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Introduction : GPs
Nucleon electromagnetic
polarizabilities




How the internal structure is
deformed in an applied
electromagnetic field
Extreme proton stiffness

Generalized polarizabilities
Polarizabilities depend on the
four-momentum transfer Q²
when we have a virtual photon
 For example the Fourier
transform electric GP leads to
the charge distribution
modification

V.Olmos de Leon et al. Eur.Phys. J. A10 (2001)
207

𝛼𝐸 = 12.1 ∓ 0.3𝑠𝑡𝑎𝑡 ∓ 0.5𝑠𝑦𝑠𝑡 10−4 𝑓𝑚3
𝛽𝑀 = (1.6 ∓ 0.4𝑠𝑡𝑎𝑡 ∓ 0.6𝑠𝑦𝑠𝑡 )10−4 𝑓𝑚3
S.Scherer, AIP Proc. Conf. 768 (2005) 110.
HBChPT O(𝑝3 ) Electric polarization in the nucleon induced by the field 𝐸𝑥
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VCS to measure GPs
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𝑒𝑝 → 𝑒𝑝γ
A sum of contributions
Bethe-Heitler and Born (BH+B)
amplitudes depend on elastic
protons form factors
D.Drechsel et al PRC57,941 (1998)
At low energy non-Born is
PRC58,1751(1998)
parameterized by 6 GPs

Center of mass kinematics


(𝑞𝑐𝑚 , 𝑞′𝑐𝑚 , ε, θγγ𝑐𝑚 , φ)
•
•
•
•

q & q’ modulus of initial and final
photon
ε usual polarization parameter of
the virtual photon
θ polar angle
φ azimuthal angle

Analysis techniques for VCS : LEX
Low-energy expansion :
P.Guichon et al Nucl.Phys.A591 (1995)

𝑑5 𝜎

𝑒𝑝𝛾 =

𝑑 5 𝜎𝐵𝐻+𝐵

+ Φ𝑞′𝑐𝑚

𝑷𝑻𝑻
2
× [𝑣𝐿𝐿 . 𝑷𝑳𝑳 −
+ 𝑣𝐿𝑇 . (𝑷𝑳𝑻 )] + 𝓞(𝑞′ 𝑐𝑚 )
𝜺
Interference NB  BH+B








Structure functions can be determined
by measuring the deviation of 𝜎𝑒𝑥𝑝 from
𝜎𝐵𝐻+𝐵
𝑃𝑇𝑇 4𝑀𝑝 𝑃 2
𝑃𝐿𝐿 −
=
. 𝐺𝐸 𝑄 . 𝜶𝑬 𝑸𝟐 + [𝑠𝑝𝑖𝑛𝑓𝑙𝑖𝑝]
Structure functions lead to electric and
𝜀
𝛼
magnetic GPs if one fixes spin-flip GPs
with a theoretical model
Valid only below the pion production
−2𝑀𝑝 𝑞 2 𝑐𝑚 𝑃 2
𝑃𝐿𝑇 =
. 𝐺𝐸 𝑄 . 𝜷𝑴 𝑸𝟐 + [𝑠𝑝𝑖𝑛𝑓𝑙𝑖𝑝]
threshold (q’=126 MeV/c)
2
𝛼
𝑄
Find a phase space region where the
2
effect of 𝓞(𝑞 ′ 𝑐𝑚 ) is small enough to be
neglected

Analysis techniques for VCS : DR
Dispersion relation model
B.Pasquini et al., Eur.Phys.J. A 11 (2001)

VCS amplitude is given by
dispersion integrals
 𝛾 ∗ 𝑁 → 𝜋𝑁 diagrams calculated with
MAID model


LEX
 Calculation is valid only below the
pion threshold
 Structure functions are found by
fitting experimental data and leads
to GPs
 Spin GPs have to be deduced from a
model

DR
 Calculation is valid even above
the pion threshold
 𝛼𝐸 (𝑄2 ) & 𝛽𝑀 (𝑄2 ) are directly
described through free
parameters Λ𝛼 & Λ𝛽
 Spin GPs are predicted by the
DR model

World Data and goal of the experiment





Structure functions contain 𝛼𝐸 (𝑄 2 )
& 𝛽𝑀 (𝑄 2 )
Heavy Baryon Chiral Perturbation
Theory at order p3 curve follows
the data at low Q²
The enhancement of 𝛼𝐸 (𝑄2 ) at low
Q² is not fitted by the DR
calculation assuming one single
dipole
→ Explore the low-Q² domain at new
values : 0.1, 0.2 and 0.5 GeV² with
competitive error bars



