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Super B: Precision QCD Machine

• Hadronization

• Exotic Spectroscopy 

• Subtle Spin Effects: Single spin asymmetries

• Measure Fundamental QCD Coupling

• Exclusive Channels: QCD at Amplitude Level

• Compton Processes

• Hidden Color
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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, 

• Hadron wavefunctions: crucial for exclusive B decays

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

e+

e-

H+

H-

Complete measurement of  hadron time-like form factors
angular distributions 

3 independent form factors for spin-one pairs

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
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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

New ISR measurement from BaBar

Uses radiative return
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Blunden, Melnitchouk; Afanasev, Chen,Carlson, Vanderhaegen, sjb

Breakdown of Rosenbluth Formula for GE, GM 
separation

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

• Use J-Lab polarization transfer method

• Timelike form factors from radiative return; 
angular separation

• e+ e- charge asymmetry from interference of 1 and 
2 photon amplitudes
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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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HADRON05 Aug. 22, 2005
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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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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
†Electronic address: carlson@physics.wm.edu
‡Electronic address: jhiller@d.umn.edu
§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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can occur for any pair that is energetically allowed. Baryons
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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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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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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
†Electronic address: carlson@physics.wm.edu
‡Electronic address: jhiller@d.umn.edu
§Electronic address: dshwang@sejong.ac.kr

PHYSICAL REVIEW D 69, 054022 !2004"

0556-2821/2004/69!5"/054022!5"/$22.50 ©2004 The American Physical Society69 054022-1

Carlson, Hiller, 
Hwang, sjb

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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Fig: Predictions for the light baryon orbital spectrum for ΛQCD = 0.25 GeV. The 56 trajectory corre-

sponds to L even P = + states, and the 70 to L odd P = − states.
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• AdS/CFT  builds in conformal symmetry at short 
distances, quark counting rules for form factors 
and hard exclusive processes 

• Non-perturbative derivation    Polchinski, Strassler                                

• 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
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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
on the fifth dimension in AdS5 space can be precisely

Effective conformal 
potential:

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

[
− 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

Relativistic radial equation:

G. de Teramond, 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

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)
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√

x(1− x)!b2⊥
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z∆
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ΛQCD
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ψ(x,!b⊥) = ψ(ζ)
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√
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z∆
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Frame Independent
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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).
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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 !
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G. de Teramond
SJB 
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ζ =
√

x(1− x)"b2⊥

z

Light-Front Calculation of Form Factors

Convolute
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AdS/QCD G. F. de Téramond

-10 -8 -6 -4 -2 0
0

0.2

0.4

0.6

0.8

1

F π
  
(Q

2
)

Q2

Space-like pion form factor in holographic model for ΛQCD = 0.2 GeV.
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Annihilation amplitude needed for Lorentz Invariance

n = n’ + 2

Exact Formula! 
Hwang, SJB
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[18]

Exclusive Processes in QCD and Light-Front Wavefunctions

S. Brodsky

   

Return

Common Ingredients:  
Universal LFWFS, Distribution Amplitudes

Light-front wavefunctions 
underly exclusive B decays
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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

e+

e-

H+

H-

Perturbative QCD: 
Hadron Helicity Conservation at 

leading twist

Lepage, sjb



 
 Stan Brodsky,  SLAC

Super B III
June 15, 2006

Novel Tests of QCD at Super B24

Cross section for spin-0ne pairs

 Exclusive Production Of Higher Generation Hadrons And Form-Factor Zeros In Quantum 
Chromodynamics.
Stanley J. Brodsky, Chueng-Ryong Ji (SLAC) . SLAC-PUB-3756, Aug 1985. 16pp. 
 Published in Phys.Rev.Lett.55:2257,1985 

Dominates in 
PQCD
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 Helicity Selection Rules And Tests Of Gluon Spin In Exclusive Qcd Processes.
Stanley J. Brodsky (SLAC) ,  G.Peter Lepage (Cornell U., LNS) . SLAC-PUB-2746, May 1981. 29pp. 
 Published in Phys.Rev.D24:2848,1981 
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Exclusive Hadronic Decays of Quarkonia in 
PQCD

Super B: Measure Exclusive Upsilon decays

Lepage, sjb
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QCD Puzzle

27

e+e− → !V jet X

Infamous J/ψ → ρπ decay:

Violates hadron helicity conservation

ψ′ → ρπ

ψ′′ → ρπ suppressed

Is there an Υ → ρπ puzzle?

