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Abstract

This paper reviews the development of theoretical and experimental studies of low-energy QCD param-
eters starting from early investigations at the JINR Laboratory of Theoretical Physics and ending with
modern measurements at CERN. We summarize the historical background and the pioneering theo-
retical approaches used at JINR to calculate meson parameters in various hadronic models which have
laid the foundation for the experimental proposal to investigate the pion polarizability via radiative
scattering off nuclei. The first observation of the Compton effect on the pion and the first measure-
ments of the charged pion polarizability and the γ → 3π constant performed with the U-70 accelerator
are discussed as key milestones enabling quantitative studies of the meson structure and highlighting
their impact on the low-energy QCD phenomenology. Continued advances in theoretical predictions
have underscored the need for higher-precision experimental data and motivated new measurements
carried out with pion beams in the COMPASS experiment at CERN. Finally, we outline the prospects
for future studies within the AMBER experiment where kaon beams will enable a precision determi-
nation of kaon polarizabilities and related low-energy constants further advancing our understanding
of dynamics of the strong interaction.
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1. Introduction

It is well known that the theory describing strong interactions between elementary particles
is Quantum Chromodynamics (QCD), based on the concept of color quarks and gluons as
constituent parts of hadrons and carriers of strong interactions. However, a peculiarity of these
objects is that they cannot be observed in a free state, which makes QCD significantly different
from, for example, Quantum Electrodynamics (QED).

In fact, this leads to the existence of two limiting regimes: small distances (≪ 1 fm) —
where quarks become asymptotically free and the perturbation theory is applicable; and large
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distances (≳ 1 fm) — where quarks experience confinement and calculations must be performed
in the nonperturbative regime. Despite the complexity of calculations in this area, the informa-
tion extracted from comparisons with fexperimental data is of considerable interest for testing
the theory. And since the middle of the last century, many models and approaches for perform-
ing such calculations have been developed, including low-energy theorems and QCD sum rules,
lattice calculations, descriptions using the Chiral Perturbation Theory (ChPT), and others.

The ChPT has gained a particular popularity as an effective low-energy theory of QCD,
historically linked to earlier approaches of partial conservation of axial current (PCAC). It
allows calculations of low-energy parameters describing the interactions of mesons and nucleons
at low energies. The small parameter used in this decomposition is the momentum of interacting
particles compared to the typical scale of hadron masses of about 1 GeV (ρ-meson, proton).
And the “observables” for the comparison with the experiment are, for example, the lengths
of pion–pion scattering which describe this simplest but fundamentally important for ChPT
example of the interaction of two hadrons.

Other important parameters characterizing the hadron h are its electric αh and magnetic
βh polarizabilities. Along with the mass, radius, and magnetic moment, they are fundamental
constants describing the response of the hadronic structure to the external electromagnetic field.

The polarizabilities are introduced as coefficients of the low-energy expansion of the Comp-
ton scattering amplitude, i.e., the electromagnetic interaction of the particle with photons.
However, their values clearly characterize the “rigidity” of the hadron as a complex QCD sys-
tem. In the nonrelativistic approximation, dipole polarizabilities can be treated as coefficients
of the proportionality between the strength of the external electric (E⃗) and magnetic (H⃗) field
and the corresponding induced dipole moment:

P⃗ = αhE⃗, (1)
µ⃗ = βhH⃗. (2)

Thus, the measurement of hadron polarizabilities in comparison with theoretical expectations
tests the low-energy QCD and various phenomenological models.

By the end of the 1970s, polarizabilities for some hadrons have been already calculated
using different approaches and models, in particular, by scientists from the JINR Laboratory
of Theoretical Physics. For the charged pion, for example, this was done in [1–5]. In addition,
a number of reviews appeared discussing the proton polarizability measured at that time and
pointing to the importance of performing measurements for other particles.

From the theoretical point of view, the most interesting quantity is the polarizability of the
lightest quark system — the pion. However, from the experimental point of view, the possibility
of organizing scattering of a pion off a photon is low due to the absence of both pion and photon
targets.

Nevertheless, an interesting possibility for such measurements was presented in [6]. It was
proposed to measure the polarizability of the charged pion by studying its scattering off the
virtual photon of the Coulomb field of the nucleus, and, in the final state, to detect the scattered
pion and the scattered photon which turned in this reaction from the virtual to the real one. In
a sense, this extends the idea of using the Coulomb field of the nucleus as a source of (virtual)
photons which was originally proposed by Henry Primakoff for measuring the lifetime of the
neutral pion.

