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Introduction to the GPs

Overview:  Experimental & Theoretical Status & Challenges

Recent results (Jlab / MAMI)

Prospects



Mass

Size Shape

Spin Polarizabilities

…………..

Explain how the proton emerges from the
dynamics of the quark & gluon constituents

Measure and understand the emergence of the 
fundamental properties of the proton’s bound state

Motivation



PDG

Proton Polarizablities

Fundamental structure constants
(such as mass, size, shape, …)

Response of the nucleon to external EM field

Sensitive to the full excitation spectrum

Accessed experimentally through Compton Scattering 

Virtual Compton Scattering:
Virtuality of photon gives access to the GPs : αE(Q2) & βM(Q2) (+ 4 spin GPs)
à mapping out the spatial distribution of the polarization densities

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

RCS: static polarizabilities à net effect on the nucleon
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Response of internal structure to an applied EM field

Scalar Polarizablities

Interaction of the EM field with the 
internal structure of the nucleon



Scalar Polarizablities

E

B

dE induced ~ α E

“stretchability”

External field deforms 
the charge distribution

βdiam < 0
βpara > 0

dM induced ~ β B

“alignability”

Paramagnetic: proton spin aligns 
with the external magnetic field

Diamagnetic: π-cloud induction 
produces field counter to the 
external perturbation

Interaction of the EM field with the 
internal structure of the nucleon

Response of internal structure to an applied EM field



Virtual Compton Scattering

Elastic FFs GPs



LEXDR

Subtract the spin part

utilize DR

scalar GPs αE and βM

valid only below 
Pion threshold

valid below & above
Pion threshold

Dispersive integrals 
for Non Born amplitudes

Spin GPs are fixed

Scalar GPs have 
an unconstrained part

Fit to the experimental
cross sections at each Q2

Virtual Compton Scattering



LEX
below thres.

DR
below thres.

DR
above thres.

Phys. Rev C 86, 015210 (2012)

Phys. Rev Lett. 93, 122001 (2004)

Sensitivity to the GPs grows as we measure above pion threshold

Virtual Compton Scattering
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MIT-Bates @ Q2=0.06 GeV2 MAMI-A1 @ Q2=0.33 GeV2

Jlab-Hall A @ Q2=0.9 & 1.8 GeV2

Early Experiments



MAMI

Bates

JLab JLab

Q2 = 0.33 (GeV/c)2 measured twice at MAMI:

• Phys. Rev. Lett 85, 708 (2000)
• Eur. Phys. J. A37, 1-8 (2008)

aE ≈ 10-3 VN (stiffness / relativistic character)

Data: non-trivial Q2 dependence of aE (?)

Theory: monotonic fall-off 

βM small çècancellation of competing mechanisms 

Large uncertainties

Higher precision measurements needed 
è Quantify the balance between diamagnetism 

and paramagnetism

Early Experiments



T.R. Hemmert et al Phys. Rev. D 62, 014013 (2000)
B. Pasquini et al Phys. Rev. C 63, 025205 (2001)
A. Yu. Korchin and O. Scholten Phys. Rev. C 58, 1098 (1998)
A. Metz and D. Drechsel Z. Phys. A 356, 351 (1996)

Smooth fall-off for αE

A non-trivial structure for αE is not supported by theory

Large spread in the predictions

Theory

HBChPT
NRQCM
Effective Lagrangian Model
Linear Sigma Model 



Recent  Measurements



MAMI A1/1-09 (vcsq2)    below threshold

MAMI A1/3-12 (vcsdelta) above threshold

Recent Measurements: MAMI

e spectrometer
p

spect
Luminosity

Monitor

Both experiments utilized 
the A1 setup at MAMI



Figure from PhD thesis of L. Correa, Mainz / Cl. Ferrand 

For LEX the higher order terms have to be kept small / under control

Refined analysis proceedure /  phase space masking to keep 
these terms smaller than ~ 2%-3% level

A1/1-09 @ MAMI



In-plane 8.5 deg OOP(material from H. Fonvieille)



A1/1-09 @ MAMI

~ 1.0 GeV beam

Q2 = 0.1 (GeV/c)2, 0.2 (GeV/c)2, and 0.45 (GeV/c)2

Figure from PhD thesis of L. Correa, Mainz / Cl. Ferrand 

BH+B               ---

Polarizability ---
effect

GP effect typically 5% – 15%
of the cross section

Polarizability fits:

DR fit: 
DR calculation includes full dependency in q’cm

LEX fit: 
truncated in q’cm. Suppress contribution 
from higher order terms



1.1 GeV beam, 5cm LH2

Q2 = 0.2 (GeV/c)2

Goal 2-fold: 1) Measure αE

2) First measurement of N->Δ transition form factors 
through the γ channel

A1/3-12 @ MAMI

A1 spectrometers A & B in coinc.