εµνστ εµV pν
V pσ

jet qτ

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− → !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− → !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

BR  =  1.27 +/- 0.09 %
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e+e− → BcBc

e+e− → DsDs

e+e− → J/ψηc

γ∗γ → V 0X

$ερ · $q × $pρ

ρ0 → π+π−

X

e+e− → BcBc

e+e− → DsDs

e+e− → J/ψηc

γ∗γ → V 0X

$ερ · $q × $pρ

ρ0 → π+π−

X

e+e− → BcBc

e+e− → DsDs

e+e− → J/ψηc

γ∗γ → V 0X

$ερ · $q × $pρ

ρ0 → π+π−

X

Novel Form-Factor Zeroes 
for Heavy Hadron Pairs 

Sz = 0

e+e− → BcBc

e+e− → DsDs

e+e− → J/ψηc

γ∗γ → V 0X

$ερ · $q × $pρ

ρ0 → π+π−

  Phys.Rev.Lett.55:2257,1985 C. Ji, sjb



Scaling of deuteron FFs

CCR in elastic scattering

leading term: 

the “deuteron FF”: 
   

Alexa et al., PRL 82,1374 (1999)

For Q2 above ≈4 GeV2 data 
are consistent with CCR 

Super B: Measure deuteron pairs
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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

e+

e-

Challenge:
Exclusive or Inclusive Deuteron Production 

d

d, X

Set scale for  pentaquark and other 
multiparticle state production

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0

Tseagull = F (M2
HH̄

)

e+e− → BcBc

e+e− → DsDs

e+e− → J/ψηc



31

QCD Prediction for Deuteron Form Factor 

Define “Reduced” Form Factor

Same large momentum transfer 
behavior as pion form factor

Chertok, Lepage, Ji, sjb
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0.5

0.4

0.3

0.2

0.1

0
0 1 2 3 4 5 6 7

(1
–q

2 /m
2 0)

 F
D(

q2
)/F

2 N(
q2

/4
)

–q2  (GeV2)10-2004 
2763A18

Deuteron Reduced Form Factor
! Pion Form Factor×15%

Resembles pion 
form factor 
times 15%

• Indicates: ~ 15% Hidden Color in the Deuteron
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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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dσ
dt (γd→ Δ++Δ−)# dσ

dt (γd→ pn) at high Q2

dσ
dt (γd→ Δ++Δ−)# dσ

dt (γd→ pn) at high Q2

Lepage, Ji, sjb• Deuteron six quark wavefunction:

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

• Components evolve towards equality at short 
distances

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

• Predict 

Hidden Color in QCD
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Hidden Color 
Fock State

Delta-Delta 
Fock State

Structure of   
Deuteron in 

QCD
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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

e+

e-

Deuteron Production -- Test for Hidden Color 

d

p
n

∆++

∆−

T (γ∗ → H+H−γ)

e+e− → H+H−γ

γ

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

∆++

∆−

T (γ∗ → H+H−γ)

e+e− → H+H−γ

γ

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

Ratio sensitive to hidden color 
Fock state  probability
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11-2001 
8624A06

S

current 
quark jet

final state 
interaction

spectator 
system

proton

e– 

!*

e– 

quark

Single-spin 
asymmetries Sivers Effect

!Sp ·!q×!pq

Hwang, Schmidt. 
sjb

Light-Front Wavefunction  
S and P- Waves

QCD S- and P-
Coulomb Phases
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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

40

!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, k2
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, k2

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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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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Fig. 3. Light-cone time-ordered contributions to deeply virtual Compton scattering. Only the

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

property of the leading twist amplitude.