Locate the PLT extremum

Design of the experiment
Guideline
Be able to perform LEX and DR analysis
Good sensitivity to GPs effect
Good sensitivity to each structure function

Kinematical setting
Data selection

Design of the experiment : guideline
Be able to perform LEX
and DR analysis


𝑞′𝑐𝑚 centered as high as
possible below the pion
threshold (LEX analysis)



𝓞 𝑞′ 𝑐𝑚 small enough

2

Good sensitivity to GPs
effect
𝑞′𝑐𝑚 as high as possible
 Largest photon polarization
ε


Q²
0.1 𝐺𝑒𝑉²
0.2 𝐺𝑒𝑉²
0.5 𝐺𝑒𝑉²

ε
0.9
0.85
0. 62

Design of the experiment : guideline
Good sensitivity to each structure function


Find regions where one SF is dominant in the interference term



Out of plane setting essentially
𝑃
sensitive to 𝑃𝐿𝐿 − 𝑇𝑇
𝜀

𝑃𝑇𝑇
+ 𝑣𝐿𝑇 . (𝑃𝐿𝑇 )
𝜀

𝜑 (deg)

Interference term : 𝑣𝐿𝐿 . 𝑃𝐿𝐿 −

𝑣𝐿𝑇 = 0 for ϕ = 90𝑜 & 𝜃𝛾𝛾𝑐𝑚 = 100𝑜


In plane setting essentially
sensitive to 𝑃𝐿𝑇
𝑣𝐿𝐿 = 0 for 𝜃𝛾𝛾𝑐𝑚 = 180𝑜
cos(𝜃)

Design of the experiment : Kinematical setting
Kinematical settings


Q2-0.2-inp



e' detected at 29.9o
p' detected at 51.8o



Kinematical variable




q' under the pion
threshold
Only backward
photons
All ϕ values

Design of the experiment : data selection
p(e,e’p ’)γ




The photon is measured via the missing mass
Only electron and proton in coincidence are selected
The data are clean even before selection

Missing
mass
squared

Coincidence
Time
Before cuts
𝑭𝑾𝑯𝑴 = 𝟎. 𝟖𝟏 𝒏𝒔

𝑭𝑾𝑯𝑴 = 𝟓𝟐𝟗 𝑴𝒆𝑽²/𝒄𝟒

Preliminary Results
Cross section measurement and Phase space
VCSSIM and Analysis matching
Some observables
Optics matter

Phase space selection
BH peaks
DR and LEX agreement

Cross section
Structure functions

Cross section measurement & Phase space
Experimental five-fold
cross section calculation :

𝑑 5 𝜎(𝑃0 )𝑒𝑥𝑝

𝑁𝑒𝑥𝑝 𝓛𝑠𝑖𝑚 5
=
×
𝑑 𝜎𝑠𝑖𝑚 (𝑃0 )
𝑁𝑠𝑖𝑚 𝓛𝑒𝑥𝑝

 P0 is a point of the phase space 𝑞𝑐𝑚 , 𝑞 ′ 𝑐𝑚 , ε, θ𝑐𝑚 , φ
FIXED
FIXED
3D BIN

𝑞𝑐𝑚 = 458 𝑀𝑒𝑉/𝑐
ε = 0.85
𝑞 ′ 𝑐𝑚 ∈ 50,75 / 75,100 / 100,125 / [125,150] 𝑀𝑒𝑉/𝑐
θ𝑐𝑚 ∈ one of the 40 bins between cos θ𝑐𝑚 = −1 and cos θ𝑐𝑚 = 1
φ ∈ one of the 36 bins between -180⁰ and 180⁰

 Nexp is the experimental number of events in a phase space bin
 𝓛𝒆𝒙𝒑 is the total experimental luminosity

 Nsim is the simulated number of events in a phase space bin
 𝓛𝒔𝒊𝒎 is the simulated luminosity

Need of a
accurate
simulation

VCSSIM
versus
Analysis
VCSSIM code from
P.Janssens (Gent Uni)
uses the BH+B cross
section calculation from
Marc Vanderhaeghen
Experiment
Simulation

The matching is quite
good for many
observables but…

VCSSIM
versus
Analysis

φ𝑐𝑚
Angle between leptonic and baryonic planes

φcm distribution
 𝜑𝑐𝑚 is extremely sensitive

to polarizabilities effect
(difference between
simulations)

 The analysis distribution

should be symmetric w.r.t
φ =0

 The spectrometer optics

and offsets need to be
optimized

 At φ =0 the first order LEX

approach looks wrong
(blue distribution is very
different from analysis)