A1/1-09 @ MAMI
A1/3-12 @ MAMI

MAMI Results

Phys. Rev. Lett 123, 192302 

Phys. Rev. C 103, 025205 

Eur. Phys. J. A55, 182

PhD students:

Jure Bericic (Ljubljana Univ.)
Loup Correa (Clermont-Fd Univ.)
Meriem BenAli (Clermont-Fd Univ.)
Adam Blomberg (Temple Univ.)



Revisiting the Q2=0.33 GeV2 data

(material from H. Fonvieille)

αE(Q2)

βΜ(Q2)

The αE puzzle still holds

LEX and DR
Updated HO-cut

Q2 = 0.33 (GeV/c)2 measured twice at MAMI - two different experiments

• Phys. Rev. Lett 85, 708 (2000)
• Eur. Phys. J. A37, 1-8 (2008) Analysis revisited (unpublished):



Jlab :  Experiment E12-15-001 (VCS-I) in Hall C

High precision measurements targeting 
explicitly the kinematics of interest for αE

VCS-I





Hall C: SHMS, HMS
4.56 GeV
20 μA
Liquid hydrogen 10 cm

cross sections & azimuthal asymmetries

sensitivity to GPs
suppression of systematic asymmetries

The experiment



Kinematics

BH

avoid BH region  (θγ*γ>120°)

Φγ*γ=0°, 180°

Q2 = 0.4 (GeV/c)2

αE = 5.8 10-4 fm3

αE = 2.4 10-4 fm3

δβM = 2 10-4 fm3

sensitivity
Experimental setup

space limitations



Momentum calibration
physical mass of undetected (reconstructed) particle

physical mass of undetected (reconstructed) particle

Data
Simulation

Missing Mass 2 (GeV2)
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Pion contamination

Simulation & Phenomenological fits from asymmetry measurements

(Al foils)

Contribution from (Al) target walls



Elastic data



p(e,e’p)πo

p(e,e’p)γ

p(e,e’p)π0

MAID



p(e,e’p)πo

p(e,e’p)γ

This experiment
World data

NàΔ TFFs

Simultaneous measurement
of the NàΔ TFFs

TFFs well known 
à Real time normalization control

Good understanding of 
spectrometer acceptance



New results: VCS cross sections

Q2=0.27 GeV2

Q2=0.33 GeV2

Q2=0.40 GeV2

I.P. O.O.P.



New results: GPs

DR fit

Experimental cross sections are compared to the DR model 
predictions for all possible values for the GPs
à αΕ(Q2) and βΜ(Q2) are fitted by a χ2 minimization



New results: GPs

DR fit

Experimental cross sections are compared to the DR model 
predictions for all possible values for the GPs
à αΕ(Q2) and βΜ(Q2) are fitted by a χ2 minimization

Nature 611, 265 (2022)

Ruonan Li (Temple Univ.)
Hamza Atac (Temple Univ.)
Mark Jones (JLab.)
Michael Paolone (NMSU)



MAMI-I  re-analysis (unpublished)

Is there a non-trivial structure?