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

coordinates for the initial and final proton:

P =
(

P+, !0⊥,
M2

P+

)
, (3)

P ′ =
(

(1− ζ )P+,− !∆⊥,
M2 + !∆2⊥
(1− ζ )P+

)
, (4)

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

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

∆ = P − P ′ =
(

ζP+, !∆⊥,
t + !∆2⊥
ζP+

)
, (5)

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

t = 2P · ∆ = −ζ 2M2 + !∆2⊥
1− ζ

. (6)

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

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

Nuclear Physics B 596 (2001) 99–124

www.elsevier.nl/locate/npe

Light-cone wavefunction representation of deeply
virtual Compton scattering !

Stanley J. Brodsky a, Markus Diehl a,1, Dae Sung Hwang b

a Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
b Department of Physics, Sejong University, Seoul 143-747, South Korea
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Abstract

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

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

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

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

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

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

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

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

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

1. Introduction

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

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

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

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

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

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

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

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

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

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

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

0550-3213/01/$ – see front matter ! 2001 Elsevier Science B.V. All rights reserved.
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FIG. 2: Fourier spectrum of the real part of the DVCS amplitude of an electron vs. σ for M = 0.51

MeV, m = 0.5 MeV, λ = 0.02 MeV, (a) when the electron helicity is not flipped; (b) when the

helicity is flipped. The parameter t is in MeV2.

a proton wavefunction. Convolution of these wavefunctions in the same way as we have done

for the dressed electron wavefunctions will simulate the corresponding DVCS amplitudes for

bound state hadrons. One has to note that differentiation of the single particle wave function

yields zero and thus there is no 3 − 1 overlap contribution to the DVCS amplitude in this

hadron model. It is to be noted that in recent holographic models from AdS/CFT as well

[8] only valence LFWFs are constructed.

The equivalent but easier way is to differentiate the DVCS amplitude with respect to the

initial and final state masses. Here we calculate the quantity M 2
F

∂
∂M2

F

M2
I

∂
∂M2

I

Aij(MI , MF )

where MI , MF are the initial and final bound state masses. For numerical computation, we

use the discrete version of the differentiation

M2 ∂A

∂M2
= M̄2 A(M2

1 ) − A(M2
2 )

δM2
(14)

where M̄2 = (M2
1 +M2

2 )
2 and δM2 = (M2

1 − M2
2 ). We have taken MI1, MF1 = 150 + 1,

MI2, MF2 = 150− 1 MeV and fixed parameters M = 150 and m = λ = 300 MeV. In Figs. 3

and 4 we have shown the DVCS amplitude of the simulated hadron model, both as a function

of ζ and after taking the FT in ζ . In Fig. 4 (c), we have plotted the structure function F2(x)

in this model. The wave function is normalized to 1. There is another interesting aspect of

this model. The γ∗p → γp DVCS amplitude has both real [17] and imaginary parts [18]. If

9
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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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2M
E(n→n)(x, ζ, t)

= (√
1− ζ

)2−n
∑
n,λi

∫ n∏
i=1

dxi d
2$k⊥i

16π3
16π3δ

(
1−

n∑
j=1

xj

)
δ(2)

(
n∑

j=1
$k⊥j

)
× δ(x − x1)ψ

↑∗
(n)

(
x ′
i ,

$k′⊥i ,λi

)
ψ

↓
(n)

(
xi, $k⊥i ,λi

)
, (40)

where the arguments of the final-state wavefunction are given by

x ′
1 = x1 − ζ

1− ζ
, $k′⊥1 = $k⊥1 − 1− x1

1− ζ
$∆⊥ for the struck quark,

x ′
i = xi

1− ζ
, $k′⊥i = $k⊥i + xi

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

(41)

One easily checks that
∑n

i=1 x ′
i = 1 and

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

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

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

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

Example of LFWF representation 
of GPDs  (n => n)

Diehl,Hwang, sjb
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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



