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Possibility: Atomic protonium

• Sommerfeld-Schwinger factor C dual to Bohr 
spectrum below threshold

• Coulomb-bound proton-antiproton amplitudes  
decay via annihilation to mesons  KeV binding 
energies

• P-waves:  Photon decays

• True muonium, true tauonium bound states

Hyde-Wright, sjb  
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Coulomb correction is part of current matrix element

e
+

e
– 

H
+

H
– 

!*

!

11-2003 

8680A2

Coulomb final-state phases: 
different for different partial waves!

Coulomb phases can give  Py SSA even at threshold
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e
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8680A2

Timelike photon-to-pion transition
form factor

Basic measure of QCD

e+e− → γ∗ → π0γ

Coulomb phase different in GE and GM

Produces polarization asymmetry A⊥

FSI from Coulomb Interactions
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QCD analog:

α→ CFαs

Small BLM scale

Need to check against all data on Compton
amplitude

γp→ γp, γγ → pp,
including large s, t

 Small BLM scale
Hoang, Kuhn, Tuebner, sjb

Actually part of Hadron Form Factor!  QCD Coulomb phases
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Spin Asymmetries and the Baryon Form Factors

Dubnickova, Dubnicka, Rekalo; Rock

Carlson, Hiller, Hwang, sjb

• Phase difference between timelike form factors produces 
Single-Spin Asymmetry Py normal to production plane

• Polarization of initial leptons not necessary for Py:

• Analyze final state baryon spin from second scattering or 
decay

• Strong Discriminant of Models

• Three polarizations: Px, Py, Pz

that is energetically allowed. Baryons such
as the Σ and Λ which decay weakly are eas-
ier to study, since their polarization is self-
analyzing.

The polarization Py is a manifestation of the
T-odd observable

!k × !p · !Sp, with !Sp

the proton polarization. This observable is
zero in the spacelike case, but need not be
zero in the timelike case because final state
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Spin Asymmetries and the Baryon Form Factors

Dubnickova, Dubnicka, Rekalo; Rock

Carlson, Hiller, Hwang, sjbThe polarization Py does not require polar-
ization in the initial state and is [?]

Py =
sin2θ ImG∗EGM

D
√

τ
=

(τ − 1) sin 2θ ImF ∗2F1

D
√

τ
.

(1)
The other two polarizations require initial
state polarization. If the electron has po-
larization Pe then [?]

Px = −Pe
2 sin θ ReG∗EGM

D
√

τ
, (2)

and

Pz = Pe
2cos θ|GM |2

D
. (3)

The polarization Py does not require polar-
ization in the initial state and is [?]

Py =
sin2θ ImG∗EGM

D
√

τ
=

(τ − 1) sin 2θ ImF ∗2F1

D
√

τ
.

(1)
The other two polarizations require initial
state polarization. If the electron has po-
larization Pe then [?]

Px = −Pe
2 sin θ ReG∗EGM

D
√

τ
, (2)

and

Pz = Pe
2cos θ|GM |2

D
. (3)

The polarization Py does not require polar-
ization in the initial state and is [?]

Py =
sin2θ ImG∗EGM

D
√

τ
=

(τ − 1) sin 2θ ImF ∗2F1

D
√

τ
.

(1)
The other two polarizations require initial
state polarization. If the electron has po-
larization Pe then [?]

Px = −Pe
2 sin θ ReG∗EGM

D
√

τ
, (2)

and

Pz = Pe
2cos θ|GM |2

D
. (3)

data. Belitsky, Ji, and Yuan [102] have shown that factors

of log(Q2) arise from a careful QCD analysis of the form
factors. The perturbative QCD form Q2F2/F1 ∼ log2 Q2,

which has logarithmic factors multiplying the nominal

power-law behavior, fits the large-Q2 spacelike data well.

Others [103, 104] 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 [52].

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 polynomial or

nominal dimensional counting rule behavior would predict

no phases in the timelike regime.

TIMELIKE MEASURES

The center-of-mass angular distribution provides the

analog of the Rosenbluth method for measuring the magni-

tudes of various helicity amplitudes. The differential cross

section for e−e+ → BB when B is a spin-1/2 baryon is

given in the center-of-mass frame by

dσ

dΩ
=

α2β

4q2
D , (15)

where β =
√

1 − 4m2
B/q2 andD is given by

D = |GM |2 (
1 + cos2 θ

)
+

1

τ
|GE |2 sin2 θ ; (16)

we have used the Sachs form factors [26]

GM = F1 + F2 ,

GE = F1 + τF2 , (17)

with τ ≡ q2/4m2
B > 1.

