GM#F1"F2 ,

GE#F1"(F2 , %2.3&

with (+q2/4mB
2$1.

As we shall show, polarization observables can be used to

completely pin down the relative phases of the timelike form

factors. The complex phases of the form factors in the time-

like region make it possible for a single outgoing baryon to

be polarized in e!e"→BB̄ , even without polarization in the

initial state.

There are three polarization observables, corresponding to

polarizations in three directions which are perhaps best

called longitudinal, sideways, and normal but often denoted

z, x, and y, respectively. Longitudinal %z& when discussing the
final state means parallel to the direction of the outgoing

baryon. Sideways %x& means perpendicular to the direction of
the outgoing baryon but in the scattering plane. Normal %y&
means normal to the scattering plane, in the direction of

k!%p! , where k! is the electron momentum and p! is the baryon
momentum, with x, y, and z forming a right-handed coordi-

nate system.

The polarization Py does not require polarization in the

initial state and is )18*

Py#
sin 2' ImGE

*GM

D!(
#

%(!1 &sin 2' ImF2*F1

D!(
. %2.4&

The other two polarizations require initial state polarization.

If the electron has polarization Pe then )18*

Px#!Pe

2 sin ' ReGE
*GM

D!(
%2.5&

and

Pz#Pe

2 cos '!GM!2

D
. %2.6&

The sign of Pz can be determined from physical principles.

Angular momentum conservation and helicity conservation

for the electron and positron determine that Pz /Pe in the

forward direction must be "1, verifying the sign of the
above formula.

The polarization measurement in e"e!→pp̄ will require

a polarimeter for the outgoing protons, perhaps based on a

shell of a material such as carbon which has a good analyz-

ing power. However, timelike baryon-antibaryon production

can occur for any pair that is energetically allowed. Baryons

such as the , and - which decay weakly are easier to study,

since their polarization is self-analyzing.

The polarization observable Py is a manifestation of the

T-odd observable k!%p! •S! p , where S! p is the baryon polariza-
tion. This observable is zero in the spacelike case, but need

not be zero in the timelike case because final-state interac-

tions can give the baryon form factors a relative phase.

Notice the factor sin 2' in Py . The fact that this observ-

able vanishes at '#90° can be understood from first prin-

ciples. Since the leptons in the initial state are unpolarized,

the only vectorial information which the Jz#&1 photon can
transfer to the final state is the undirected line defined by the

electron and positron momenta. %This is equivalent to the
fact that the leptonic tensor L./ does not change under the

substitution k!→!k! . We work in the center of mass frame.&
We can nevertheless define a directed normal by rotating

from the lepton to the hadron momentum line through the

smaller angle. The observable Py is proportional to the dot

product of this directed normal with the baryon polarization.

However, at '#90° it is not possible to define the normal to
the lepton to hadron plane if there is no distinction between

k! and !k! , and thus one cannot obtain a nonzero polarization
observable. This is reflected in the extra cos' factor, included
in the sin 2', which one obtains from the detailed derivation

)18*.
Any model which fits the spacelike form factor data with

an analytic function can be continued to the timelike region.

Spacelike form factors are usually written in terms of Q2

#!q2. The correct relation for analytic continuation can be

obtained by examining denominators in loop calculations in

perturbation theory. The connection is Q2→q2e!i0, or

lnQ2#ln%!q2&→ln q2!i0 . %2.7&

If the spacelike F2 /F1 is fit by a rational function of Q
2,

then the form factors will be relatively real in the timelike

region also. However, one in general gets a complex result

from the continuation.

More sophisticated dispersion relation based continua-

tions could give more reliable results, if there are data also in
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q2!10 GeV2. The lower three models are also showing sig-
nificant contributions from GE ; at 90°, the difference be-

tween the curves shown and the value 0.5 is entirely due to

!GE!2.

IV. CONCLUSIONS

We have discussed how to measure baryon form factors in

the timelike region using polarization observables. Observ-

ing the baryon polarization in e"e#→BB̄ for spin-1/2 bary-

ons B may be the method of choice for determining the mag-

nitude and the phase of the form factor ratio GE /GM . In the

spacelike region, one recalls that at high Q2, the electric
form factor makes a small contribution to the cross section,
and the Rosenbluth method of separating it from the mag-
netic form factor, by its different angular dependence, is very
sensitive to experimental uncertainties and radiative correc-
tions !3". The more direct method is to use polarization trans-
fer !1,4". Similarly, in the timelike case, the angular distribu-
tion can be used to isolate !GE!, but the numerical size of the
GE contribution is small in many models, whereas two of the
three polarization observables are directly proportional to
GE . Additionally, the phase can only be measured using po-
larization.
The normal polarization Py is a single-spin asymmetry

and requires a phase difference between GE and GM . It is an
example of how time-reversal-odd observables can be non-
zero if final state interactions give interfering amplitudes dif-

FIG. 1. #Color online$. Predicted polarization Py in the timelike

region for selected form factor fits described in the text. The plot is

for %!45°. The four curves are for an F2 /F1&1/Q fit, using Eq.

#3.2$; the (log2Q2)/Q2 fit of Belitsky et al., Eq. #3.3$; an improved
(log2Q2)/Q2 fit, Eq. #3.4$; and a fit from Iachello et al., Eq. #3.5$.

FIG. 2. #Color online$. The predicted polarization Px in the

timelike region for %!45° and Pe!1. The four curves correspond
to those in Fig. 1.

FIG. 3. #Color online$. The predicted polarization Pz in the

timelike region for %!45° and Pe!1. The four curves correspond
to those in Fig. 1.

FIG. 4. #Color online$. The predicted differential cross section
'(%)(d'/d) . The four curves correspond to those in Fig. 1.
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We show that measurements of the proton’s polarization in e!e"→pp̄ strongly discriminate between ana-

lytic forms of models which fit the proton form factors in the spacelike region. In particular, the single-spin

asymmetry normal to the scattering plane measures the relative phase difference between the timelike GE and

GM form factors. The expected proton polarization in the timelike region is large, of the order of several tens

of percent.
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I. INTRODUCTION

The form factors of hadrons as measured in both the

spacelike and timelike domains provide fundamental infor-

mation on the structure and internal dynamics of hadrons.