 
 Stan Brodsky,  SLAC

Super B III
June 15, 2006

Novel Tests of QCD at Super B51
e+

Time-like Deeply Virtual Compton Scattering
Time-like Generalized Parton Distributions

e+e− → H+H−γ

γ

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

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

H+

H-

e+e− → H+H−γ

γ

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

e+e− → H+H−γ

γ

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

Interference of timelike DVCS amplitude 
with timelike form factor produces charge asymmetry

T (γ∗ → H+H−γ)

e+e− → H+H−γ

γ

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

Wide-angle ISR
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Novel Tests of QCD at Super B52
e+

Time-like Deeply Virtual Compton Scattering
J=0  Fixed Pole

Signal for fundamental pointlike structure

e+e− → H+H−γ

γ

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

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

H+

H-

e+e− → H+H−γ

γ

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

Local “seagull” interaction of two photons at same 
point produces isotropic real amplitude,

independent of photon virtuality at fixed pair mass

Instantaneous 
quark exchangeSz = 0

Tseagull = F (M2
HH̄

)

e+e− → BcBc

e+e− → DsDs

e+e− → J/ψηc

γ∗γ → V 0X

$ερ · $q × $pρ
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Novel Tests of QCD at Super B53
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

e+

e-

Two-Photon Processes

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

X

Production of all  C=+ Hadronic States
virtual photons q2a, q2b

C = + gluonia

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

Kinoshita, Terazawa, sjb;
Budnev et al
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Photon-Photon Collisions

54

Photon-Photon Fusion: Remarkable laboratory for testing 
QCD

• C = + Resonances

• Heavy Quarkonium

• Photon-to-Meson Transition Form Factors

• Exclusive Two-Photon Reactions

• Timelike Compton Reactions

• Hard QCD Jets

• Photon Structure Function

• Nature of Pomeron and Odderon
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Roglioni, Pennington
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HADRON05 Aug. 22, 2005

The Discovery of η′
c(2

1S0)

The breakthrough came, of all the places, from the observation of η′
c in B decays by Belle. It was

followed by its observation in γγ fusion at CLEO and BaBar.

(in MeV) M(η′
c(2S)) Γ(η′

c(2S)) events (reaction)

Belle(2002) [8] 3654 ± 10 < 55 39 ± 11 (B → K(KSKπ))

CLEO(2004) [9] 3642.9 ± 3.4 6.3 ± 14.1 61 ± 15 (γγ → KSKπ)

BaBar(2004) [10] 3630.8 ± 3.5 17.0 ± 8.7 112 ± 24 (γγ → KSKπ)

BaBar(2005) [11] 3645.0 ± 5.5 22 ± 14 121 ± 27 (e+e− → J/ψ(cc̄))

Belle(2005)∗ [12] 3636 ± 9 311 ± 42 (e+e− → J/ψ(cc̄))
*Both ηc and χc0 masses in this measurement were obtained ∼ 10 MeV lower than their known values. With apologies

I have therefore arbitrarily increased the η′

c mass reported by Belle by 10 MeV in the above table.

• New measurements are being made, but M(η′
c) is still not firmly anchored. The present weighted

average is M(η′
c) = 3638.7 ± 2.0 MeV.

• This leads to the hyperfine splitting

∆Mhf(2S) = 3686.1 − 3638.7 = 47.4 ± 2.0 MeV.

Recall that, ∆Mhf(1S) = 3097 − 2980 = 117 ± 1 MeV.

Explaining this large difference is a challenge for theorists.

• Width of η′
c is essentially unmeasured so far.

• LOTS REMAINS TO BE DONE ABOUT η′

c(2
1S0).

Northwestern University 7 K. K. Seth

HADRON05 Aug. 22, 2005
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The Three States of Belle, X, Y, Z, at ∼ 3940 MeV: Z(3931)

Belle [35] continues to present surprises. We already had X(3940) and Y(3943).