As noted by Dubnickova, Dubnicka, and Rekalo, and by

Rock [105], the existence of the T−odd single-spin asym-
metry normal to the scattering plane in baryon pair produc-

tion e−e+ → BB requires a nonzero phase difference be-

tween theGE andGM form factors. The phase of the ratio

of form factors GE/GM of spin-1/2 baryons in the time-

like region can thus be determined from measurements of

the polarization of one of the produced baryons. In a recent

paper, Carlson, Hiller, and Hwang and I have shown that

measurements of the proton polarization in e+e− → pp
strongly discriminate between the analytic forms of mod-

els which have been suggested to fit the proton GE/GM

data in the spacelike region. Polarization observables can

be used to completely pin down the relative phases of the

timelike form factors. The complex phases of the form fac-

tors in the timelike region make it possible for a single out-

going baryon to be polarized in e−e+ → BB, even without
polarization in the initial state.

There are three polarization observables, corresponding

to polarizations in three directions denoted z, x, and y, re-
spectively. Longitudinal polarization (z) refers to the polar-
ization state 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×&pwhere &k is the electron momentum and &p is the baryon
momentum, with x, y, and z forming a right-handed coor-
dinate system.

The polarization Py does not require polarization in the

initial state and is [105]

Py =
sin 2θ ImG∗

EGM

D
√

τ
=

(τ − 1) sin 2θ ImF ∗
2 F1

D
√

τ
.

(18)

The other two polarizations require initial state polariza-

tion. If the electron has polarization Pe then [105]

Px = −Pe
2 sin θ ReG∗

EGM

D
√

τ
, (19)

and

Pz = Pe
2 cos θ|GM |2

D
. (20)

The sign of Pz can be determined from physical princi-

ples. Angular momentum conservation and helicity conser-

vation 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− → pp will re-
quire a polarimeter for the outgoing protons, perhaps based

on a shell of a material such as carbon which has a good an-

alyzing power. However, timelike baryon-antibaryon pro-

duction can occur for any pair that is energetically allowed.

Baryons such as theΣ andΛwhich decay weakly are easier
to study, since their polarization is self-analyzing.

The polarization Py is a manifestation of the T-odd ob-

servable &k × &p · &Sp, with &Sp the proton polarization. This

observable is zero in the spacelike case, but need not be

zero in the timelike case because final state interactions can

give the form factors a relative phase.

One can also predict [106] the single-spin asymmetryPy

for QED processes such as e+e− → τ+τ− which is sensi-

tive to the imaginary part of the timelike Schwinger correc-

tion to the lepton anomalousmoment and Pauli form factor.

Predictions for polarization Py in various models are

shown in Fig. 9. The predicted polarizations are signifi-

cant and are distinct from a purely polynomial fit to the

spacelike data, which gives zero Py .

The predictions for Px and Pz are shown in Figs. 10

and 11. Both figures are for scattering angle 45◦ and Pe =
1. The phase difference (δE − δM ) between GE and GM

is directly given by the Py/Px ratio,

Py

Px
=

cos θ

Pe

Im G∗
MGE

Re G∗
MGE

=
cos θ

Pe
tan(δE − δM ) . (21)

The magnetic form factor in the IJL model [107] is very

small in the 10 to 20 GeV2 region (taking the dipole form

for comparison) and has a zero in the complex plane near

q2 = 15 GeV2. This accounts for much of the different

that is energetically allowed. Baryons such
as the Σ and Λ which decay weakly are eas-
ier to study, since their polarization is self-
analyzing.

The polarization Py is a manifestation of the
T-odd observable

!k × !p · !Sp, with !Sp

the proton polarization. This observable is
zero in the spacelike case, but need not be
zero in the timelike case because final state
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The polarization Py does not require polar-
ization in the initial state and is [?]

Py =
sin2θ ImG∗EGM

D
√

τ
=

(τ − 1) sin 2θ ImF ∗2F1

D
√

τ
.

(1)
The other two polarizations require initial
state polarization. If the electron has po-
larization Pe then [?]