Recent measurements #1$ of the electron-to-proton polariza-

tion transfer in e! "p→e"p! scattering at Jefferson Laboratory
show that the ratio of Sachs form factors #2$
GE
p (q2)/GM

p (q2) is monotonically decreasing with increasing

Q2#"q2, in strong contradiction with the GE /GM scaling
determined by the traditional Rosenbluth separation method.
The Rosenbluth method may in fact not be reliable, perhaps
because of its sensitivity to uncertain radiative corrections,
including two-photon exchange amplitudes #3$. The polariza-
tion transfer method #1,4$ is relatively insensitive to such
corrections.
The same data which indicate that GE for protons falls

faster than GM at large spacelike Q2 require in turn that
F2 /F1 falls more slowly than 1/Q

2. The conventional expec-
tation from dimensional counting rules #5$ and perturbative
QCD #6$ is that the Dirac form factor F1 should fall with a
nominal power 1/Q4 and the ratio of the Pauli and Dirac
form factors, F2 /F1, should fall like 1/Q

2 at high momen-
tum transfers. The Dirac form factor agrees with this expec-
tation in the range Q2 from a few GeV2 to the data limit of
31 GeV2. However, the Pauli/Dirac ratio is not observed to
fall with the nominal expected power, and the experimenters
themselves have noted that the data is well fit by F2 /F1
%1/Q in the momentum transfer range 2 to 5.6 GeV2.
The new Jefferson Laboratory results make it critical to

carefully identify and separate the timelike GE and GM form
factors by measuring the center-of-mass angular distribution
and by measuring the polarization of the proton in e!e"

→pp̄ or pp̄→!!!" reactions. The advent of high luminos-

ity e!e" colliders at Beijing, Cornell, and Frascati provides

the opportunity to make such measurements, both directly

and via radiative return.

Although the spacelike form factors of a stable hadron are

real, the timelike form factors have a phase structure reflect-

ing the final-state interactions of the outgoing hadrons. In

general, form factors are analytic functions Fi(q
2) with a

discontinuity for timelike momentum above the physical

threshold q2$4M 2. The analytic structure and phases of the

form factors in the timelike regime are thus connected by

dispersion relations to the spacelike regime #7–9$. The ana-
lytic form and phases of the timelike amplitudes also reflect

resonances in the unphysical region 0%q2%4M 2 below the

physical threshold #7$ in the JPC#1"" channel, including

gluonium states and dibaryon structures.

At very large center-of-mass energies, perturbative QCD

factorization predicts diminished final interactions in e!e"

→HH̄ , since the hadrons are initially produced with small
color dipole moments. This principle of QCD color transpar-
ency #10$ is also an essential feature #11$ of hard exclusive B
decays #12,13$, and thus needs to be tested experimentally.
There have been a number of explanations and theoreti-

cally motivated fits of the F2 /F1 data. Belitsky, Ji, and Yuan
#14$ have shown that factors of log(Q2) arise from a careful
QCD analysis of the form factors. The perturbative QCD
form Q2F2 /F1&log

2Q2, which has logarithmic factors mul-
tiplying the nominal power-law behavior, fits the large-Q2

spacelike data well. Others #15,16$ claim to find mechanisms
that modify the traditionally expected power-law behavior
with fractional powers of Q2, and they also give fits which
are in accord with the data. Asymptotic behaviors of the ratio
F2 /F1 for general light-front wave functions are investigated
in Ref. #17$. Each of the model forms predicts a specific
fall-off and phase structure of the form factors from s↔t

crossing to the timelike domain. A fit with the dipole poly-
nomial or nominal dimensional counting rule behavior would
predict no phases in the timelike regime.
As noted by Dubnickova, Dubnicka, and Rekalo, and by

Rock #18$, the existence of the T-odd single-spin asymmetry
normal to the scattering plane in baryon pair production
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e!e"→BB̄ requires a nonzero phase difference between the

GE and GM form factors. The phase of the ratio of form

factors GE /GM of spin-1/2 baryons in the timelike region

can thus be determined from measurements of the polariza-

tion of one of the produced baryons. We shall show that

measurements of the proton polarization in e"e!→pp̄

strongly discriminate between the analytic forms of models

which have been suggested to fit the proton GE /GM data in

the spacelike region.

II. TIMELIKE MEASURES

The center-of-mass angular distribution provides the ana-

log of the Rosenbluth method for measuring the magnitudes

of various helicity amplitudes. The differential cross section

for e!e"→BB̄ when B is a spin-1/2 baryon is given in the

center-of-mass frame by

d!

d"
#

#2$

4q2
D , %2.1&

where $#!1!4mB
2 /q2 and D is given by

D#!GM!2%1"cos2'&"
1

(
!GE!2sin2'; %2.2&

we have used the Sachs form factors )2*

GM#F1"F2 ,

GE#F1"(F2 , %2.3&

with (+q2/4mB
2$1.

As we shall show, polarization observables can be used to

completely pin down the relative phases of the timelike form

factors. The complex phases of the form factors in the time-

like region make it possible for a single outgoing baryon to

be polarized in e!e"→BB̄ , even without polarization in the

initial state.

There are three polarization observables, corresponding to

polarizations in three directions which are perhaps best

called longitudinal, sideways, and normal but often denoted

z, x, and y, respectively. Longitudinal %z& when discussing the
final state means parallel to the direction of the outgoing

baryon. Sideways %x& means perpendicular to the direction of
the outgoing baryon but in the scattering plane. Normal %y&
means normal to the scattering plane, in the direction of

k!%p! , where k! is the electron momentum and p! is the baryon
momentum, with x, y, and z forming a right-handed coordi-

nate system.

The polarization Py does not require polarization in the

initial state and is )18*

Py#
sin 2' ImGE

*GM

D!(
#

%(!1 &sin 2' ImF2*F1

D!(
. %2.4&

The other two polarizations require initial state polarization.

If the electron has polarization Pe then )18*

Px#!Pe

2 sin ' ReGE
*GM

D!(
%2.5&

and

Pz#Pe

2 cos '!GM!2

D
. %2.6&

The sign of Pz can be determined from physical principles.

Angular momentum conservation and helicity conservation

for the electron and positron determine that Pz /Pe in the

forward direction must be "1, verifying the sign of the
above formula.

The polarization measurement in e"e!→pp̄ will require

a polarimeter for the outgoing protons, perhaps based on a

shell of a material such as carbon which has a good analyz-

ing power. However, timelike baryon-antibaryon production

can occur for any pair that is energetically allowed. Baryons

such as the , and - which decay weakly are easier to study,

since their polarization is self-analyzing.

The polarization observable Py is a manifestation of the

T-odd observable k!%p! •S! p , where S! p is the baryon polariza-
tion. This observable is zero in the spacelike case, but need

not be zero in the timelike case because final-state interac-

tions can give the baryon form factors a relative phase.

Notice the factor sin 2' in Py . The fact that this observ-

able vanishes at '#90° can be understood from first prin-

ciples. Since the leptons in the initial state are unpolarized,

the only vectorial information which the Jz#&1 photon can
transfer to the final state is the undirected line defined by the

electron and positron momenta. %This is equivalent to the
fact that the leptonic tensor L./ does not change under the

substitution k!→!k! . We work in the center of mass frame.&
We can nevertheless define a directed normal by rotating

from the lepton to the hadron momentum line through the

smaller angle. The observable Py is proportional to the dot

product of this directed normal with the baryon polarization.