It was shown in [6] that in the reaction of pion–nucleus scattering with a photon emission
(radiative scattering) at low momentum transfers to a nucleus squared (Q2 < 2×10−4 GeV2/c2),
the contribution of electromagnetic scattering will dominate over that of strong scattering.
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By selecting such events, we will be effectively dealing with the pion Compton scattering. It
was also shown in [6] that such scattering with the hard photon in the final state will be
sensitive to polarization effects allowing for the first measurement of the polarizabilities for the
charged pion.

The proposed experiment was set up by a group from JINR and IHEP at the Serpukhov
accelerator, and the results of the first observation of the Compton effect on the pion and
the first measurement of the polarizabilities of the charged pion were published in [8] and [9],
respectively.

The measured values of pion polarizabilities became an important stimulus for revising
models and improving the accuracy of calculations of this quantity, as well as for implementing
other experimental ideas for measuring polarizabilities in the scattering of photons off the
virtual pion “coat” of the nucleus and the production of pion pairs in γγ interactions at e+e−

colliders. However, for a long time, the result obtained from radiative scattering remained the
most accurate measurement and the reliable theoretical interpretation.

The results of the experiment gained with the Serpukhov accelerator are not merely the
observation of the Compton effect and the measurement of polarizabilities. Another funda-
mentally important result was obtained in the study of the process of conversion of the pion
incident on the nucleus Coulomb field (i.e., at low momentum transfers) into a pion pair. The
cross section of this process depends on the diagram with the connection of one photon with
three pions which is calculated in the theory with chiral anomalies. The result for the first-ever
γ → 3π constant was found to be in agreement with the calculations performed within the
framework of this theory.

2. Primakoff measurements with the SIGMA spectrometer

On the one hand, as already mentioned, to experimentally observe the pion Compton scat-
tering is difficult due to the absence of pion and photon targets. On the other hand, the idea
of exploiting the nuclear Coulomb field as a source of quasi-real photons was already proposed
and successfully used by Henry Primakoff in measuring the neutral pion lifetime [7]. In the
community, the extension of this idea to other processes acquired the name “Primakoff reac-
tions”.

In the early 1980s, following the original proposal in [6], the reaction of pion radiative
scattering in the Coulomb field of nuclei (i.e., at low momentum transfers to nuclei)

π− + (A,Z) → π− + (A,Z) + γ (3)

was used to observe the pion Compton effect for the first time and to measure the pion polar-
izabilities.

In addition, the reaction of pion pair production by pions at low momentum transfers to
nuclei

π− + (A,Z) → π− + (A,Z) + π0 (4)

allowed the measurement of the γ → 3π chiral anomaly.
The experiment was carried out with the Serpukhov accelerator using the existing SIGMA

spectrometer and the additional detector of photons constructed especially for this programme.
The details of the experimental setup can be found in [10].

The main challenge of the constructed setup was to provide an accuracy of the measurement
of the momentum transfer to nuclei which should allow selecting the Coulomb interaction of
photons from nuclei. The layout of the experimental setup is presented in Fig. 1.
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Figure 1. SIGMA spectrometer layout [12].

The 40 GeV/c pion beam was identified and measured by the threshold and differential
gas Cherenkov counters, scintillating hodoscopes, and proportional chambers. Beam particles
were bombarding the target of the 0.25 radiation length (X0) thickness, and the scattered
pion was detected by the magnetic spectrometer with proportional and spark chambers and
the scintillating hodoscope. The energy and position of the photon(s) were measured by the
electromagnetic calorimeter made of lead glass counters. The trigger required the beam and
scattered particle tracks, no signal in the veto around the target and in the forward Cherenkov
detector with the threshold of 18 GeV/c and the energy in the electromagnetic calorimeter
above 5 GeV.

Such requirements allowed selecting event signatures where the primary pion looses a sig-
nificant part of its energy (more than a half) while there are no wide angle tracks from the
target and there is the (neutral) energy deposition in the electromagnetic calorimeter.