Px = −Pe
2 sin θ ReG∗EGM

D
√

τ
, (2)

and

Pz = Pe
2cos θ|GM |2

D
. (3)

Dubnickova, Dubnicka, Rekalo; Rock
Carlson, Hiller, Hwang, sjb

that is energetically allowed. Baryons such
as the Σ and Λ which decay weakly are eas-
ier to study, since their polarization is self-
analyzing.

The polarization Py is a manifestation of the
T-odd observable

!k × !p · !Sp, with !Sp

the proton polarization. This observable is
zero in the spacelike case, but need not be
zero in the timelike case because final state

Baldini: relative 
GE, GM phase 

needed to 
separate F1,F2!
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The polarization Py does not require polar-
ization in the initial state and is [?]

Py =
sin2θ ImG∗EGM

D
√

τ
=

(τ − 1) sin 2θ ImF ∗2F1

D
√

τ
.

(1)
The other two polarizations require initial
state polarization. If the electron has po-
larization Pe then [?]

Px = −Pe
2 sin θ ReG∗EGM

D
√

τ
, (2)

and

Pz = Pe
2cos θ|GM |2

D
. (3)



 
 Stan Brodsky,  SLACFrascati Nucleon05 10-14-05 New Perspectives on the Nucleon in QCD 

90

0

0.2

0.4

0.6

0.8

1

5 10 15 20 25 30 35 40

1/Q fit

(log2 Q2) /Q2 fit

impr. (log2 Q2) /Q2 fit

IJL fit

P
z
  
(f

o
r 
!
 =

 4
5
°)

q2 (GeV2)

The polarization Py does not require polar-
ization in the initial state and is [?]
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√
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=

(τ − 1) sin 2θ ImF ∗2F1

D
√
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.

(1)
The other two polarizations require initial
state polarization. If the electron has po-
larization Pe then [?]

Px = −Pe
2 sin θ ReG∗EGM

D
√

τ
, (2)

and

Pz = Pe
2cos θ|GM |2

D
. (3)
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interactions can give the form factors a rel-
ative phase.

One can also predict [?]

the

Single-spin asymmetry Py for QED

e+e− → τ+τ−

which is sensitive to the imaginary part of the
timelike Schwinger correction to the lepton
anomalous moment and Pauli form factor.

interactions can give the form factors a rel-
ative phase.

One can also predict [?]

the

Single-spin asymmetry Py for QED

e+e− → τ+τ−

which is sensitive to the imaginary part of the
timelike Schwinger correction to the lepton
anomalous moment and Pauli form factor.Sensitive to the imaginary part of the

timelike Schwinger correction
to the lepton anomalous moment
and Pauli form factor.

Different Coulomb phases for F1, F2



G0 & E734             
[to be published]

HAPPEx & E734      
[Pate, PRL 92 (2004) 082002]

First determination of the strange axial form factor.

Strange Electromagnetic and Axial Nucleon Form Factors

A combined analysis of HAPPEx, G0, and BNL E734 data

Stephen Pate
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PV Asymmetry

! Systematic errors (normalization) cancel in the ratio

! APV :  1 ppm to 50 ppm (part per million : 10-6) for Q2 = 0.1 - 1. (GeV/c)2

! APV = A0 (s =0) + AS

" Need to reach a precision of a few % (stat. + syst.) on APV  !

   

A
PV

!
"

+
# "

#

"
+
+"

#

$
%e M

&
.M

Z( )
M

&
2

 Weak form factors measurements

! EM and Weak contributions but MZ << M!  in our energy domain

! Must get rid of the dominant M!
2 term

" Parity violation (PV) in polarized 

    elastic electrons scattering on 
    unpolarized proton target

Parity Violation experiments

("+)

e

N ("#)

e

N

!$ + Z0
Parity

("+)  %  "# (= P("+)) 

S. Kox
S. Pate
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Nucleon structure and EW probes

!0

(Q2)

e

N N

e
   
j
µ

W,e

   
Jµ

W,N

"# (Q2)

N N

e e
   
j
µ

EM,e

   
J
µ

EM,N

EM and Weak form factors

! Charge and magnetization (current/spin) extended distributions in nucleon (J=1/2)

! Expressed with 2 form factors depending only on Q2

! Elastic scattering of electron probes the nucleon via " (EM) or Z0 (Weak) exchange

   
< N | J

µ
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G
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p
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M

n(0) = µ
n
  

(see talks of U. Mueller and S. Pate on aspects of the axial part)

Static EM properties 

at Q2 = 0

Nucleon structure and EW probes
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EM and Weak form factors