However, at '#90° it is not possible to define the normal to
the lepton to hadron plane if there is no distinction between

k! and !k! , and thus one cannot obtain a nonzero polarization
observable. This is reflected in the extra cos' factor, included
in the sin 2', which one obtains from the detailed derivation

)18*.
Any model which fits the spacelike form factor data with

an analytic function can be continued to the timelike region.

Spacelike form factors are usually written in terms of Q2

#!q2. The correct relation for analytic continuation can be

obtained by examining denominators in loop calculations in

perturbation theory. The connection is Q2→q2e!i0, or

lnQ2#ln%!q2&→ln q2!i0 . %2.7&

If the spacelike F2 /F1 is fit by a rational function of Q
2,

then the form factors will be relatively real in the timelike

region also. However, one in general gets a complex result

from the continuation.

More sophisticated dispersion relation based continua-

tions could give more reliable results, if there are data also in
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e!e"→BB̄ requires a nonzero phase difference between the

GE and GM form factors. The phase of the ratio of form

factors GE /GM of spin-1/2 baryons in the timelike region

can thus be determined from measurements of the polariza-

tion of one of the produced baryons. We shall show that

measurements of the proton polarization in e"e!→pp̄

strongly discriminate between the analytic forms of models

which have been suggested to fit the proton GE /GM data in

the spacelike region.

II. TIMELIKE MEASURES

The center-of-mass angular distribution provides the ana-

log of the Rosenbluth method for measuring the magnitudes

of various helicity amplitudes. The differential cross section

for e!e"→BB̄ when B is a spin-1/2 baryon is given in the

center-of-mass frame by

d!

d"
#

#2$

4q2
D , %2.1&

where $#!1!4mB
2 /q2 and D is given by

D#!GM!2%1"cos2'&"
1

(
!GE!2sin2'; %2.2&

we have used the Sachs form factors )2*

GM#F1"F2 ,

GE#F1"(F2 , %2.3&

with (+q2/4mB
2$1.

As we shall show, polarization observables can be used to

completely pin down the relative phases of the timelike form

factors. The complex phases of the form factors in the time-

like region make it possible for a single outgoing baryon to

be polarized in e!e"→BB̄ , even without polarization in the

initial state.

There are three polarization observables, corresponding to

polarizations in three directions which are perhaps best

called longitudinal, sideways, and normal but often denoted

z, x, and y, respectively. Longitudinal %z& when discussing the
final state means parallel to the direction of the outgoing

baryon. Sideways %x& means perpendicular to the direction of
the outgoing baryon but in the scattering plane. Normal %y&
means normal to the scattering plane, in the direction of

k!%p! , where k! is the electron momentum and p! is the baryon
momentum, with x, y, and z forming a right-handed coordi-

nate system.

The polarization Py does not require polarization in the

initial state and is )18*

Py#
sin 2' ImGE

*GM

D!(
#

%(!1 &sin 2' ImF2*F1

D!(
. %2.4&

The other two polarizations require initial state polarization.

If the electron has polarization Pe then )18*

Px#!Pe

2 sin ' ReGE
*GM

D!(
%2.5&

and

Pz#Pe

2 cos '!GM!2

D
. %2.6&

The sign of Pz can be determined from physical principles.

Angular momentum conservation and helicity conservation

for the electron and positron determine that Pz /Pe in the

forward direction must be "1, verifying the sign of the
above formula.

The polarization measurement in e"e!→pp̄ will require

a polarimeter for the outgoing protons, perhaps based on a

shell of a material such as carbon which has a good analyz-

ing power. However, timelike baryon-antibaryon production

can occur for any pair that is energetically allowed. Baryons

such as the , and - which decay weakly are easier to study,

since their polarization is self-analyzing.

The polarization observable Py is a manifestation of the

T-odd observable k!%p! •S! p , where S! p is the baryon polariza-
tion. This observable is zero in the spacelike case, but need

not be zero in the timelike case because final-state interac-

tions can give the baryon form factors a relative phase.

Notice the factor sin 2' in Py . The fact that this observ-

able vanishes at '#90° can be understood from first prin-

ciples. Since the leptons in the initial state are unpolarized,

the only vectorial information which the Jz#&1 photon can
transfer to the final state is the undirected line defined by the

electron and positron momenta. %This is equivalent to the
fact that the leptonic tensor L./ does not change under the

substitution k!→!k! . We work in the center of mass frame.&
We can nevertheless define a directed normal by rotating

from the lepton to the hadron momentum line through the

smaller angle. The observable Py is proportional to the dot

product of this directed normal with the baryon polarization.

However, at '#90° it is not possible to define the normal to
the lepton to hadron plane if there is no distinction between

k! and !k! , and thus one cannot obtain a nonzero polarization
observable. This is reflected in the extra cos' factor, included
in the sin 2', which one obtains from the detailed derivation

)18*.
Any model which fits the spacelike form factor data with

an analytic function can be continued to the timelike region.

Spacelike form factors are usually written in terms of Q2

#!q2. The correct relation for analytic continuation can be

obtained by examining denominators in loop calculations in

perturbation theory. The connection is Q2→q2e!i0, or

lnQ2#ln%!q2&→ln q2!i0 . %2.7&

If the spacelike F2 /F1 is fit by a rational function of Q
2,

then the form factors will be relatively real in the timelike

region also. However, one in general gets a complex result

from the continuation.

More sophisticated dispersion relation based continua-

tions could give more reliable results, if there are data also in
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q2!10 GeV2. The lower three models are also showing sig-
nificant contributions from GE ; at 90°, the difference be-

tween the curves shown and the value 0.5 is entirely due to

!GE!2.

IV. CONCLUSIONS

We have discussed how to measure baryon form factors in

the timelike region using polarization observables. Observ-

ing the baryon polarization in e"e#→BB̄ for spin-1/2 bary-

ons B may be the method of choice for determining the mag-

nitude and the phase of the form factor ratio GE /GM . In the

spacelike region, one recalls that at high Q2, the electric
form factor makes a small contribution to the cross section,
and the Rosenbluth method of separating it from the mag-
netic form factor, by its different angular dependence, is very
sensitive to experimental uncertainties and radiative correc-
tions !3". The more direct method is to use polarization trans-
fer !1,4". Similarly, in the timelike case, the angular distribu-
tion can be used to isolate !GE!, but the numerical size of the
GE contribution is small in many models, whereas two of the
three polarization observables are directly proportional to
GE . Additionally, the phase can only be measured using po-
larization.
The normal polarization Py is a single-spin asymmetry

and requires a phase difference between GE and GM . It is an
example of how time-reversal-odd observables can be non-
zero if final state interactions give interfering amplitudes dif-

FIG. 1. #Color online$. Predicted polarization Py in the timelike

region for selected form factor fits described in the text. The plot is

for %!45°. The four curves are for an F2 /F1&1/Q fit, using Eq.