2.1. Charged pion Compton effect and polarizability

The momentum transfer to the nuclei squared, Q2, was calculated event by event from
the kinematics of the measured initial and scattered pion and the radiated photon. With the
parameters of this setup, the experimental accuracy of the momentum transfer squared, Q2,
typically of about 2× 10−4 GeV2/c2 was achieved for the reaction of pion radiative scattering.
To select events belonging to this topology, as well as those likely scattered in the Coulomb field,
the selection criteria were applied to the total energy of event, 35 GeV < Etot < 45 GeV, to check
the energy conservation and the calculated momentum transfer squared, Q2 < 6×10−4 GeV2/c2.
Both distributions are shown in Fig. 2, a and b, respectively. They prove the completeness of
the πγ final state event topology and the scattering off the Coulomb field of the target nuclei.

The measurements were performed with different targets from carbon to lead (Fig. 3, a) to
prove the expected Z2 dependence of the cross section on the atomic number Z. In total, about
7000 events of pion Compton scattering were observed and reported in [8].

The main tool for the extraction of polarizabilities was found in [6] to be the energy Eγ of
the radiated photon. Since the most relevant models at the time predicted a zero value for the
absolute magnitude of απ+βπ or at least a value more than an order of magnitude smaller than
the magnitude of απ (which also holds true for modern predictions), it was decided to estimate
the magnitude of απ under the assumption that απ + βπ = 0. The relative contribution of the
polarizability term to the differential over the radiated photon energy cross section significantly
increased allowing for the relative measurement. The dependence of this term can be roughly
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Figure 2. (a) Total energy of the final state pion and photon. (b) Distribution of events over the
calculated momentum transfer squared, Q2.

Figure 3. (a) Z2-dependence of the cross section. (b) Top: the xγ = Eγ/Ebeam distribution (left scale)
and the xγ-dependence of acceptance (right scale). Bottom: the measured cross section, normalized
to the cross section of the point-like pion.

approximated by the following formula:

Rπ(xγ) = 1− 3

2
·

x2
γ

1− xγ

· m
3
π

α
· απ, (5)

where xγ = Eγ/Ebeam and Rπ is the ratio of the cross section with an account of pion polar-
izability to the point-like pion cross section, mπ is the pion mass, and α is the fine structure
constant.
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Formula (5) provides a simple demonstration of the functional behavior, but it should be
noted that in the actual fitting procedure, the theoretical calculations which took into account
higher-order QED, as well as some other corrections, were used. The uncertainty in these
corrections and the difference of results obtained for different cut variations were included in
the systematic error of the polarizability result.

The measurement performed using the full statistics of the experiment is shown in Fig. 3, b.
From this data sample, the value of the electric polarizability of the charged pion

απ = −βπ = (6.8± 1.4stat ± 1.2syst)× 10−4 fm3 (6)

was obtained. Subsequently, the data was analyzed in [11] fitting electrical and magnetic
polarizabilities separately, and this assumption was confirmed at the level of the accuracy of
this experiment.

2.2. γ → 3π

When selecting events of another process under study, the pion pair production by pions, the
same setup and the data sample were utilized [13]. However, in the reconstruction of photons,
the fiducial volume of the calorimeter was extended to allow for an increase of acceptance of
the photon pairs from the neutral pion decay. The reconstructed invariant mass mγγ of two
detected photons is shown in Fig. 4 for different nuclear targets. The events with an invariant
mass of two photons from 0.09 to 0.17 GeV were selected for the further analysis.

The distribution of these events with the scattered and the neutral pions in the final state
over their total energy Etot is shown in Fig. 5. A clear peak is observed in the total energy
distribution at the nominal beam energy of 40 GeV.

The events with the total energy from 35 to 45 GeV were analyzed calculating their mo-
mentum transfered to the nucleus squared (Q2). Those distributions are shown in Fig. 6 where
one can observe the peak at small values, corresponding to the pion pair production by pions
in the Coulomb field of the target nuclei.

The full cross section of this reaction was calculated for the kinematic range Q2 < 2 ×
10−3 GeV2/c2 and mγγ < 10 m2

π. The obtained value was found in agreement with theoretical
calculations.

Figure 4. Invariant mass of two final state photons [13].
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Figure 5. Total energy distribution of events [13].

Figure 6. Distribution of events over the momentum transfer squared [13].

Extracting from the measured cross section the value of the F3π(0) constant which describes
the γ → 3π vertex at the threshold, one can find [13]

F 3π = 12.9± 0.9stat ± 0.5syst GeV−3. (7)

The systematic uncertainty, coming from the extrapolation from the physical range of kine-
matic variables to s = t = u = 0, was estimated to be 1.0 GeV−3. The obtained value is in
agreement with the calculations based on the chiral anomaly hypothesis [14, 15].