! Charge and magnetization (current/spin) extended distributions in nucleon (J=1/2)

! Expressed with 2 form factors depending only on Q2

! Elastic scattering of electron probes the nucleon via " (EM) or Z0 (Weak) exchange
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(see talks of U. Mueller and S. Pate on aspects of the axial part)

Static EM properties 

at Q2 = 0

A

V

X

Interference 
gives parity 
violation

EM and Weak form factors

! Quark probed by a coupling to their

    electrical and weak charges

! Neglecting the heaviest quarks (c, b, t) in the flavor decomposition :

! Charge symmetry : neutron ! proton (valid at the 1% level)

"

Strange quark form factors determination

! 4 EM Form Factors are measured (E,M on n,p) in the 0-1 GeV2 domain

! Need good precision on EM form factor (Gn
E) and 2 photon effects understanding

! Proton weak form factors (E, M) are measured in PV experiments

Decomposition on quark flavors
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EM and Weak form factors

! Quark probed by a coupling to their

    electrical and weak charges

! Neglecting the heaviest quarks (c, b, t) in the flavor decomposition :

! Charge symmetry : neutron ! proton (valid at the 1% level)

"

Strange quark form factors determination

! 4 EM Form Factors are measured (E,M on n,p) in the 0-1 GeV2 domain

! Need good precision on EM form factor (Gn
E) and 2 photon effects understanding

! Proton weak form factors (E, M) are measured in PV experiments

Decomposition on quark flavors
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Separation of weak form factors E, M, A (at each Q2)

! Rosenbluth separation

  H : Forward angle measurement (!’ " 0)  E + M

  H : Backward angle measurement (! " 0) M + A

! Isospin/spin of targets

  D (n + p) : Back angle measurement  A + M
   4He (J= 0, T= 0) : Forward angle      E

Extraction of strange quarks contribution

" Strange quarks and vector form factors (E, M) after subtraction of A0(s= 0)

" EM form factors and correction of higher order EW terms

" Axial current in the nucleon also accessible (no flavor separation)

Weak form factors determination
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Strange Quark Contribution : Q2 dependence

Some conclusions

! Good agreement with HAPPEX data measured at similar kinematics

" A null strange quark contribution (Gs
E = Gs

M = 0) is rejected at 90 % CL

NVS

D. S Armstrong et al., 

PRL 95, 092001 (2005)

EM form factors

- parameterization

ANVS subtraction 

 -SM, axial FF

S. Kox



Strange Form factors extraction

! Fit of the world data set (H, He) with sum of 2 strange Form Factors 

! Use parameterization for their Q2 dependence (Gp
M and Gn

E types) 

 From the fit

!  Large positive value for Gs
M

 (0)    

! E and M contributions have 
    opposite sign 

! Sharp Q2 dependence

" Need additional data (separation) 
    to come to any firm conclusion

Speculation …

(proton)

(neutron)

  

G
M
s

Q
2( ) =

G
M
s

0( )

1+ Q
2
!

M

s 2( )
2•

  

GE
s Q2( ) =

a
1
Q2

1+ b
1
Q2

+ b
2
Q4

+ b
3
Q6•

(!2/Ndf ~ 0.86)

__ 10% contribution to nucleon form factors

S. KoxS. Kox
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Origin of nonzero strange quark 
contribution to vector current of nucleons

VMD (φ) or different
s(x) and s(x) distribution?

Intrinsic strangeness

Evidence from charm production in charged
current DIS reactions

Intrinsic heavy quarks:

Dimension 6
G3

µν

m2
Q

operator

Intrinsic charm at high x

 Roelof Bijker, Riska, Thomas 

Polyakov et al.

Braun,

Polyakov et al

Analog in atomic physics:

intrinsic muons strongly asymmetric
in tauonium

[τ+e−]:
µ− attracted to τ+

µ+ attracted to e−

Λ(uds) + K(su) Fluctuation

Burkardt,Warr
Ma, sjb, 
Thomas
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Origin of nonzero strange quark 
contribution to vector current of nucleonsBraun,

Polyakov et al

Analog in atomic physics:

intrinsic muons strongly asymmetric
in tauonium

[τ+e−]:
µ− attracted to τ+

µ+ attracted to e−

Braun,

Polyakov et al

Analog in atomic physics:

intrinsic muons strongly asymmetric
in tauonium

[τ+e−]:
µ− attracted to τ+

µ+ attracted to e−

Λ(uds) + K(su) Fluctuation Burkardt,Warr
Ma, sjb, 
Thomas
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Evidence for nonzero strange quark 
contribution to vector current of nucleons