#3.2$; the (log2Q2)/Q2 fit of Belitsky et al., Eq. #3.3$; an improved
(log2Q2)/Q2 fit, Eq. #3.4$; and a fit from Iachello et al., Eq. #3.5$.

FIG. 2. #Color online$. The predicted polarization Px in the

timelike region for %!45° and Pe!1. The four curves correspond
to those in Fig. 1.

FIG. 3. #Color online$. The predicted polarization Pz in the

timelike region for %!45° and Pe!1. The four curves correspond
to those in Fig. 1.

FIG. 4. #Color online$. The predicted differential cross section
'(%)(d'/d) . The four curves correspond to those in Fig. 1.
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We show that measurements of the proton’s polarization in e!e"→pp̄ strongly discriminate between ana-

lytic forms of models which fit the proton form factors in the spacelike region. In particular, the single-spin

asymmetry normal to the scattering plane measures the relative phase difference between the timelike GE and

GM form factors. The expected proton polarization in the timelike region is large, of the order of several tens

of percent.
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I. INTRODUCTION

The form factors of hadrons as measured in both the

spacelike and timelike domains provide fundamental infor-

mation on the structure and internal dynamics of hadrons.

Recent measurements #1$ of the electron-to-proton polariza-

tion transfer in e! "p→e"p! scattering at Jefferson Laboratory
show that the ratio of Sachs form factors #2$
GE
p (q2)/GM

p (q2) is monotonically decreasing with increasing

Q2#"q2, in strong contradiction with the GE /GM scaling
determined by the traditional Rosenbluth separation method.
The Rosenbluth method may in fact not be reliable, perhaps
because of its sensitivity to uncertain radiative corrections,
including two-photon exchange amplitudes #3$. The polariza-
tion transfer method #1,4$ is relatively insensitive to such
corrections.
The same data which indicate that GE for protons falls

faster than GM at large spacelike Q2 require in turn that
F2 /F1 falls more slowly than 1/Q

2. The conventional expec-
tation from dimensional counting rules #5$ and perturbative
QCD #6$ is that the Dirac form factor F1 should fall with a
nominal power 1/Q4 and the ratio of the Pauli and Dirac
form factors, F2 /F1, should fall like 1/Q

2 at high momen-
tum transfers. The Dirac form factor agrees with this expec-
tation in the range Q2 from a few GeV2 to the data limit of
31 GeV2. However, the Pauli/Dirac ratio is not observed to
fall with the nominal expected power, and the experimenters
themselves have noted that the data is well fit by F2 /F1
%1/Q in the momentum transfer range 2 to 5.6 GeV2.
The new Jefferson Laboratory results make it critical to

carefully identify and separate the timelike GE and GM form
factors by measuring the center-of-mass angular distribution
and by measuring the polarization of the proton in e!e"

→pp̄ or pp̄→!!!" reactions. The advent of high luminos-

ity e!e" colliders at Beijing, Cornell, and Frascati provides

the opportunity to make such measurements, both directly

and via radiative return.

Although the spacelike form factors of a stable hadron are

real, the timelike form factors have a phase structure reflect-

ing the final-state interactions of the outgoing hadrons. In

general, form factors are analytic functions Fi(q
2) with a

discontinuity for timelike momentum above the physical

threshold q2$4M 2. The analytic structure and phases of the

form factors in the timelike regime are thus connected by

dispersion relations to the spacelike regime #7–9$. The ana-
lytic form and phases of the timelike amplitudes also reflect

resonances in the unphysical region 0%q2%4M 2 below the

physical threshold #7$ in the JPC#1"" channel, including

gluonium states and dibaryon structures.

At very large center-of-mass energies, perturbative QCD

factorization predicts diminished final interactions in e!e"

→HH̄ , since the hadrons are initially produced with small
color dipole moments. This principle of QCD color transpar-
ency #10$ is also an essential feature #11$ of hard exclusive B
decays #12,13$, and thus needs to be tested experimentally.
There have been a number of explanations and theoreti-

cally motivated fits of the F2 /F1 data. Belitsky, Ji, and Yuan
#14$ have shown that factors of log(Q2) arise from a careful
QCD analysis of the form factors. The perturbative QCD
form Q2F2 /F1&log

2Q2, which has logarithmic factors mul-
tiplying the nominal power-law behavior, fits the large-Q2

spacelike data well. Others #15,16$ claim to find mechanisms
that modify the traditionally expected power-law behavior
with fractional powers of Q2, and they also give fits which
are in accord with the data. Asymptotic behaviors of the ratio
F2 /F1 for general light-front wave functions are investigated
in Ref. #17$. Each of the model forms predicts a specific
fall-off and phase structure of the form factors from s↔t

crossing to the timelike domain. A fit with the dipole poly-
nomial or nominal dimensional counting rule behavior would
predict no phases in the timelike regime.
As noted by Dubnickova, Dubnicka, and Rekalo, and by

Rock #18$, the existence of the T-odd single-spin asymmetry
normal to the scattering plane in baryon pair production
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e!e"→BB̄ requires a nonzero phase difference between the

GE and GM form factors. The phase of the ratio of form

factors GE /GM of spin-1/2 baryons in the timelike region

can thus be determined from measurements of the polariza-

tion of one of the produced baryons. We shall show that

measurements of the proton polarization in e"e!→pp̄

strongly discriminate between the analytic forms of models

which have been suggested to fit the proton GE /GM data in

the spacelike region.

II. TIMELIKE MEASURES

The center-of-mass angular distribution provides the ana-

log of the Rosenbluth method for measuring the magnitudes

of various helicity amplitudes. The differential cross section

for e!e"→BB̄ when B is a spin-1/2 baryon is given in the

center-of-mass frame by

d!

d"
#

#2$

4q2
D , %2.1&

where $#!1!4mB
2 /q2 and D is given by

D#!GM!2%1"cos2'&"
1

(
!GE!2sin2'; %2.2&

we have used the Sachs form factors )2*

GM#F1"F2 ,

GE#F1"(F2 , %2.3&

with (+q2/4mB
2$1.

As we shall show, polarization observables can be used to

completely pin down the relative phases of the timelike form

factors. The complex phases of the form factors in the time-

like region make it possible for a single outgoing baryon to

be polarized in e!e"→BB̄ , even without polarization in the

initial state.