Q2 dependence of the electric GP

Traditional fits using
predefined functional forms

Data-driven techniques 
no direct underlying functional 

form is assumed

Systematically overestimates MAMI-VI

Dipole (?)      (χ2
ν=3.7)

Systematically underestimates MAMI-I & IV

Cuts grossly through the new measurements



2.4 σ (98.4% cl)  Hall C

2.9 σ (99.6% cl)  Hall C & MAMI-I combined

Deviation from a dipole fit at Q2 = 0.33 GeV2



DR calculation
D. Drechsel, B. Pasquini, M. Vanderhaeghen, 
Phys. Rep. 378,99 (2003)

BχPT calculation to NLO 
in the δ-counting scheme

Theory: BχPT



Theory: Lattice QCD

Xuan-He Wang, Xu Feng, Lu-Chuang Jin
International Symposium on Lattice Field Theory (Lattice21)

Fourier transform 
of four-point CF

Measure on
the lattice

Fig.: 
Lattice21, X. Wang

See talks on 
Tuesday & Wednesday



GP I GP II
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Light (dark) regions   è largest (smaller) values

Induced polarization 
along by=0

(photon polarization along x-axis, as indicated)

Induced polarization in a proton 
when submitted to an e.m. field

Nucleon form factor data è light-front quark charge densities 

Formalism extended to the deformation of these quark densities 
when applying an external e.m. field: 

GPs  è spatial deformation of charge & magnetization densities
under an applied e.m. field

Spatial dependence of induced polarizations



Nucleon form factor data è light-front quark charge densities 

Formalism extended to the deformation of these quark densities 
when applying an external e.m. field: 

GPs  è spatial deformation of charge & magnetization densities
under an applied e.m. field

Induced polarization in a proton 
when submitted to an e.m. field

x-y defines the transverse plane with 
the z-axis being the direction of the 
fast-moving proton

by=0

Experimental Fit

Spatial dependence of induced polarizations



Polarizability radii



Polarizability radii



Static Polarizabilities

PRL 128 (2022) 132503

PRL 128 (2022) 132502 

MAMI

HIGS

MAMI

HIGS



Static Polarizabilities

PRL 128 (2022) 132503

PRL 128 (2022) 132502 

MAMI

HIGS

MAMI

HIGS



Moving  Forward



New JLab proposal for PAC51 (summer 2023)

Eo = 1.1 & 2.2 GeV and  60 days of beamtime

VCS-II



VCS-II   Projected  Measurements

Targeted measurements to fully 
exploit the sensitivity to the GPs

W (GeV) W (GeV)

Φγγ = 0 o Φγγ = 180 o

High precision measurements 
combined with a fine mapping in Q2

systematically consistent 
measurements throughout Q2

VCS-II  Projected

Improve upon βM :
Pin down the competing 

para/dia-magnetic contributions 
in the nucleon



Measuring with positrons

Eur. Phys. J. A 57 (2021) 11, 316

(a): The beam-charge asymmetry as a function of 
the photon scattering angle at Q2 = 0.43 GeV 2. 

(b) & (c): The electron and positron beam-spin 
asymmetry as a function of the photon scattering 
angle for out-of-plane kinematics. 

Λα = Λβ = 0.5 GeV 
Λα = Λβ = 0.7 GeV 
Λα = Λβ = 0.9 GeV 

Q2=0.43 GeV2

Positrons allow for an independent path to access experimentally the GPs

Unpolarized beam charge asymmetry (BCA) :

Lepton beam spin asymmetry (BSA) :



e- : ~ 1 week of beamtime @ 50 µA

e+ : ~ 10 weeks of beamtime @ 5 µA

BCA

Hall C  (SHMS / HMS) and

11 weeks of beamtime
Requires positron beam



e- (pol. 85% @ 70 µA) : ~ 2 weeks of beamtime

BSA

Hall C  (SHMS / HMS)

e+ (pol. 60% @ 50 nA) : ~ 3 orders of magnitude more  beamtime

or

2 weeks of beamtime
Readily available at JLab



Summary

Progress in the study of fundamental system properties 
that characterize the proton’s response to an EM field

Thank you!

possibility for a non-trivial (non-monotonic) behavior in αΕ(Q2)
(albeit with a smaller magnitude than originally suggested)

Future measurements: 
Pinn down with precision the shape of the αE structure 
(if it exists) - important input for the theory

Measure via a different channel (positrons)

Insight to spatial deformation of the nucleon densities under an applied EM field, 
interplay of para/dia-magnetic mechanisms in the proton, polarizability radii, …

High precision benchmark data for theory & upcoming LQCD calculations

at minimum: strong tension between world data

Electric GP: or

Strong constraints to theoretical predictions  (we can improve further)