Sim 𝑑5 𝜎𝐵𝐻+𝐵
Sim 𝑑5 𝜎𝐵𝐻+𝐵+𝐺𝑃𝑠 (1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟)
Analysis

Bins selection

BH peaks

BH peaks exclusion
Around them the polarizabilities effect is negligible
→ Remove this area
Around them the cross section increases rapidly
→ Put a cut on the cross section gradient

Bins selection

BH peaks exclusion
If

𝑔𝑟𝑎𝑑 𝜎 < 0.4 𝑝𝑏. 𝑀𝑒𝑉 −1 𝑠𝑟1
Bin are kept (red)
 The BH peaks region is

removed
 The last q’ bin above the

pion threshold is not used
for a LEX analysis

REMOVED
KEPT

Bins selection
The DR and LEX agreement


2

The 𝓞(𝑞′ 𝑐𝑚 ) is negligible only in some phase space area

𝒅𝟓 𝝈 𝒆𝒑𝜸


= 𝑑 5 𝜎𝐵𝐻+𝐵 + 𝐺𝑃1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 + 𝓞(𝑞 ′ 𝑐𝑚 )

2

𝓞 𝑞 ′ 𝑐𝑚
𝜎𝐿𝐸𝑋 − 𝜎𝐷𝑅
~
𝜎𝐵𝐻+𝐵
𝜎𝐵𝐻+𝐵

We can write the DR cross section

(which includes all orders in q’cm) as :

𝒅𝟓 𝝈 𝒆𝒑𝜸


2

𝑳𝑬𝑿

2

𝑫𝑹

≡ 𝑑 5 𝜎𝐵𝐻+𝐵 + 𝐺𝑃1𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 + 𝓞(𝑞 ′ 𝑐𝑚 )

We explore the phase space regions and calculate both cross
sections with : Equivalent input values of SFs
LEX

DR

𝑃𝑇𝑇
= 25.15 𝐺𝑒𝑉 −2 Λ 𝛼 = 0.85 𝐺𝑒𝑉
𝜀
Λ𝛽 = 0.65 𝐺𝑒𝑉
= −6.21 𝐺𝑒𝑉 −2

𝑃𝐿𝐿 −
𝑃𝐿𝑇


We check higher order impact for each bins
with an arbitrary criterion

2

𝓞 𝑞 ′ 𝑐𝑚
𝜎𝐿𝐸𝑋 − 𝜎𝐷𝑅
~
𝜎𝐵𝐻+𝐵
𝜎𝐵𝐻+𝐵

< 𝟐%

Bins selection
DR and LEX
agreement

|

If
− 𝜎𝐷𝑅

𝜎𝐿𝐸𝑋
𝜎𝐵𝐻+𝐵

| < 2%

Bins are kept (red)
The green line is the
Q2-0.2-inp setting
Acceptance

REMOVED
KEPT

From cross section to structure functions
Remind :

5

5

𝑑 𝜎 𝑒𝑝𝛾 = 𝑑 𝜎𝐵𝐻+𝐵 + Φ𝑞′𝑐𝑚

ΔM

2

+ 𝓞(𝑞 ′ 𝑐𝑚 )

𝚿𝟎

3D BIN
φ / θ / q'

lim ∆𝑀 = 𝚿𝟎

𝑞′ →0

ΔM

𝑑 5 𝜎 𝑒𝑥𝑝 − 𝑑 5 𝜎 𝐵𝐻+𝐵
∆𝑀 =
𝑞′𝑐𝑚 ∗ ϕ

𝑃𝑇𝑇
× 𝑣𝐿𝐿 . 𝑃𝐿𝐿 −
+ 𝑣𝐿𝑇 . 𝑃𝐿𝑇
𝜀

Ψ0 is ΔM averaged over q’cm
3D BIN
Experimental
cross section

𝑞′𝑐𝑚

Ψ0

2D BIN
φ/θ

Ψ0 𝑣𝐿𝑇
𝑷𝑻𝑻
=
𝑷𝑳𝑻 + 𝑷𝑳𝑳 −
𝑣𝐿𝐿 𝑣𝐿𝐿
𝜺

A linear fit by χ² minimisation with 2 parameters will lead to SFs

Conclusions
Work in progress
For now :
The fit is exploratory
It can be improved with :
 Optics optimisation
 Global normalisation study
 Other bin selection
 etc

Measurement of the generalized
polarizabilities of the proton by
virtual Compton scattering at MAMI
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