There are three polarization observables, corresponding to

polarizations in three directions which are perhaps best

called longitudinal, sideways, and normal but often denoted

z, x, and y, respectively. Longitudinal %z& when discussing the
final state means parallel to the direction of the outgoing

baryon. Sideways %x& means perpendicular to the direction of
the outgoing baryon but in the scattering plane. Normal %y&
means normal to the scattering plane, in the direction of

k!%p! , where k! is the electron momentum and p! is the baryon
momentum, with x, y, and z forming a right-handed coordi-

nate system.

The polarization Py does not require polarization in the

initial state and is )18*

Py#
sin 2' ImGE

*GM

D!(
#

%(!1 &sin 2' ImF2*F1

D!(
. %2.4&

The other two polarizations require initial state polarization.

If the electron has polarization Pe then )18*

Px#!Pe

2 sin ' ReGE
*GM

D!(
%2.5&

and

Pz#Pe

2 cos '!GM!2

D
. %2.6&

The sign of Pz can be determined from physical principles.

Angular momentum conservation and helicity conservation

for the electron and positron determine that Pz /Pe in the

forward direction must be "1, verifying the sign of the
above formula.

The polarization measurement in e"e!→pp̄ will require

a polarimeter for the outgoing protons, perhaps based on a

shell of a material such as carbon which has a good analyz-

ing power. However, timelike baryon-antibaryon production

can occur for any pair that is energetically allowed. Baryons

such as the , and - which decay weakly are easier to study,

since their polarization is self-analyzing.

The polarization observable Py is a manifestation of the

T-odd observable k!%p! •S! p , where S! p is the baryon polariza-
tion. This observable is zero in the spacelike case, but need

not be zero in the timelike case because final-state interac-

tions can give the baryon form factors a relative phase.

Notice the factor sin 2' in Py . The fact that this observ-

able vanishes at '#90° can be understood from first prin-

ciples. Since the leptons in the initial state are unpolarized,

the only vectorial information which the Jz#&1 photon can
transfer to the final state is the undirected line defined by the

electron and positron momenta. %This is equivalent to the
fact that the leptonic tensor L./ does not change under the

substitution k!→!k! . We work in the center of mass frame.&
We can nevertheless define a directed normal by rotating

from the lepton to the hadron momentum line through the

smaller angle. The observable Py is proportional to the dot

product of this directed normal with the baryon polarization.

However, at '#90° it is not possible to define the normal to
the lepton to hadron plane if there is no distinction between

k! and !k! , and thus one cannot obtain a nonzero polarization
observable. This is reflected in the extra cos' factor, included
in the sin 2', which one obtains from the detailed derivation

)18*.
Any model which fits the spacelike form factor data with

an analytic function can be continued to the timelike region.

Spacelike form factors are usually written in terms of Q2

#!q2. The correct relation for analytic continuation can be

obtained by examining denominators in loop calculations in

perturbation theory. The connection is Q2→q2e!i0, or

lnQ2#ln%!q2&→ln q2!i0 . %2.7&

If the spacelike F2 /F1 is fit by a rational function of Q
2,

then the form factors will be relatively real in the timelike

region also. However, one in general gets a complex result

from the continuation.

More sophisticated dispersion relation based continua-

tions could give more reliable results, if there are data also in
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ing power. However, timelike baryon-antibaryon production

can occur for any pair that is energetically allowed. Baryons

such as the , and - which decay weakly are easier to study,

since their polarization is self-analyzing.

The polarization observable Py is a manifestation of the

T-odd observable k!%p! •S! p , where S! p is the baryon polariza-
tion. This observable is zero in the spacelike case, but need

not be zero in the timelike case because final-state interac-
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electron and positron momenta. %This is equivalent to the
fact that the leptonic tensor L./ does not change under the

substitution k!→!k! . We work in the center of mass frame.&
We can nevertheless define a directed normal by rotating

from the lepton to the hadron momentum line through the

smaller angle. The observable Py is proportional to the dot

product of this directed normal with the baryon polarization.

However, at '#90° it is not possible to define the normal to
the lepton to hadron plane if there is no distinction between

k! and !k! , and thus one cannot obtain a nonzero polarization
observable. This is reflected in the extra cos' factor, included
in the sin 2', which one obtains from the detailed derivation
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an analytic function can be continued to the timelike region.

Spacelike form factors are usually written in terms of Q2

#!q2. The correct relation for analytic continuation can be

obtained by examining denominators in loop calculations in
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region also. However, one in general gets a complex result
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Study Fundamental Aspects of  
Nuclear Force

Measure antiproton-proton scattering

M ∝ 1
s2u2

1. Total Annihilation. The antiproton and
proton can annihilate into a multi-hadron
inclusive state, a system potentially rich
in gluonic matter. Specific predictions
for the inclusive distributions can be made
in soliton-anti-soliton models [?]. Skyrmion-
anti-Skyrmion annihilation provides a fairly



 
 Stan Brodsky,  SLACAdS/CFT, QCD, & GSITrentoJuly 5, 2006 77

   

[113]

Exclusive Processes in QCD and Light-Front Wavefunctions

S. Brodsky
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Ideas for CarlFest
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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

But: Oscillations, Anomalous AN , ANN

cos 2φ correlation in DY from double ISI

Ep
lab = 50 GeV

Counting Rules, AdS/CFT

dσ
dxF

(dA→ pX) ∼ (1− xF )5.

dσ
dxF

(dA→∆++X) ∼ (1− xF )5.
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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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Fig. 4. Angular dependence of the cross section, σ−1
0 dσ/d|cos θ∗|, for

the π+π−(closed circles) and K+K−(open circles) processes. The curves are
1.227 × sin−4 θ∗. The errors are statistical only.

dσ

d|cos θ∗|(W, |cos θ∗|; γγ → X ) =
∆N(W , |cos θ∗|; e+e− → e+e−X )

Lγγ(W )∆W ∆|cos θ∗|ε(W , |cos θ∗|)∫Ldt
(2)

where N and ε denote the number of the signal events and a product of de-
tection and trigger efficiencies, respectively;

∫Ldt is the integrated luminosity,
and Lγγ is the luminosity function, defined as Lγγ(W ) = dσ

dW
(W ; e+e− →

e+e−X)/σ(W ; γγ→X).

The efficiencies ε(W, |cos θ∗|) for γγ → π+π− and γγ → K+K− are obtained
from a full Monte Carlo simulation [11], using the TREPS [12] program for
the event generation as well as the luminosity function determination. The
trigger efficiency is determined from the trigger simulator. The typical value
of the trigger efficiency is ∼ 93% for events in the acceptance.