 Roelof Bijker , Iachello
φ contribution to vector current

φ couples in t channel to proton via ggg

OZI suppressed but not zero

analogous to electron-loop
light-by-light contribution
to muon g − 2
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Timelike photon-to-meson transition form factor

due to the interference of amplitudes from soft photon radi-

ation from the lepton and hadron system. One can use the

charge asymmetry in e+e− → µ+µ− as the standard.
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Figure 5: Interference of one and two-photon exchange

amplitudes for e+e− → HH

The theory of the two-photon exchange amplitude in-

volves all of the complexities of the doubly-virtual timelike

Compton amplitude γ∗γ∗ → HH. At high virtualities one
expects a quark handbag approximation [37] to be valid.

The hadron asymmetry will then mimic the corresponding

e+e− → µ+µ− asymmetry weighted by the sum of quark

charge squares and the 〈 1
x〉 j = 0 moment characteristic of

a j = 0 fixed pole in Regge theory [66]. A careful mea-
surement of the charge asymmetry in charged meson and

baryon pair production could illuminate the role of two-

photon exchange in exclusive amplitudes.

THE PHOTON-TO-PION TRANSITION

FORM FACTOR AND THE PION

DISTRIBUTION AMPLITUDE

The simplest and perhaps most elegant illustration of an

exclusive reaction in QCD is the evaluation of the photon-

to-pion transition form factor Fγ→π(Q2) which is mea-
surable in single-tagged two-photon ee → eeπ0 reac-

tions. The form factor is defined via the invariant ampli-

tude Γµ = −ie2Fπγ(Q2)εµνρσpπ
ν ερqσ . As in inclusive

reactions, one must specify a factorization scheme which

divides the integration regions of the loop integrals into

hard and soft momenta, compared to the resolution scale

Q̃. At leading twist, the transition form factor then factor-
izes as a convolution of the γ∗γ → qq amplitude (where
the quarks are collinear with the final state pion) with the

valence light-cone wavefunction of the pion:

FγM (Q2) =
4√
3

∫ 1

0
dxφM (x, Q̃)T H

γ→M (x, Q2). (8)

The hard scattering amplitude for γγ∗ → qq is

T H
γM (x, Q2) = [(1 − x)Q2]−1 (1 + O(αs)) . The leading
QCD corrections have been computed by Braaten [67]. The

evaluation of the next-to-leading corrections in the physical

αV scheme is given in Ref. [68]. For the asymptotic distri-

bution amplitudeφasympt
π (x) =

√
3fπx(1−x) one predicts

Q2Fγπ(Q2) = 2fπ

(
1 − 5

3
αV (Q∗)

π

)
where Q∗ = e−3/2Q

is the BLM scale for the pion form factor. The PQCD pre-

dictions have been tested in measurements of eγ → eπ0

by the CLEO collaboration [69]. The flat scaling of the

Q2Fγπ(Q2) data from Q2 = 2 to Q2 = 8 GeV2 provides

an important confirmation of the applicability of leading

twist QCD to this process. The magnitude of Q2Fγπ(Q2)
is remarkably consistent with the predicted form, assum-

ing the asymptotic distribution amplitude and including the

LO QCD radiative correction with αV (e−3/2Q)/π & 0.12.
One could allow for some broadening of the distribution

amplitude with a corresponding increase in the value of

αV at small scales. Radyushkin [70], Ong [71] and Kroll

[72] have also noted that the scaling and normalization

of the photon-to-pion transition form factor tends to fa-

vor the asymptotic form for the pion distribution amplitude

and rules out broader distributions such as the two-humped

form suggested by QCD sum rules [73].

The photon-to-pion transition form factor Fγ→π(q2) is
the simplest hadronic matrix element in QCD and also one

the most fundamental. As noted above, the matrix ele-

ment
〈
π0|jµ(0)|γ〉

transition form factor for spacelike mo-

menta has been measured in the spacelike domain q2 < 0
by scattering electrons on photons: eγ → eπ0. However,
Fγ→π(q2) can also be measured in the timelike domain
q2 = s > 0 using e+e−γ∗ → π0γ. See Fig. 6. Since the
pion has positive C, there is no background from radiative
return. Predictions for timelike q2 van be made by analytic

continuation. It would be very valuable to test the PQCD

predictions in the timelike domain, including the effect of

vector mesons in the approach to scaling. One also can test

predictions for the γ → H0 form factor for any C = +
meson or hadronic system. A comprehensive discussion of

the transition form factors for spacelike and timelike q2 is

given in Ref. [74].