3. Primakoff measurements with COMPASS (CERN)

3.1. COMPASS setup

The study of strong interaction properties in the low-energy region through electromagnetic
scattering of pions in the Coulomb field of a nucleus, including the measurement of the charged
pion polarizabilities with a new level of precision, was continued in the COMPASS experiment
at CERN.
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Figure 7. Top view of the COMPASS setup for data taking with hadron beams [18].

The COMPASS spectrometer at the secondary beam of the Super Proton Synchrotron,
presented in Fig. 7, is a universal multipurpose setup developed to cover a wide range of physics
tasks [17, 18]. For the Primakoff measurements with hard photons in the final state, the
following elements of the setup were absolutely essential:

• the beam telescope, comprising three stations of silicon detectors located upstream of the
nuclear target and two stations positioned downstream of the target; this configuration
ensured the precise measurement of the pion’s small scattering angle; the spatial resolution
of these detectors was 4—11 µm, and their timing resolution was 1.4–1.8 ns;

• the small-angle aperture electromagnetic calorimeter ECAL2 which was responsible for
the reconstruction of the photon cluster and served as a trigger element;

• the magnetic spectrometer, built around two spectrometric magnets SM1 and SM2, which
enabled the measurement of the scattered pion momentum;

• the muon identification system MW2 which allowed for the filtering of the background
caused by the muon component in the beam.

The negative hadron beam of 190 GeV/c composed of 96.8% of pions, 2.4% of kaons, and
0.8% of antiprotons was used for data taking in the 2004, 2009, and 2012 Primakoff runs.
The nominal intensity of the hadron beams was 5 × 106 s−1. In addition to hadrons, a muon
component was present on the level of about 1%, together with a negligibly small admixture of
electrons. Two threshold Cherenkov detectors, CEDARs, were installed 30 m upstream of the
target region to provide a fast beam particle identification for particle momenta. They were
used for the kaon/pion separation.

The unique feature of the COMPASS experiment is the possibility to use use either the
hadron beam or the muon beam of the same momentum with similar parameters. Since the
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Figure 8. Relative effect of dipole polarizabilities (ChPT values) on the cross section as a function
of the photon scattering angle and the energy for the system of the quasi-real photon and the pion
in the center-of-mass system [19]. Red lines show the photon energy and the scattering angle in the
laboratory system.

masses of the pion and the muon do not differ significantly, the kinematics of reaction (3) are
also similar to the reaction

µ− + (A,Z) → µ− + (A,Z) + γ. (8)

Since the muon is a point-like structureless particle, the measured differential cross section
dσµ(A,Z)/dxγ for the muon should not differ from the theoretical prediction (although, of course,
due to the difference in spins, the cross sections have different shapes for the pion and the muon).
This allows the use of reaction (8) to check for possible systematic effects, which is an important
advantage of the COMPASS experiment over the measurements performed in Serpukhov.

The kinematic range in terms of the photon scattering angle in the center-of-mass system,
θCM , and the center-of-mass energy,

√
s, for the system of the quasi-real photon and the pion

covered by the COMPASS setup is shown in bright colours in Fig. 8. The colour scale illustrates
a relative magnitude of the pion polarization effects [19]. For the detailed analysis of the
kinematics see [20].

3.2. Pilot run 2004

A two-week-long pilot data-taking run within the pion polarizability measurement pro-
gramme was performed in the autumn of 2004. The primary target material was lead (3 mm).
The copper (3.55 mm) and graphite (23.5 mm) targets were also used to study systematic effects
and to verify the dependence of the Primakoff scattering cross section on the atomic number Z.
During the run, the feasibility of the measurements, outlined in the experimental programme,
was tested, and some conclusions were drawn in order to optimize the setup for subsequent
measurements. Although the pilot run accumulated statistics of Primakoff πγ events compara-
ble to those gained in Serpukhov, an unfortunate oversight during the trigger installation led to
significant uncontrolled systematic effects. The conclusions drawn from the results of the 2004
run served as the basis for preparing the new data taking in 2009. The detailed comparison
of the data from the COMPASS Primakoff pilot run 2004 with the measurements obtained in
Serpukhov is presented in [22].
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3.3. Target selection for the main measurement

