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Gamma-pion Compton scattering, 

γπ → γπ, depends mainly on the pion’s 

charge. The next order scattering 

depends on the pion’s electric & 

magnetic dipole moments.These are 

induced by the electric and magnetic 

fields of the gamma during γπ 

scattering: d=αE,  μ=βH. Pion 

polarizabilities probe the rigidity of the 

quark-antiquark structure of the pion.



Polarizabilities are better known as associated 

with the Rayleigh scattering cross section of 

sunlight photons on atomic electrons in 

atmospheric N2 and O2. The oscillating electric field 

of sunlight photons forces the atomic electrons to 

vibrate. The resulting changing electric dipole 

moment radiates energy as the square of it second 

derivative.The radiated power is P ~ α2λ-4, where α

is the electric polarizability of the atom. The 

scattering cross section therefore depends on  λ-4. 

The intensity of scattered and transmitted sunlight is 

therefore dominated by blue and red, respectively. 

The daytime sky is therefore blue, while sunrise 

and sunset are red.









Pion polarizabilities affect the shape of the γπ Compton scattering angular distribution. 





http://virgo-physics.sas.upenn.edu/events/primakoff.html



http://virgo-physics.sas.upenn.edu/events/primakoff.html





Primakoff scattering (pion Bremsthalung) of 200 

GeV π from virtual photon target is a hypo-peripheral 

one-photon exchange reaction. Illustrate via production 

of meson ma2; for example a2(1320) followed by 

a2→3π. Nucleus Z remains intact with low recoil 

energy, no FSI, separated from large pT meson 

exchange reactions. Minimal 4-momentum transfer t0
to Z. For ma=1 GeV, pπ = 200 GeV/c, t0=5x10-6 GeV/c2, 

pT,min= 2 MeV/c. Uncertainty Principle: ΔbΔpT,min = ℏ/2  

and Δb ~ 50 fm. COMPASS Γ(a2 → πγ) = 358 keV 
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COMPASS απ−βπ = (4.0±1.2stat±1.4syst)×10−4fm3. 

Systematic uncertainties were controlled by measuring μ- Ni → μ- Ni γ cross sections.

Statistics (63K events) 10X previously. 



et al. 



CERN PRESS OFFICE, 11 Feb 2015

CERN experiment brings precision to a cornerstone of 

particle physics

Geneva, 11 February 2015. In a paper published yesterday in the journal Physical 

Review Letters, the COMPASS experiment at CERN1 reports a key measurement on 

the strong interaction. The strong interaction binds quarks into protons and neutrons, 

and protons and neutrons into the nuclei of all the elements from which matter is built. 

Inside those nuclei, particles called pions made up of a quark and an antiquark mediate 

the interaction. Strong interaction theory makes a precise prediction on the polarisability 

of pions – the degree to which their shape can be stretched. This polarisability has 

baffled scientists since the 1980s, when the first measurements appeared to be at odds 

with the theory. Today’s result is in close agreement with theory.

“This result is admirably complementary to the studies of fundamental interactions 

performed at the LHC and a testimony to the diversity and strength of CERN’s research 

programme,” said CERN Director General Rolf Heuer. “While the Higgs boson –

proposed by Brout, Englert and Higgs – accounts for the masses of the fundamental 

particles, thereby allowing composite objects such as us to exist, the bulk of our mass 

comes from the binding energy of the strong interaction holding them together.”





Radiative π+-meson photoproduction from the proton (γp

→ γπ+n) was studied at  Mainz MAMI at back scattering 

angles with incident γ-ray energies 537-817 MeV. The 

π+ polarizability was determined from a comparison of 

the data with the predictions of two theoretical models. 

In the kinematic region where the pion polarizability 

contribution is substantial, a fit of the calculated cross 

section to the data gives απ−βπ = 11.6 ± 1.5stat ± 3.0syst ±

0.5model. Combining statistical and systematic errors, the 

Mainz polarizability is απ−βπ = 11.6 ± 3.4. The large 

uncertainty is due mainly to the calculated efficiency of 

the neutron detectors used in the experiment. The 95% 

confidence interval for the polarizabilities is then 

approximately 5 to 18, too large to constrain models.