EXCLUSIVE TWO-PHOTON

ANNIHILATION INTO HADRON PAIRS

Two-photon reactions, γγ → HH at large s = (k1+k2)2

and fixed θcm, provide a particularly important labora-

tory for testing QCD since these cross-channel Compton

processes are the simplest calculable large-angle exclusive

hadronic scattering reactions involving two hadrons. See

Fig. 7. The helicity structure, and often even the absolute

normalization can be computed for the leading power-law

contribution for each two-photon channel [75].

No background from radiative return

Timelike photon-to-pion transition
form factor

Basic measure of QCD

e+e− → γ∗ → π0γ

Novel Timelike Experiments
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• Measure timelike form factors 

• All Exclusive channels

• p + Delta

Annihilation Channels:  ISR and Direct Annihilation

Solodov
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11-2003 

8680A1

Interference produces charge asymmetry
Critical test of two-photon explanation of Rosenbluth failure

Exclusive Two-Photon Process

σ(e−p→ e−p)

σ(e+p→ e+p)

Afanasev, Carlson, Chen, Vanderhaeghen, sjb

Predictions for the electron-proton/ positron-
proton asymmetry

Interference of one-photon and two-photon
exchange
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Interference of  ISR and FSR

Produces electron-positron charge asymmetry
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e
+

e
– 
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– 

H
+

!*

!

11-2003 

8680A4

Timelike Annihilation DVCS

New window into hadron physics

M(γ∗ → H+H−γ)↔M(γ∗H → γH)

σ(e−p→ e−p)

σ(e+p→ e+p)

Afanasev, Carlson, Chen, Vanderhaeghen, sjb

Predictions for the electron-proton/ positron-
proton asymmetry

Interference of one-photon and two-photon
exchange

Interference with ISR produces charge asymmetry

Afanasev, Carlson, Salme, sjb (in progress)
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M(γ∗ → H+H−γ)↔M(γ∗H → γH)

σ(e−p→ e−p)

σ(e+p→ e+p)

Afanasev, Carlson, Chen, Vanderhaeghen, sjb

Predictions for the electron-proton/ positron-
proton asymmetry

Interference of one-photon and two-photon
exchange
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Figure 8: Comparison of the sum of γγ → π+π− and

γγ → K+K− meson pair production cross sections with

the scaling and angular distribution of the perturbative

QCD prediction [75]. The data are from the CLEO col-

laboration [76].

elastic helicity-conserving Dirac form factor since the

power-law fall-off, the normalization of the valence wave-

functions, and much of the uncertainty from the scale of

the QCD coupling cancel. The scaling and angular depen-

dence of this ratio is sensitive to the shape of the proton dis-

tribution amplitudes and appears to be consistent with the

distribution amplitudes motivated by QCD sum rules. The

normalization of the ratio at leading order is not predicted

correctly by perturbative QCD. However, it is conceivable

that the QCD loop corrections to the hard scattering ampli-

tude are significantly larger than those of the elastic form

factors in view of the much greater number of Feynman di-

agrams contributing to the Compton amplitude relative to

the proton form factor. The perturbative QCD predictions

for the phase of the Compton amplitude phase can be tested

in virtual Compton scattering by interference with Bethe-

Heitler processes [80].

Berger and Schweiger [81] have recently studied baryon

pair production in two-photon collisions using perturba-

tive QCD factorization treating baryons as quark-diquark

systems. Their approach give a consistent description of

the cross sections for all octet baryon channels, including

most recent large-momentum-transfer data from LEP for

the γγ → ΛΛ. These prediction need to be compared with
the standard QCD analysis based on the three quark struc-

ture of the baryons.

