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MotivationMotivation

ee+++ e+ e-- → hadrons

Studied since the 70’s (Novosibirsk, Frascati)

– Interaction of light quarks 
– Spectroscopy of their bound state
– Strong interaction contribution to g-2 and a(Mz

2)
– Tests of standard model (conservation of vector 

current) related to hadronic lepton decays
– Determination of QCD parameters, QCD sum rules 

RR Akhmetshin etal, CMD-2 at VEPP-2M
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MotivationMotivation

ee+++ e+ e-- → hadrons
..and recently at BaBar

 e++ e- → multi π 
>> 
e++ e- → π+ + π−

 ∼
e++ e- → µ+ + µ−
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MotivationMotivation
Present interest due to 

* high luminosity, 
* large solid angle 

(4π) detectors
ee+++ e+ e-- → 4π

 e++ e- → ω + π

e++ e- → π +a1 (1260)
e++ e- → π +h1 (1170)
e++ e- → ρ +f0 (400−1200)
e++ e- → π +a2 (1320)
e++ e- → ρ+ + ρ−

 e++ e- → π + π (1300)

allow to discriminate
different possible
intermediate states

→

→
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M(π±π0) M(π+π-)

ρ± Νο ρ0 seen

M(π0)

ω

I=1 resonance
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Dominance of a1π
• Detector CMD-2 at VEPP-2M:

– Measure energy and angles of charged and 
neutral particles

– Analysis with kinematical fits, combinatorial, 
event topology

• Model 
– assumes quasi-two particle intermediate state
– takes into account

• identity of final pions
• interference of all possible amplitudes

CMD2 Collaboration (R.R. Akhmetshin et al.) 
Phys.Lett.B466:392-402,1999. 
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Energy dependence

π + π − 2π0 2π+ 2π−

ωπ0

a1(ρπ) π
≡

CMD2 Collaboration (R.R. Akhmetshin et al.)

2π+ 2π−

π + π − 2π0
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a1 production

The a1  density matrix (spin 1 as deuteron):

Vector and tensor polarization:
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The EM current for γ* → a1π   transition
f 1 0 0

Form factors (complex functions)
Normalization:

VMD Parametrization
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Relation between γ* a1π and  a1ρπ



Egle TOMASI-GUSTAFSSONCEA DSM IRFU1-X-2008 10

The leptonic  current  (longitudinally polarized )

The differential cross section

The hadronic  tensor

can be splitted in three terms
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The unpolarized cross section
The differential cross section:

The total cross section:

The angular asymmetry:
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S=1 form factors: 
examples
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Iachello, Jakson and Landé (1973)

γ* ω,ρ,ϕ
Isoscalar and isovector FFs
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Deuteron VMD

Meson cloud: isoscalar vector meson only

Normalization

Intrinsic term

C. Adamuscin, G.I. Gakh and E.T-G. PRC 73, 045204 (2006)
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Results
From 12 to 6 parameters fit
1) Constrains on the nodes:  
Q2

0C=1.7 GeV2,  Q2
0M=2 GeV2

2) Intrinsic part common to the 3 FFs:

δ=1.04 ±0.03, γ=12.1 ± 0.5
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Results

GC
GQ

GM

C. Adamuscin, G.I. Gakh and E.T-G. PRC 73, 045204 (2006)
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e+ + e- → d + d 
PRC 74, 025202 (2006)

(Imaginary part from the 
intrinsic term
No finite width for ρ,ω mesons)

U&A (Dubnicka) 

Parametrization I (real part)
[Abbott, EPJA 2000]

GM

GQ  

GC
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ρ - form factors : Space-like
Parametrization Node for t0=-3 GeV2

Fit on  light front calculation de Melo and Federico, PRC55,2043 (1997)
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ρ form factors : Time-like
Analytical extension ( imaginary part from the width):

TL-parametrization:

…no experimental constrains, no new parameter
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Form factors

Six parameters, fitted on cross section data

ρ(770) ρ ’(1450) ρ’’(1700)

Total cross section
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Form factors

Six parameters, fitted on cross section data
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Predictions  for 
the observables 
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Vector  polarization observables
With unpolarized beams:

With longitudinally polarized electron:

q2=2 GeV2
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Tensor polarization observables

q2=2 GeV2
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Density matrix
q2=2 GeV2
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Strategy for the complete experiment

1) B/A from unpolarized differential cross section:

r, α unknown 

No polarized beams required…

2) Ratio of spin density matrix elements :

3)  Phase α from
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Model independent formalism 

ee+++ e+ e-- → a1+ π→ 4 π

ee+++ e+ e-- → ρ + ρ → 4 π
ee+++ e+ e-- → d+d

Annihilation - Scattering
Spin ½ - Spin 1
One-photon exchange – two photon exchange

M.P. Rekalo

e± + p(d)  → e± + p(d)
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Conclusions 
•Model independent Formalism for 
Scattering and Annihilation
•VDM-like parametrization of form factors 
extended to Spin 1 particles (and to axial FF of 
the proton)
•Prediction of cross section and polarization 
observables 

ee+++ e+ e-- → a1+ π→ 4 π
ee+++ e+ e-- → ρ + ρ → 4 π
ee+++ e+ e-- → d+d

in collaboration with G.I. Gakh and C. Adamuscin
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Tensor polarization observables

Does not require polarized beams:

T-odd observable:
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Density matrix



Egle TOMASI-GUSTAFSSONCEA DSM IRFU1-X-2008 32

Polarized density matrix
Longitudinally polarized electrons
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Crossing Symmetry

Scattering and annihilation channels:
- Described by the same amplitude :

- function of two kinematical variables, s and t

p2 → – p2

k2 → – k2

- which scan different kinematical regions
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Density matrix
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Polarized density matrix
Longitudinally polarized electrons
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Density matrix
q2=2 GeV2
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Tensor polarization observables

Does not require polarized beams:

T-odd observable:
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Tensor polarization observables

q2=2 GeV2
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SpaceSpace--like and Timelike and Time--like regionslike regions
FFs are analytical functions: : real in SL region,

complex in TL region
In framework of one photon exchange, FFs are functions of the 
momentum transfer squared of the virtual photon, t = q2 = -Q2.

ScatteringScattering

e- + h  => e- + h e+ + e- => h + h

_
_

t<0 t>0
AnnihilationAnnihilation

Relative phase accessible ONLY through POLARIZATION
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