Radiative π+-meson photoproduction from the proton (γp → γπ+n) was studied at the Mainz 

Microtron in the kinematic region 537 MeV < Eγ < 817 MeV, 140◦ ≤  θγγ′  ≤ 180◦, where θγγ′  is 

the polar angle between incident and final state gammas in the c.m. system of the outgoing γ and 

pion. The experimental challenge is that the incident γ-ray is scattered from an off-shell pion, 

and the polarizability contribution to the Compton cross section from the pion pole diagrams is 

only a small fraction of the measured cross section. The cross section of the process γp → γπ+n

integrated over s1 and t in the region where the contribution of the pion polarizability is largest. 

The dashed and dashed-dotted lines are predictions of model-1 and the solid and dotted lines of 

model-2 for απ−βπ = 0 and 14×10−4fm3, respectively.

απ−βπ = (11.6 ± 1.5stat± 3.0syst± 0.5model) ×10−4fm3



First use of γγ → π+π− data used to deduce pion polarizabilities 

The MARK-II experiment was carried out via the reaction

e+e− → e+e−π+π− at a center-of-mass energy of 29 GeV for

invariant pion-pair masses Mππ between 350 MeV/c2 and 1.6

GeV/c2. The dominant two-prong leptonic background

reactions e+e− → e+e−e+e− and e+e− → e+e−µ+µ− were

carefully eliminated. Previous experiments did not sufficiently

eliminate these backgrounds.





Charged pion polarizabilities were determined by comparing total cross section

data (γγ → π+π−) with a ChPT one loop calculation. Theoretical curves are

shown for Born (dash-dotted line) and ChPT with απ−βπ = 5.4 (full line) . The

cross section excess below Mππ = 0.5 GeV compared to the Born calculation

was interpreted as due to pion polarizabilities, with best fit value

απ−βπ = 4.4±3.2stat+syst. The 95% confidence interval from these analyses is

then approximately 0 to 11.

SLAC MARK-II        γγ → π+π−

απ−βπ =(4.4±3.2stat+syst)×10−4 fm3



Polarizabilities of the neutral pion 

Two-loop calculations give:   

Babusci et al. determined απ0 by comparing ChPT one-loop 

theory with DESY Crystal Ball (CB) γγ→π0π0 total cross section 

data for invariant pion-pair masses Mππ < 0.5 GeV for 

ǀcosθǀ < 0.8   They found ǀαǀ = 0.69 ± 0.07(stat ) ±0.04 (syst), 

or ǀαǀ = 0.69 ± 0.08  This value is ~40% higher than ChPT, but 

consistent with ChPT within its 98% confidence interval 0.50 to 

0.88.

α − β = -1.0×10−4 fm3

At O(p4), ChPT predicts for π0:
α + β = 0



Donoghue and Holstein showed via a dispersion relations (DR) 

analysis that higher loop corrections are important, so that the 

uncertainties are significantly larger than those of a one-loop 

analysis. They found that CB data agree with their combined 

ChPT-DR calculations for π0 polarizabilities α = -1.3, -0.5, 0.3; 

claiming thereby that the data have little sensitivity to 

polarizability. DH conclude that the CB data are consistent with 

predicted ChPT π0 polarizabilities. 



Dispersion Relations and Pion Polarizabilities

Pion polarizabilities are determined by how the γπ→γπ 

Compton scattering amplitudes approach threshold. By 

crossing symmetry, the γπ→γπ  amplitudes are related to the 

γγ→ππ amplitudes. Dispersion relations (DRs) provide the 

method to continue the γγ amplitudes analytically to the 

Compton scattering threshold. 

Dai and Pennington DR calculations use COMPASS 

απ−βπ = 4.0×10−4 fm3 and Mainz απ−βπ = 11.6×10−4 fm3 to 

calculate γγ→π+π- and γγ→π0π0 cross sections. For 

COMPASS, they find agreement for γγ→π+π- and γγ→π0π0. 

But they find that Mainz value is excluded by the γγ→π0π0 

data. 