The efficiency-corrected measured differential cross sections for γγ → π+π−

and γγ → K+K−, normalized to the partial cross section σ0 for |cosθ∗| < 0.6,
are shown in Fig. 4 for each 100 MeV wide W bin. The partial cross sections
σ0 for both processes, integrated over the above scattering angle range, are
shown in Fig. 5 (along with their ratio) and itemized in Table 1.
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Abstract

We have measured π+π− and K+K− production in two-photon collisions using
87.7 fb−1 of data collected with the Belle detector at the asymmetric energy e+e−

collider KEKB. The cross sections are measured to high precision in the two-photon
center-of-mass energy (W ) range between 2.4GeV < W < 4.1GeV and angular
region |cos θ∗| < 0.6. The cross section ratio σ(γγ → K+K−)/σ(γγ → π+π−) is
measured to be 0.89 ± 0.04(stat.) ± 0.15(syst.) in the range of 3.0GeV < W <
4.1GeV, where the ratio is energy independent. We observe a sin−4 θ∗ behavior of
the cross section in the same W range. Production of χc0 and χc2 mesons is observed
in both γγ → π+π− and γγ → K+K− modes.

Key words: two-photon collisions, mesons, QCD, charmonium
PACS: 12.38Qk, 13.25.Gv, 13.66.Bc, 13.85.Lg

1 Introduction

Exclusive processes with hadronic final states test various model calculations
motivated by perturbative or non-perturbative QCD. Two-photon production
of exclusive hadronic final states is particularly attractive due to the absence of
strong interactions in the initial state and the possibility of calculating γγ →
qq amplitudes. The perturbative QCD calculation by Brodsky and Lepage
(BL) [1] is based on factorization of the amplitude into a hard scattering
amplitude for γγ → qq̄qq̄ and a single-meson distribution amplitude. Their
prediction gives the dependence on the center-of-mass (c.m.) energy W (≡√

s)
and scattering angle θ∗ for γγ → M+M− processes

dσ

d|cos θ∗|(γγ → M+M−) ≈ 16πα2

s

|FM(s)|2
sin4 θ∗

, (1)

where M represents a meson and FM denotes its electromagnetic form factor.
Vogt [2], based on the perturbative approach, claimed a need for soft contribu-
tions, as his result for the hard contribution was well below the experimental
cross section obtained by CLEO [3].

Diehl, Kroll and Vogt (DKV) proposed [4] the soft handbag contribution to
two-photon annihilation into pion or kaon pairs at large energy and momentum
transfers, in which the amplitude is expressed by a hard γγ → qq subprocess
and a form factor describing the soft transition from qq to the meson pair.

1 on leave from Nova Gorica Polytechnic, Nova Gorica, Slovenia
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PQCD:
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Measure a" antiproton + proton exclusive channels
pp→ γγ

PQCD: No handbag dominance
for real photons

J = 0 fixed pole from
local qq → γγ interactions

pp→ γπ0

pp→ K+K−

p
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Quarks travel freely within cavity as long as
separation z < z0 = 1

ΛQCD

LFWFs obey conformal symmetry producing
quark counting rules.

Remarkable prediction of AdS/CFT:  
Dominance of quark interchange

QIM

p

d

u p

p

u u

u

d

p

5-2005
8717A1

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
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Blankenbecler, Gunion, sjb

MIT Bag Model
 predicts dominance of quark 

interchange: deTar
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pp→ K+K−

M(pp→ K+K−) ∝ 1
us2

dσ
dt ∝ 1

s6u2

pd→ pd

pd→ π−p

dσ
dt (pd→ π−p) = F (θcm)

s12

π−

K+

K−

p

p

pp→ K+K−

M(pp→ K+K−) ∝ 1
us2

dσ
dt ∝ 1

s6u2

K+
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p
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dt ∝ 1
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dσ
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pp→ K+K−

s↔ t t↔ u crossing of K+p→ K+p

M(pp→ K+K−) ∝ 1
ts2

dσ
dt ∝ 1

s6t2

pd→ pd

p

p

pp→ K+K−

s↔ t t↔ u crossing of K+p→ K+p

M(pp→ K+K−) ∝ 1
ts2

dσ
dt ∝ 1

s6t2

pd→ pd

p

p

pp→ K+K−

s↔ t t↔ u crossing of K+p→ K+p

M(pp→ K+K−) ∝ 1
ts2

dσ
dt ∝ 1

s6t2

pd→ pd

at large t, u
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u
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ud
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QIM
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d

u p
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u u
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Test of Quark Interchange Mechanism in QCD 





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

Quark Interchange: 
Dominant Dynamics at 

large t, u

Relative Rates Correct
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Figure 1: Nucleon pole contribution to the soft pion theorem for generalized πN distribution
amplitudes.

in Fig. 1. The contribution of this diagram is strongly suppressed for W − Wth " mπ but
for W − Wth ∼ mπ it becomes significant, see Eqs.(24,25).

Let us start from the calculation of the first (commutator) term in Eq. (5). Since the
chiral rotation of the trilocal quark operator O does not change its twist Eq. (5) allows us
to express generalized πN DAs at the threshold in terms of nucleon DAs.

We write the nucleon DA in terms of functions φS(x) and φA(x) which are symmetric
and antisymmetric respectively under x1 ↔ x3 (1 and 3 are quarks with parallel helicities)
[4, 11]. For the proton we have

|p ↑〉 =
φS(x)√

6
|2u↑d↓u↑ − u↑u↓d↑ − d↑u↓u↑〉

+
φA(x)√

2
|u↑u↓d↑ − d↑u↓u↑〉 . (6)

The distribution amplitude for neutron can be obtained from the above expression by the
replacement u ↔ d.

Applying the general soft pion theorem (5) we express the distribution amplitudes of
various πN systems at the threshold in terms of the nucleon DAs φS(x) and φA(x):

|p ↑ π0〉 =
φS(x)

2
√

6fπ

|6u↑d↓u↑ + u↑u↓d↑ + d↑u↓u↑〉

− φA(x)

2
√

2fπ

|u↑u↓d↑ − d↑u↓u↑〉 , (7)

|n ↑ π+〉 =
φS(x)√

12fπ

|2u↑d↓u↑ − 3 u↑u↓d↑ − 3 d↑u↓u↑〉

− φA(x)

2fπ

|u↑u↓d↑ − d↑u↓u↑〉 . (8)

The DAs of the neutral πN systems can be obtained by the trivial replacement u ↔ d.
Now we can compute the threshold amplitudes A(γ∗N → πN ′) at large Q2 combining

the factorization theorem (4) with the expressions for πN DAs (7,8). The technique of
calculations of the hard part T (x, y, Q2) is standard and can be found, e.g. in refs. [4, 10].

∗Longitudinally polarized photon gives a power suppressed contribution for Q2 ) Λ2.