Now comes Z(3931) observed in two photon fusion

e+e− → e+e−(γγ), γγ → DD̄

M(Z)=3931 ± 4 ± 2 MeV, significance=5.5σ

Γ(Z)=20 ± 8 ± 3 MeV

Γγγ × B(→ DD̄) = 0.23 ± 0.06 ± 0.04 keV

• They suggest that this might be a candidate for

χ′
2(2

3P2).

To summarize, the three look distinct, but can they be?

M(MeV) Γ(MeV) Formed in Decays in not in suggests

X 3943 ± 6 ± 6 15 ± 10 e+e− → J/ψ(cc̄) D∗D DD, ωJ/ψ ?

Y 3943 ± 11 ± 13 87 ± 22 B → K(ωJ/ψ) ωJ/ψ D∗D(?) cc̄ hybrid?

Z 3931 ± 4 ± 2 20 ± 8 ± 3 γγ fusion DD χ′
c2(2

3P2)

Northwestern University 25 K. K. Seth
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Candidate for 
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Inclusive Charm Production
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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

e+

e-

Two-Photon Processes : 
Essential tests of 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

Production of all  Hadron Pairs
via real or virtual photons 

timelike Compton Scattering

H+

H-
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Two-
Photon 

Exclusive 
Reactions
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Two-Photon Exclusive Amplitudes

Lepage, SJB
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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.
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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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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

4

PQCD:

Belle Data:  Consistent with QCD predictions - 
energy and angular dependence
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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)
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Critical Test of PQCD vs. “Handbag”
Δσ(γγ→π0π0)
Δσ(γγ→π+π−)

Critical Test of PQCD vs. “Handbag”

Δσ(γγ→ π0π0)
Δσ(γγ→ π+π−)

Critical Test of PQCD vs. “Handbag”

Δσ(γγ→ π0π0)
Δσ(γγ→ π+π−)

Handbag model (Diehl, Kroll et al ) neglects
e1× e2 cross terms

sjb, gpl

Crucial Ratio
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γγ → π+π−

γγ → π0π0

Critical discriminant: Handbag vs.PQCD

γγ → K+K−

γγ → pp̄

γ∗γ → HH Timelike DVCS!
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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

e+

e-

Two-Photon Processes : 
Essential tests of 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

Transition Form Factors 
Window to hadron distribution amplitudes

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

π0, f0, η, σ, ηc, ηb

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

Lepage, sjb;
New paper: Huang et al

?Where is 

c̄c

Υ

ηb

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2
g )

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0
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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

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-

V0

V0

Production of  C=+ States

BaBar: Yi Snyder Davier 

e+

e-

ηb

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

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

Search for C=+ 
resonances
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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

e+

Photon Structure Function

X0

Witten: Walsh, Zerwas;
Kinoshita, Terazawa, sjb;

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

e-
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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

e+

Photon Diffractive Structure Function

X

k2 ∼ 0

F γ
2 (x, q2)

q2a, q2b

C = + gluonia

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

e-

Diffractive deep inelastic scattering 
on a photon target

γ∗γ → V 0X

"ερ · "q × "pρ

ρ0 → π+π−

X

∆++

∆−

T (γ∗ → H+H−γ)

γ∗γ → V 0X

"ερ · "q × "pρ

ρ0 → π+π−

X

∆++

∆−

T (γ∗ → H+H−γ)
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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

e+

e-

c

c

Glueball Factory

c

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex-valued

C = + gluonia

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

Goldhaber, Lee, sjb
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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

e+

e- kg

c

c

c

c

c

Production of four heavy-quark jets

Defines analytic QCD effective charge

  time-like values not same as space-like 

coupling similar to  “pinch” scheme

complex for time-like argument

M. Binger, sjb

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2
g )

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0

Tseagull = F (M2
HH̄

)

e+e− → BcBc

e+e− → DsDs

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2
g )

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0

Tseagull = F (M2
HH̄

)

e+e− → BcBc

e+e− → DsDs
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Define QCD Coupling from Observable

Re+e−→X(s) ≡ 3Σqe2q [1 + αR(s)
π ]

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

τ )
π ]

Re+e−→X(s) ≡ 3Σqe2q [1 + αR(s)
π ]

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

τ )
π ]

Relate observable to observable at 
commensurate scales

Grunberg

H.Lu, sjb
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Figure 4: The ratio of the absolute magnitude of the time-like PT coupling to the MS
coupling (solid line), and of the space-like PT coupling to the MS coupling (dashed
line).