Future Polarizability Studies

Jlab: E12-13-008 (Aleksejevs et al.) plan to measure γγ → π+π− cross 

sections and asymmetries via a Primakoff reaction in order to 

determine pion polarizabilities. They plan to use a 6 GeV tagged 

linearly polarized photon beam produced via coherent bremsstrahlung, 

a Pb “photon target”, and the GlueX detector in Hall-D. Gluex is based 

on a solenoidal hermetic detector optimized for tracking of charged 

particles and for detection of gamma ray, and will achieve muon/pion 

identification via wire chambers separated by a passive iron absorber. 

They will use the [1 - cos 2φ] Asymmetry azimuthal dependence to 

reduce backgrounds. They  aim for 10% measurement uncertainties. 

They also explore the possibility to measure the π0 polarizability. 

COMPASS: Higher statistics data (~5 times) taken by COMPASS in

2012 are expected to provide an independent and improved 

determination of απ - βπ. Yet higher statistics data are needed to 

determine απ and βπ without assuming απ+ βπ=0. Kaon polarizabilities 

could be measured if COMPASS achieve an RF-separated kaon beam. 



Courtesy 

M. Duell & 

N. Kaiser

(TUM)

ALICE: Pb -Pb photon-photon 

scattering may be measured. 

The detector’s central barrel will 

have silicon pixel detector 

trackers and a Time Projection 

Chamber with ultra-fast 

readout. The detector also has 

a muon spectrometer, trigger 

detectors, etc. Schicker

(arXiv:1110.3693) showed initial 

pion-pair production data at 

ALICE; while Gasik described 

planned detector upgrades 

[Nucl. Phys. A 982 (2019) 943] 



Summary

(1) CERN COMPASS measured π+ polarizabilities via

radiative pion Primakoff scattering: απ−βπ = 4.0±1.8

(2) SLAC Mark-II γγ→π+π- data analysis: απ−βπ = 4.4±3.2

But uncertainties too large for a significant test of ChPT.

(3) Mainz απ−βπ = 11.6 ± 3.4 uncertainties too large for a

significant test of ChPT. Value 11.6 is not consistent with

γγ→π+π-, according to Dai and Pennington DR calculations.

(4) Crystal Ball γγ→π0π0 π0 polarizabilities consistent with

ChPT, but uncertainties too large for a significant test of ChPT.

(4) Future: JLab X-sections & asym, ALICE, COMPASS

(5) COMPASS π+ Polarizabilities in good agreement with

two-loop ChPT prediction απ−βπ = 5.7±1.0, strengthening

identification of the pion with the Goldstone boson of QCD.





Extrapolating to the Pion Pole

There is an essential difference in extrapolating the data of 

the processes πN → ππN and γN → γπN. In the former 

case, the pion pole amplitude gives the main contribution in 

a certain energy region. This allows constraining the 

extrapolation function to be zero at t = 0, providing a precise 

determination of the amplitude. In the case of radiative 

pion photoproduction, the pion pole amplitude alone is not 

gauge invariant and we must take into account all pion and 

nucleon pole amplitudes. However, the sum of these 

amplitudes does not vanish at t = 0. This complicates the 

extrapolation procedure by increasing the requirements on 

the accuracy of the experimental data. As the accuracy of 

the Mainz data is not sufficient for a reliable extrapolation, 

the values of the pion polarizabilities were rather obtained by 

fitting the cross-sections calculated by different theoretical 

models to the data.



Pasquini, Drechsel, Scherer (PDS) and

Filkov, Kashevarov (FK) Dispersion Relations (DR) Controversy

Pion polarizabilities determined via PDS DR for γγ→ππ agree

with ChPT. By contrast, FK DR calculations give απ−βπ ~11

rather than απ−βπ = 4.4 for the COMPASS experiment. FK DR

analysis includes scalar σ-meson: Mσ ~441 MeV and Γσ ~554

MeV. They model this resonance by an amplitude having an

analytic form that leads to a dispersion integral that diverges

like 1/√t for t → 0. PDS showed that the FK strong

enhancement is connected with spurious (unphysical)

singularities of this nonanalytic function. PDS found that if the

basic requirements of dispersion relations are taken into

account, DR results and effective field theory are consistent.

This status report follows PDS.