3

P. V. Pobylitsa, V. Polyakov
and M. Strikman,
“Soft pion theorems for hard near-threshold
pion production,”
Phys. Rev. Lett. 87, 022001 (2001)

Soft-pion theorem relates
near-threshold pion production
to the nucleon distribution amplitude.

Test QCD scaling in hard exclusive nuclear
amplitudes

P. V. Pobylitsa, V. Polyakov
and M. Strikman,
“Soft pion theorems for hard near-threshold
pion production,”
Phys. Rev. Lett. 87, 022001 (2001)

Soft-pion theorem relates
near-threshold pion production
to the nucleon distribution amplitude.

Test QCD scaling in hard exclusive nuclear
amplitudes

P. V. Pobylitsa, V. Polyakov
and M. Strikman,
“Soft pion theorems for hard near-threshold
pion production,”
Phys. Rev. Lett. 87, 022001 (2001)

Soft-pion theorem relates
near-threshold pion production
to the nucleon distribution amplitude.

Small pπ invariant mass; low relative velocity

Conformal Scaling, AdS/CFT

dσ
dt (pp→ (π−p) + p) = F (θcm)

s10

Same scaling as

dσ
dt (pp→ pp) = F (θcm)

s10

No extra fall-off

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

dσ
dt (pp→ (π−p) + p) = F (θcm)

s10

Same scaling as

dσ
dt (pp→ pp) = F (θcm)

s10

No extra fall-off

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

Measure antiproton-proton scattering

M ∝ 1
s2u2

dσ
dt (pp→ (πp)p) = F (θcm)

s10

1. Total Annihilation. The antiproton and
proton can annihilate into a multi-hadron
inclusive state, a system potentially rich
in gluonic matter. Specific predictions
for the inclusive distributions can be made

Measure antiproton-proton scattering

M ∝ 1
s2u2

dσ
dt (pp→ (πp)p) = F (θcm)

s10

dσ
dt (pp→ pp) = F (θcm)

s10

1. Total Annihilation. The antiproton and
proton can annihilate into a multi-hadron
inclusive state, a system potentially rich
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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

Ratio reaches 4:1 !

Ideas for CarlFest
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pp→ Λc(cud)D0(cu)p

p

σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

pp→ Λc(cud)D0(cu)p
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σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

↑ ↑

• Measure Elastic Proton-Proton Scattering

dσ
dt (pp → pp) at large pT .

Test PQCD AdS/CFT conformal scaling:
twist = dimension - spin = 12

M(s, t) ∼ F (t/s)
s4

dσ
dt (pp → pp) ∼ |F (t/s)|2

s10

↑ ↑

• Measure Elastic Proton-Proton Scattering

dσ
dt (pp → pp) at large pT .

Test PQCD AdS/CFT conformal scaling:
twist = dimension - spin = 12

M(s, t) ∼ F (t/s)
s4

dσ
dt (pp → pp) ∼ |F (t/s)|2

s10

polarization normal to scattering plane

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

proton’s structure and forces”
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[112]

Exclusive Processes in QCD and Light-Front Wavefunctions

S. Brodsky

   

Return

Strangeness Charm
p Δ
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dσ!↑
dt (pp → pp) at θCM = π/2

(1− x)3 at large x
dual to
t2F1(t) = const at large t

PQCD prediction:

F2(Q2)
F1(Q2)

→ Λ2
QCD ln2 Q2

Q2

Contribution from nonzero
orbital angular momentum Lz = ±1

Ji, Ma,Yuan
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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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QCD 
Schwinger -  Sommerfeld 

Enhancement

Hebecker, Kuhn, sjb
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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



 Stan Brodsky,  SLACTrentoJuly 5, 2006
AdS/CFT, QCD, & GSI

• New QCD physics in proton-proton elastic 
scattering at the charm threshold

• Anomalously large charm production at threshold!!?

• Octoquark resonances?

• Color Transparency disappears at charm threshold

• Key physics at GSI: second charm threshold

98

pp→ ppJ/ψ

pp→ pΛcD

pp→ γγ

PQCD: No handbag dominance
for real photons

J = 0 fixed pole from
local qq → γγ interactions

pp→ γπ0
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ANN for pp→ pp

φ(x, Q0) ∝
√

x(1− x)

pp→ ppJ/ψ

pp→ pΛcD

pp→ γγ

PQCD: No handbag dominance
for real photons
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σ(pp→ cX)
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pp→ p + ηc + p

pp→ Λc(cud)D0(cu)p

Dynamics at threshold

√
s ∼ 5 GeV, plab ∼ 12 GeV

Octoquark: |uudccuud >

σ(pp→ cX)

pp→ p + J/ψ + p

pp→ p + ηc + p

pp→ Λc(cud)D0(cu)p

Dynamics at threshold

√
s ∼ 5 GeV, plab ∼ 12 GeV

Octoquark: |uudccuud >

σ(pp→ cX)

pp→ p + J/ψ + p

pp→ p + ηc + p

pp→ Λc(cud)D0(cu)p

Dynamics at threshold

√
s ∼ 5 GeV, plab ∼ 12 GeV

Octoquark: |uudccuud >

σ(pp→ cX)
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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

0.1

0.2

0.3

0.4

0.5

0.6

0.7

4 6 8 10 12 14 16 18

N
u
c
le

a
r 

T
ra

n
s
p
a
re

n
c
y
, 
T

p
p

Peff, Effective beam momentum [GeV/c]

5Q
2 108 15

Mardor [1]
Leksanov [2]
Carroll-C [3]
Carroll-Al [3]

1/R(s)



 
 Stan Brodsky,  SLACAdS/CFT, QCD, & GSITrentoJuly 5, 2006 103

Eva 
Experiment  

BNL

Rapid Angular Variation!

Bunce, Carroll, 
Heppelman...
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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

Traditional Glauber Theory: σA ∼ Z1/3σp

No absorption of small color dipole
at high pT

Key test of local gauge theory

Dffractively Excite Tri-jet Structure of
Proton Light-Front Wavefunction

pp→ jet jet jet + p

M = 10 GeV

∆pl = 100GeV2

80GeV = 1.2 GeV

No absorption of small color dipole
at high pT

Key test of local gauge theory

Dffractively Excite Tri-jet Structure of
Proton Light-Front Wavefunction

pp→ jet jet jet + p

M = 10 GeV

∆pl = 100GeV2

80GeV = 1.2 GeV
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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
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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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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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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

Ratio  = 2/5 for asymptotic wf
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Hidden Color 
Fock State

Delta-Delta 
Fock State

Structure of   
Deuteron in 

QCD
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Asymptotic Solution has Expansion

Deuteron six-quark state has five color - singlet configurations, 
only one of which is n-p.