A debate has continued [82, 83, 84, 85] on whether pro-

cesses such as the pion and proton form factors and elas-

tic Compton scattering γp → γp might be dominated by
higher-twist mechanisms until very large momentum trans-

fer. If one assumes that the light-cone wavefunction of

the pion has the form ψsoft(x, k⊥) = A exp(−b k2
⊥

x(1−x)),
then the Feynman endpoint contribution to the overlap in-

tegral at small k⊥ and x # 1 will dominate the form fac-
tor compared to the hard-scattering contribution until very

largeQ2. However, this ansatz for ψsoft(x, k⊥) has no sup-
pression at k⊥ = 0 for any x; i.e., the wavefunction in
the hadron rest frame does not fall-off at all for k⊥ = 0
and kz → −∞. Thus such wavefunctions do not repre-
sent well soft QCD contributions. Endpoint contributions

are also suppressed by the QCD Sudakov form factor, re-

flecting the fact that a near-on-shell quark must radiate if it

absorbs large momentum. One can show [38] that the lead-

ing power dependence of the two-particle light-cone Fock

wavefunction in the endpoint region is 1 − x, giving a me-
son structure function which falls as (1 − x)2 and thus by
duality a non-leading contribution to the meson form factor

F (Q2) ∝ 1/Q3. Thus the dominant contribution to meson

form factors comes from the hard-scattering regime.

THE DOUBLY-VIRTUAL TIMELIKE

COMPTON AMPLITUDE

One can measure the virtual Compton amplitude

T (γ∗
1γ∗

2 → HH) as a function of spacelike q2
1 , q

2
2 and

s ≥ 4m2
H in the two-photon reaction:

e+e− → e+e−γ∗
1γ∗

2 → e+e−HH. (11)

This should be a possible measurement at high luminosity

e+e− colliders, particularly for meson pairs.
Assuming that quark Compton scattering is dominant

(and the j = 0 mechanism is relevant), we can predict the
ratio of the leading power-law contribution to the virtual

Compton amplitude at large q2
1 and q2

2 to the corresponding

lepton pair production amplitude

Rpp
2γ(q2

1 , q2
2 , s) =

T (γ∗
1γ∗

2 → HH)

T (γ∗
1γ∗

2 → µ−µ+)

= (e2
u + e2

d)〈
1

xq
〉FH(s) . (12)

The C = + form factor Fp(s) should be similar to the
proton’s timelike Dirac form factor F1(s).
Thus one can empirically check the theoretical assump-

tions underlying the two-photon exchange amplitudewhich

we need to describe the radiative correction to elastic ep
scattering. It is also an important constraint on the time-

like s ≥ 4M2
H input to the two-photon exchange amplitude

which interferes with the one-photon amplitude to give the

charge asymmetry in e+e− → HH.

PERTURBATIVE QCD CALCULATION OF

BARYON FORM FACTORS

The baryon form factor at large momentum transfer pro-

vides an important example of the application of pertur-

bative QCD to exclusive processes. Away from possible

special points in the xi integrations (which are suppressed

by Sudakov form factors) baryon form factors can be writ-

ten to leading order in 1/Q2 as a convolution of a con-

nected hard-scattering amplitude TH convoluted with the

baryon distribution amplitudes. The Q2-evolution of the

baryon distribution amplitude can be derived from the op-

erator product expansion of three quark fields or from the

gluon exchange kernel. Taking into account the evolution

of the baryon distribution amplitude, the nucleon magnetic

Assume Dominance of J=0 Fixed Pole (seagull)
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M(γ∗ → H+H−γ)↔M(γ∗H → γH)

q

q

σ(e−p→ e−p)

σ(e+p→ e+p)

Afanasev, Carlson, Chen, Vanderhaeghen, sjb

M(γ∗ → H+H−γ)↔M(γ∗H → γH)

q

q

σ(e−p→ e−p)

σ(e+p→ e+p)

Afanasev, Carlson, Chen, Vanderhaeghen, sjb

Coyne, DeGrand, sjb

with Re+e−(s). Present data are consistent with the gener-
alized Crewther relations within errors, but measurements

at higher precision in e+e− annihilation are needed to deci-
sively test these fundamental relations in QCD. Such mea-

surements are also crucial for a high precision evaluation of

the hadronic corrections to the muon anomalous magnetic

moment [147]. The discrepancy between the annihilation

cross section in the isospin I = 1 channel and the corre-
sponding isospin I = 1 data from τ decay also needs to be
resolved [148].
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Belle Associated Charm Anomaly

• Huge Probability for associated charm pair

• Theory estimates (Bodwin) 

• Measure 

RJ/ψ ≡ σ(e+e−→J/ψ cc)
σ(e+e−→J/ψ X)

= 0.8

RJ/ψ ≡ σ(e+e−→J/ψ cc)
σ(e+e−→J/ψ X)

= 0.8

RJ/ψ $ 0.1

QCD: NC = 3 Quarks: 3C Gluons: 8C.

