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Nucleon study:
Real and Virtual Compton Scattering 

the Generalized Polarizabilities of the proton: 
status and perspectives



Response  to  a  constraint
(From Wikipedia)



PDG : Baryon Particle Listings

Valence quarks:  uud

Response  to  a  constraint



Electric polarizability:

E

Magnetic polarizability:

B



Real Compton Scattering
V.Olmos de Leon et al.,
EPJA 10 (2001) 207

TAPS 
MAMI-A2



Polarizabilities are sensitive to the 
full excitation spectrum of the nucleon

- Polarizabilities are small
(strong binding force)

- Diamagnetism is important 
in the nucleon

What did we learn from RCS:

- Similarity of proton and 
neutron polarizability

(NRQCM)

(among other things)



« Compton Scattering and 
Generalized Polarizabilities », 
S.Scherer, AIP Proc. Conf. 768 
(2005) 110.

E



from   γ (RCS)   to   γ *  (VCS)

Fourier transform of densities 
of electric charges and  
magnetization of a nucleon 
deformed by an applied EM field

Charge
↓

F.Factor
↓

Charge density

Polarizability
↓

Generalized Pol.
↓

Density of Pol.

Q2 ↔ distance scale



(plot courtesy of  B.Pasquini)

P (L1,L1)0 = ( ) αE ,    P (M1,M1)0 = ( ) βM

P (L1,L1)1 , P (M1,M1)1 , P (L1,M2)1 , P (M1,L2)1

H. Arenhoevel et al., NPA233 (1974) 153                     
P.Guichon et al., Nucl.Phys.A 591 (1995) 606          
D.Drechsel et al.,Phys.Rev.C 55 (1997) 424                  
D.Drechsel et al.,Phys.Rev.C 57 (1998) 941                           
A.L’vov et al.,Phys.Rev.C 64 (2001) 015203

Main theoretical papers:

Data 

No Data 

2 scalar GPs:

4 spin GPs:

NRQCM  (B.Pasquini et al., 
nucl-th/0105074)

Linear Sigma Model (A.Metz et 
al., Z.Phys.A 356 (1996) 351)

HBChPT (T.Hemmert et al., 
Phys.Rev.D 62 (2000) 014013)

Effective Lagrangian 
(A.Korchin et al., Phys. Rev. C 
58 (1998) 1098)
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Bethe-Heitler VCS Born VCS non-Born

(GPs)

e
e’

Virtual Compton Scattering (VCS)

e p →  e p  γ (e,e’p) experiments:

γ by missing mass

p p’

p



Low Energy Theorem  
LET (or « LEX »)

How to measure the GPs

P.Guichon  et al.,    NPA  591  (1995)  606
M.Vanderhaeghen, PLB  402   (1997)  243

B.Pasquini et al.,  Eur.Phys.J. A 11 (2001)  185 
D.Drechsel et al.,  Phys.Rept.  378  (2003)  99

Dispersion Relations 
(« DR »)

d σ (epγ)  =   d σ (BH+Born)  + 

Φ q’ [ v LL (PLL – PTT / ε)  +  v LT (PLT ) ]  +  O(q’2)

PLL = ( . . . )  α E

PTT = [ spin GPs ] 

P LT = ( . . . )  β M +  [ spin GPs ] 

Structure functions:

BH+Born known (proton FF)
One  ε → two S.F. can be extracted

- Dispersive integrals for NonBorn amplitudes
- π N part: given by MAID
γ(*) N → π N   amplitudes

- Spin GPs  are  fixed

-Scalar GPs  have an unconstrained  part   
→ must  be parametrized:

αE(Q2) - αE
πN (Q2)  = 

[αE
exp(0) - αE

πN (0)] 

( 1 + Q2 / Λα
2 ) 2

Λα ,  Λβ fitted from experiment



Dedicated VCS experiments

Experiment          Q2 ε data                  published

(GeV2)                      taking               extractions

MAMI-A1-1          0.33        0.61       1995-1997              SF  (LEX)

JLab/HallA       0.9, 1.8      0.90             1998         SF&GPs (LEX&DR)

Bates                  0.06         0.90             2000         SF&GPs (LEX&DR)

MAMI-A1-2          0.33        0.48       2002-2004            SSA               (e)

MAMI-A1-3          0.33        0.64       2004-2006          SF  (LEX)  (e , p’)

2000

2004

2006

2007

2008 
+ …



Why are VCS experiments difficult ?