Look for strong transition to Delta-Delta

Hidden Color of Deuteron
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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 



 
 Stan Brodsky,  SLACAdS/CFT, QCD, & GSITrentoJuly 5, 2006 114

Ji, Lepage, sjb
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Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp→ dπ+

pd→ pd

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp→ dπ+

pd→ pd

pp→ Λc(cud)D0(cu)p

p

σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

pp→ Λc(cud)D0(cu)p

p

σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp→ dπ+

pd→ pd

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp→ dπ+

pd→ pd

Conformal Scaling, AdS/CFT

dσ
dt (pp→ dπ+) = F (θcm)

s12

pd→ π−p

π−

pp→ p + "+"−+ p

Measure antiproton-proton scattering

M ∝ 1
s2u2

dσ
dt (pp→ (πp)p) = F (θcm)

s10

pd→ π−p

π−

pp→ p + "+"−+ p

Measure antiproton-proton scattering

M ∝ 1
s2u2

dσ
dt (pp→ (πp)p) = F (θcm)

s10

pd→ pd

pd→ π−p

dσ
dt (pd→ π−p) = F (θcm)

s12

π−

pd→ pd

pd→ π−p

dσ
dt (pd→ π−p) = F (θcm)

s12

π−
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Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp→ dπ+

pd→ pd

pp→ Λc(cud)D0(cu)p

p

σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

Compare

dp →∆++∆−+ p

dp → p n + p

at high t.

Use deuteron beam

↑ ↑

• Measure Elastic Proton-Proton Scattering

Compare

dp →∆++∆−+ p

dp → p n + p

at high t.

Use deuteron beam

↑ ↑

• Measure Elastic Proton-Proton Scattering

Compare

dp →∆++∆−+ p

dp → p n + p

at high t.

Use deuteron beam

↑ ↑

• Measure Elastic Proton-Proton Scattering

Compare

dp →∆++∆−+ p

dp → p n + p

at high t.

Use deuteron beam

↑ ↑

• Measure Elastic Proton-Proton Scattering

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp→ dπ+

pd→ pd
pp→ Λc(cud)D0(cu)p

p

σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

Compare

dp →∆++∆−+ p

dp → p n + p

at high t.

Use deuteron beam

↑ ↑

• Measure Elastic Proton-Proton Scattering

Compare

dp →∆++∆−+ p

dp → p n + p

at high t.

Use deuteron beam

↑ ↑

• Measure Elastic Proton-Proton Scattering

Test QCD scaling in hard exclusive nuclear
amplitudes

Manifestations of Hidden Color in Deuteron
Wavefunction

pp→ dπ+

pd→ pd
pp→ Λc(cud)D0(cu)p

p

σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

pp→ Λc(cud)D0(cu)p

p

σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

pp→ Λc(cud)D0(cu)p

p

σ(pp→ cX)

Total open charm cross section at threshold

σ(pp→ cX) " 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp→ Λ(sud)K+(su)p

Compare

dp →∆++∆−+ p

dp → p n + p

at high t.

Use deuteron beam

↑ ↑

• Measure Elastic Proton-Proton Scattering

vs.

Ratio predicted to approach 2:5

Compare

dp →∆++∆−+ p

dp → p n + p

at high t.

Use deuteron beam

↑ ↑
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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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LFWFS give a fundamental description of 
hadron observables

• LFWFS underly form factors, structure functions 
generalized parton distributions, scattering amplitudes     

•  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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|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⊥.

120
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Imaginary Part of 
Forward Virtual Compton Amplitude
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Light-Front Wave Functions ψn(xi,"k⊥i, λi)

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

All spin, flavor distributions
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Annihilation amplitude needed for Lorentz Invariance

n = n’ + 2

Exact Formula 
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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Deeply 
Virtual 

Compton 
Scattering

γ∗p→ γp′

n = n’ + 2

Given LFWFs, 
compute all 

GPDs !

Required for 
Lorentz Invariance

ERBL Evolution
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S.J. Brodsky et al. / Nuclear Physics B 596 (2001) 99–124 103

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⊥:
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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
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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
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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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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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Example of LFWF representation 
of GPDs  (n+1 => n-1)

Diehl,Hwang, sjb
Diehl, Kroll
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Verified using 
LFWFs
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Damashek, Gilman;
Close, Gunion, sjb

Test J=0 Fixed Pole:  s2 dσ/dt(γ p → γ p) +

J=0 Fixed pole in real and virtual Compton scattering

• Effective two-photon contact term 

•  Seagull for scalar quarks

• Real phase

• M = s0 F(t)

• Independent of Q2 at fixed t

• <1/x> Moment: Related to Feynman-Hellman Theorem

• Fundamental test of local gauge theory
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J=0 fixed pole:    
Predict n=2
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Cornell
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Key QCD Experiment at GSI
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• Test DVCS in Timelike Regime

• J=0 Fixed pole  q2 independent

• Analytic Continuation of GPDs 

• Light-Front Wavefunctions

• charge asymmetry from interference

number n = n′, and states differing by
the presence of an extra qq: n = n′ + 2.

pp → γ∗γ

pp → "+"−γ

pp → γ∗ → "+"−γ

9. The J = 0 Fixed pole: One of the most
distinctive features of QCD is the pres-
ence of a J = 0 fixed Regge pole con-
tribution to the Compton amplitude re-
flecting the fact that the two photons

number n = n′, and states differing by
the presence of an extra qq: n = n′ + 2.

pp → γ∗γ

pp → "+"−γ

pp → γ∗ → "+"− → "+"−γ

pp → ppγ → γ∗γ → "+"−γ

number n = n′, and states differing by
the presence of an extra qq: n = n′ + 2.

pp → γ∗γ

pp → "+"−γ

pp → γ∗ → "+"− → "+"−γ

pp → ppγ → γ∗γ → "+"−γ
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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.

Quark-Hadron Duality, Frascati, 6-8 June 2005 Page 29

AdS/QCD
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Essential to test QCD

• J-PARC

• GSI antiprotons

• 12 GeV Jlab

• BaBar/Belle: ISR, two-gamma, timelike DVCS

• RHIC/LHC Nuclear Collisions; LHCb

• electron-proton, electron-nucleus collisions
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Novel Tests of QCD at GSI
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Polarized antiproton Beam Secondary Beams

• Characteristic momentum scale of QCD: 300 MeV

• Many Tests of AdS/CFT predictions possible

• Exclusive channels: Conformal scaling laws, quark-interchange

• pp scattering:  fundamental aspects of nuclear force

• Color transparency: Coherent color effects

• Nuclear Effects, Hidden Color, Anti-Shadowing 

• Anomalous heavy quark phenomena 

• Spin Effects:  AN, ANN