Generalized gauge invariance:

Invariant under local SU(NC)
gauge rotations.

QCD: NC = 3

RJ/ψ ≡ σ(e+e−→J/ψ cc)
σ(e+e−→J/ψ X)

= 0.8

Rφ ≡ σ(e+e−→φ ss)
σ(e+e−→φ X)
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Photon-Photon Collisions

Doubly-Virtual Photon  Processes
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Threshold pion production:

e+e− → pp π0, pn π−

Rotated proton distribution amplitudes

Beautiful soft-pion theorems, PQCD predic-
tions, axial vector form factors

Braun,

Polyakov et al

•  Beautiful soft-pion theorems for

•  Rotated proton distribution amplitudes

•  Extend PQCD predictions, measure axial vector     
form factors

• Braun, Polyakov et al.  U. Mueller
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11-2003 
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e+
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e+
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g
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Relative phases for different L
produce Sivers SSA

e+e− → HX

!S · !pe × !pH

Pseudo T-odd Correlation

e+e− → HX

!SH · !pe × !pH

Pseudo T-odd Correlation

e+e− → HX

!SH · !pe × !pH

Pseudo T-odd Correlation

Hwang, Schmidt, sjb
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The Future
• Frascati:  Upgrade of Daphne 1.2 GeV/beam, high 

Luminosity 1032/sec/cm2 

• GSI Fair : Panda, PAC -- Test Color transparency 
T, ANN

•  BES

•  VEPP-2000 

• Jlab 12 GeV

• J-Parc:   neutrino charged and neutral current 
form factors



Transversity in Drell-Yan Processes

p p
Q
L

Q

l+

l-
Q2=
M2

Q
T

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

M invariant Mass
of lepton pair

F. Rathsman

Key 
experiment 
at GSI
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Ideas for CarlFest

May 4, 2005

Spin Correlations in Elastic p− p Scattering
RNN

pT

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

1

Ratio reaches 4:1 !

Ideas for CarlFest

May 4, 2005
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Spin Correlations in Elastic p− p Scattering
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pT

Collisions Between Spinning Protons (A. D. Krisch)
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Spin Correlations in Elastic p− p Scattering
RNN

pT

Collisions Between Spinning Protons (A. D. Krisch)
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Eva 
Experiment  

BNL

Rapid Angular Variation!

Bunce, Carroll, 
Heppelman...
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Figure 3: Space-like and time-like structure of the proton magnetic form factor in

AdS/QCD for ΛQCD = 0.155 GeV.

The resonant structure of the poles is not damped by the effect of mass widths

(which is not included in the present model). The phase changes abruptly by 1800

when crossing each pole. The computation shows an structure of alternating bands

with characteristically lower values. This effect could be an artifact of the model and

the spurious results may be less important in a more detailed model? One should

not rule out a priori, however, an structure with dips, although the data near Q = 13

GeV/c rules out the second dip.

3

logGM(q2)

Space-like and time-like structure of the pro-
ton magnetic form factor in AdS/QCD for
ΛQCD = 0.15 GeV. The data are from the
compilation given by Baldini et al.

J(Q, z) = zQK1(zQ)

The prediction in the domain 0 < Q2 < 4M2
p

represents an analytic continuation into the

Prediction of AdS/CFT Holographic Model

One parameter: ΛQCD = 0.15 GeV.

Guy F. de Téramond and sjb

G. deTeramond and SJB

GM(q2)

q2(GeV 2)

Prediction of AdS/CFT Holographic Model

One parameter: ΛQCD = 0.15 GeV.

G. DeTeramond and SJB

Space-like and time-like structure of the pro-
ton magnetic form factor in AdS/QCD for
ΛQCD = 0.15 GeV. The data are from the
compilation given by Baldini et al.

J(Q, z) = zQK1(zQ)
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Factors
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The aim of the workshop is to discuss recent and new data on the form
factors and their strangeness contribution as well as their theoretical
interpretation and connection to GPD's. A special attention is also
devoted to fostering current and future measurements, in particular to
the proposal to separate the time like GE and GM form factors by

measuring the center-of-mass angular distributions and polarization of

the proton in  reaction at the DAFNE storage ring upgraded in

energy, or in the annihilation on a transversely polarized
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