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Non-Perturbative QCD

Regime where the coupling is too strong and perturbative QCD
(pQCD) is not appropriate.

Very important for a thorough understanding of QCD.

An understanding of the transition from non-pQCD (confinement) to
pQCD (asymptotic freedom) is integral to the overall understanding
of QCD.
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Fundamental Question:

“Can the theory of quark and gluon confinement quantitatively
describe the detailed properties of hadrons?”

Perspectives on Subatomic Physics in Canada 2006–2016.

Theory: QCD describes the strong force in terms of quarks and
gluons.

Nobel Prize in 2004 for Asymptotic Freedom in the pQCD
regime. . .

However, in the non-perturbative region, QCD is still unsolved.

One of the top ten challenges for all of physics!
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How do we test QCD in the non-perturbative regime?

High-precision measurements with polarization observables.

Hadron Polarizabilities

Fundamental structure constants

Response of internal structure to external fields

Fertile meeting ground between theory and experiment

Best measured via Compton scattering, both real and virtual

Theoretical Approaches

Dispersion Relations (both subtracted and unsubtracted)

Chiral Perturbation Theory

Lattice QCD
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Why else do we care about the nucleon polarizabilities?

Limit precision in other areas of physics:

Lamb shift and hyperfine structure (proton radius)

EM contribution to n − p mass difference

Neutron star properties
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Scalar Polarizabilities – Conceptual

Electric Dipole Polarizability

~P = 0

~P = αE1
~E

~E Apply an electric field to a
composite system

Separation of Charge, or
“Stretchability”

Proportionality constant between
electric dipole moment and electric
field is the electric dipole
polarizability, αE1.

Provides information on force holding system together.
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Scalar Polarizabilities – Conceptual

Magnetic Dipole Polarizability

~M = 0

~M = βM1
~H

~H

Apply a magnetic field to a
composite system

Alignment of dipoles or
“Alignability”

Proportionality constant between
magnetic dipole moment and
magnetic field is the magnetic
dipole polarizability, βM1.

Two contributions, paramagnetic
and diamagnetic, and they cancel
partially, giving βM1 < αE1.

Provides information on force holding system together.
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Real Compton Scattering from the Nucleon

γ γ

N N

Low-energy outgoing photon plays the role of the applied EM field.

⇒ Nucleon Response

⇒ POLARIZABILTIES!

Global response to internal degrees of freedom.
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Real Compton Scattering – Hamiltonian

Expand the Hamiltonian in incident-photon energy.

0th order −→ charge, mass

1st order −→ magnetic moment

2nd order −→ scalar polarizabilities:

H
(2)
eff

= −4π

[

1

2
αE1

~E 2 +
1

2
βM1

~H2

]

3rd order −→ spin (or vector) polarizabilities:

H
(3)
eff

= −4π
[

1
2γE1E1~σ · (~E × ~̇E ) + 1

2γM1M1~σ · ( ~H × ~̇H)

−γM1E2EijσiHj + γE1M2HijσiEj ]

where Eij =
1
2(∇iEj +∇jEi) and Hij =

1
2 (∇iHj +∇jHi)
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Low-Energy Expansion in Proton Compton Scattering

LEX:

dσ

dΩ
(ν, θ) =

dσ

dΩ

Born

(ν, θ)

− νν′
(

ν′

ν

)

e2

2m

[

(αE1 + βM1)(1 + z)2 + (αE1 − βM1)(1− z)2
]

Measure low energies and precise cross sections/asymmetries!
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Previous Results
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Previous Results
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The Mainzer Mikrotron (MAMI)

Johannes Gutenberg University
Mainz, Germany

3 Race-Track Microtrons (882MeV)

High-Quality 100% Duty Factor (CW) Beam

HDSM in Production Mode (1.6 GeV)

A2 Collaboration:

High-Flux, Tagged, Bremsstrahlung Photon Beam
(Unpolarized, Linear, and Circular)

Polarized and Unpolarized Targets

MESA
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Run Conditions

Standard A2 Equipment was required:

- MAMI electrons

- Glasgow-Mainz Tagger

- CB-TAPS detector system

- Cryogenic Target

Run Parameter Value

Electron Beam Energy 883 MeV
Target LH2

Radiator Diamond
Tagged Energy Range 100 – 400 MeV
Channel Energy Resolution 2 MeV
Beam Polarization linear
Target Polarization none
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Schematic of the A2 Hall
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CB-TAPS Detector System
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CB-TAPS Detector System
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Run Summary

Ph.D. work of Edoardo Mornacchi.

Phys. Rev. Lett. 128, 132503 (2022).

Low-energy Compton scattering.

Linearly polarized beam, (unpolarized) LH2 target.

High-statistics cross sections, dσ/dΩ, and beam asymmetry, Σ3.
Most important data are below pion threshold.

Upgraded tagger, improved systematic errors:

higher γ-flux with better flux monitoring
improved linpol peak stability
improved background subtraction

1.2× 106 events, an improvement of ×6 compared to the pilot
measurement.

Approximately ×10 the statistics of the previous world best
measurement with TAPS (also A2!) [OdL et al., EPJA 10 207
(2001)], which make up of about 50% of the existing world data.
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Beam Asymmetry
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Beam Asymmetry
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Cross Sections
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Cross Sections
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Cross Sections
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Cross Sections
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Systematic Errors
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Systematic Errors
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Extracted Proton Polarizabilities
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Extracted Proton Polarizabilities
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Bootstrap Technique
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Compton Scattering Datasets
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Compton Scattering Datasets
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Excluded Datasets

Inconsistencies among unpolarized high-energy data are known to exist,
especially between the LARA (Wolf) and LEGS (Blanpied) datasets!
A consistency check of the database was performed:

Fit all 6 polarizabilities using MAID-2021 alternatively including
LARA or LEGS.

Using the polarizability best-values, the residuals were calculated.

For every big dataset, the residual normal distribution was assessed
using a probability plot.

All datasets had normally distributed residual, except both LARA and
LEGS:
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Final Dataset
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Bootstrap Technique
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Global Fitting Results
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Global Fitting Results
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Global Fitting Results
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Polarizabilities – Outlook and Plans

It’s been a good couple of years for proton Compton scattering:

1 The highest statistics Compton scattering dataset below pion
threshold was finally published by the A2 Collaboration.

2 Compton@HIGS published a complemetary dataset at lower energy.

3 Fixed-t DR Bootstrap technique extraction of 6 leading-order proton
polarizabilities has been performed.

Also in other news:

1 A high-pressure TPC target/detector has been for approved neutron
polarizability (and threshold pion) experiments at MAMI.

2 The Primakoff effect has been measured with the GlueX at JLab with
the goal of extracting απ − βπ for both the charged and neutral pion
to high precision.
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