Resolution @  MAMI-A1 : great !
-Cross section: small
-Effect of GPs: small (10%)
-Need to control  systematic
errors to a tight level (high-
precision experiments)W = below 

pion threshold

W = region of
Delta(1232)

γ πo 

P.Janssens et al., EPJA 37 (2008) 1

ep→epX



Structure functions

LET DR
extraction method

Need to subtract the spin 
part   (use DR model)

extraction method 
(unpolarized)

Scalar GPs of the proton (electric and magnetic)



Mesonic effects :  RCS + Bates point  → < r2 > of electric polarizability:

<r2>          =  2.16 ± 0.31   fm2 (P.Bourgeois et al.,PRL 97 (2006) 212001)   
HBChPT   :     1.7                fm2 (T.Hemmert et al., PRD 55 (1997) 2630)

Electric GP :

αE : fall-off does not 
seem to be dipolar 
(all models: ∼ dipole).
⇒ new puzzle …

Is  there  a « structure » 
in αE at low Q2 ?
(meson cloud ? Contrib. 
of some resonances ? )

Or experimental bias?



Observable very sensitive to 
absolute normalization, FF, etc.  

Magnetic GP :

Cancellation between 
paramagnetism and 
diamagnetism

βM : extremum at low Q2

seems confirmed, 
although large relative 
errors



- effect of meson cloud  is « enhanced » in polarizabilities 
w.r.t. form factors

« Nucleon EM polarizabilities to leading order in the chiral 
expansion are pure one-loop effect » (V.Bernard et al, PRL 67 
(1991) 1515).

The scalar GPs have a non-trivial Q2 behavior

- Mesonic effects are known to be important in the 
polarizabilities of the nucleon:

ChPT  calculation of   αE and   βM in RCS :

to know more : need new measurements in 
the low-Q2 region:  [ 0 – 1 ] GeV2



A new VCS experiment in MAMI-A1

Q2 =  0.1,   0.2,  0.5  
GeV2

Goal: measure   

PLL - PTT/ ε and     PTT

and   α E and    β M

using LEX and DR methods

Explore the non-trivial 
behavior of the  electric and 
magnetic GPs of the proton



spin polarizabilities      

-In RCS: 2 combinations are measured

-In VCS: ~nothing is known 

- 4 of them at lowest order 

- involving nucleon spin-flip in the Compton scattering process 

Future plans: determine all 4 spin P’s in RCS using polarisation 
(beam and/or target) , and MAMI-A2 and HIGS (TUNL), photon 
energies from 100 to 300 MeV.



Conclusions 
Compton Scattering to study nucleon EM structure: 
an active field

GPs = new observables  of the nucleon, 
sensitive in an original way  to the pion cloud  
and to the nucleon resonance spectrum.

MAMI : unique Lab to do VCS at low energy

Explore the non-trivial Q2- dependence of the
generalized polarizabilities in new experiments

MAMI: the ideal place to do this physics:

Strong theoretical support at  KPH
A1 and A2 experimental Halls complementary



The CRC 1044 Proposal (JGU, Mainz)

Last year: Pre-proposal
This year (2011):  Symposium in february
Full proposal submitted in the Summer
CRC Review Presentation in september
Review process is ongoing
Answer in november 2011…

Research project for the 12 next years, for the physicists at MAMI (experimentalists and 
theoreticians)

Physics include: the future of MAMI  (baryon form factors, meson structure, polarisabilities, 
parity violation, few-nucleon systems, lattice QCD, …) + participation to BESIII (timelike and 
spacelike complementarity)

Coordinators: Achim DENIG and Marc VANDERHAEGEN

Collaborative Research Centre 1044 ,  Funding Proposal
« The Low-Energy Frontier of the Standard Model : 
from Quarks and Gluons to Hadrons and Nuclei »
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