4

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex valued for timelike argu-
ments

similar to αQED

|αP (q2)|
αMS(q2)

ηb

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex valued for timelike argu-
ments

similar to αQED

|αP (q2)|
αMS(q2)

ηb

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex-valued

for timelike arguments

similar to αQED

|αP (q2)|
αMS(q2)

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex-valued

for timelike arguments

similar to αQED

|αP (q2)|
αMS(q2)

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex-valued

for timelike arguments

similar to αQED

|αP (q2)|
αMS(q2)

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex-valued

for timelike arguments

similar to αQED

|αP (q2)|
αMS(q2)

time-like

space-like

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

2)

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

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

lon resummation methods, in good agreement with the world

average "MS(MZ

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

figure we also see that the effective charge only reaches

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

$
e

% annihilation, especially if one takes into

account the perturbative commensurate scale relation,

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

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

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

the coupling having a Landau pole but rather shows that the

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

gesting that physical QCD couplings are effectively constant

or ‘‘frozen’’ at low scales.

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

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

Even though the dominant nonperturbative effects cancel in

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

be seen by looking at the corresponding effective charges

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

vanishes as the integration region moves to the left of the

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

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

pion pole.

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

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

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

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

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

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

ent schemes have been suggested, and we will concentrate on

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

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

the static quark potential using perturbative gluon condensate

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

dard evolution equation

das&s '

d ln s
"%(0as

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

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

&8'

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

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

ness these terms are summarized in the Appendix.

Figure 3 shows a comparison of the experimentally deter-

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

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

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

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

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

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

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

result is not perturbatively stable since the evolution of the

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

trated by the widely different results obtained for three dif-

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

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

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

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

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

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

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

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

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

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

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

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

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

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

tematic errors.

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

055008-4

QCD Effective Coupling from
hadronic τ decay

Menke,Merino,Rathsman,SJB
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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

e+

e-

Quarkonium Production

Cross section appears anomalously high :  
Challenge to NRQCD, Color-Octet, PQCD

J/ψ

ηc

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2
g )

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0

Tseagull = F (M2
HH̄

)

J/ψ

ηc

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2
g )

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0

Tseagull = F (M2
HH̄

)

c̄c

Υ

ηb

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2
g )

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0

Υ

ηb

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2
g )

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0

Tseagull = F (M2
HH̄

)

Υ

ηb

T (γ∗ → QQ̄QQ̄) ∝ α4Q(k2
g )

dσ
dz ∝ (1− z)9

FH(s) ∝ [1s ]
nH−1

Sz = 0

Tseagull = F (M2
HH̄

)

Test at high energy B factory
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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

e+

e- kg

c

b

c

c

Semi-Exclusive Quarkonium

b

Bc

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex-valued

Related to anomalous magnitude of

γ∗ → J/ψ + ηc

T ∝ αP (k2
g )

αMS(q2) is nonanalytic; has same value for
spacelike and timelike arguments

αP (q2) is analytic;

αP (q2) is complex-valued
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Charge asymmetry in e+e-→γ+hadrons: New tests of the quark-parton model and fractional 
charge

Phys.Rev.D14:2264-2272,1976 Carlson, Suaya, sjb

Charge asymmetry measures 
quark charge cubed
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Charged-
Cubed Sum 

Rule!

+
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Super B: Precision QCD Machine

• Hadronization

• Exotic Spectroscopy 

• Subtle Spin Effects: Single spin asymmetries

• Measure Fundamental QCD Coupling

• Exclusive Channels: QCD at Amplitude Level

• Compton Processes

• Hidden Color
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