The main criteria for selecting the target material for studying Primakoff reactions were both
the ratio between the rates of electromagnetic events and the events of the same configuration at
low Q2 values, produced via the strong interaction. If the number of the former is proportional
in the Born approximation to the square of the target nucleus charge Z, then the number of
the latter increases with the nucleus mass A approximately as A2/3. The Q2 distributions for
lead, copper, and graphite targets, obtained during the 2004 run, are presented in Fig. 9, a.
And Fig. 9, b shows the dependence of reaction cross section (3) on the target nucleus charge
measured during the 2004 run. The dashed curve corresponds to the Z2 dependence. On the
basis of this criterion, it would be logical to use as a target a material with the maximum
possible Z value. It should be noted that the choice of graphite — a material with a low atomic
number — as the main target in the Serpukhov experiment was driven by the concerns about
an additional significant systematic uncertainty associated with the effects of excitation and
disintegration of heavy target nuclei. These effects were subsequently not confirmed. However,
the corrections to the Born cross section, as well as the associated systematic contribution to the
measured value of the pion polarizability, increase in the absolute magnitude with the growth of
the target nucleus charge. Fig. 10, a features the ratio of reaction cross section (3) — estimated
taking into account radiative corrections at the Compton vertex, vacuum polarization, multiple
photon exchange, screening of the nuclear charge by the electron shell, and the electromagnetic
form factor of the target nucleus — to the corresponding Born cross section as a function of
the target atomic number Z. Fig. 10, b shows the corresponding systematic contribution to the
measured value of απ under the assumption that απ + βπ = 0. Thus, for the lead target used
as the main target in the 2004 run, the real cross section is reduced by 12% compared to the
Born one, and the value of the pion electric polarizability απ, measured without an accurate
account of the aforementioned corrections, would be 0.6× 10−4 fm3, less than the true value.

As a compromise option for the 2009 run, a nickel target was chosen. The target thickness
was also optimized, resulting in its reduction from about 0.5 X0 to 0.3 X0.

Figure 9. (a) Measured Q2 distributions for the lead (red), copper (blue), and graphite (black)
targets (pilot run 2004) [22]. (b) Measured dependence of reaction cross section (3) on the target
atomic number (pilot run 2004). All cross section values are normalized to the corresponding value for
lead. The dashed curve corresponds to a Z2 dependence [22].
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Figure 10. (a) Ratio of reaction cross section (3) — calculated with the account of radiative corrections
at the Compton vertex, vacuum polarization, multi-photon exchange, screening of the nuclear charge
by the electron shell, and the electromagnetic form factor of the target nucleus — to the corresponding
Born cross section, as a function of the target nucleus atomic number Z. (b) Corresponding systematic
contribution to the measured value απ under the assumption that απ + βπ = 0 [22].

4. Polarizability extraction

The data used to extract the charged pion polarizabilities were collected during the 2009
run with a total duration of about one month. During the run, beams of negative pions and
muons with a momentum of 190 GeV/c were used alternately.

Figure 11, a shows the distribution of events in |Q| =
√
Q2. The peak in the low |Q| re-

gion with a width of about 12 MeV/c corresponds to electromagnetic scattering, the following
minimum — to the minimum of negative interference between electromagnetic scattering and
the process with the same final state proceeding via the strong interaction, and the minimum
around 0.17 GeV/c — to the first diffraction minimum for the nickel nucleus. It should be
noted that the observed width of the Coulomb peak is entirely determined by the experimen-
tal resolution, while its true width is at least an order of magnitude smaller. For the further
analysis, events with Q2 < 1.5× 10−3 (GeV/c)2 were used. We have to mention that the small
background of events caused by the strong interaction, as well as the interference term, is also
present under the Coulomb peak. The Monte Carlo electromagnetic data are shown for the
reference. To eliminate the significant background from the intermediate ρ−(770) production

Figure 11. Comparison of the measured (black dots with errors) and numerically simulated (red
histograms) distributions for the measurements with the pion beam: (a) for the modulus of the 4-
momentum transfer to the nucleus |Q| [23]; (b) for the invariant mass of the final state mπγ . The
values of the selection criteria are indicated by the red vertical dashed line [23].
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with its subsequent decay into π−π0, only events with mπγ < 3.5mπ ≈ 0.487 GeV/c2 were
considered, as shown in Fig. 11, b.

To study polarization effects, the region 0.4 < xγ < 0.9 was chosen due to the constant
trigger efficiency and to the stably high efficiency for identifying scattered muons. This region
corresponds to the range −1 < cos θCM < 0.15 in the CMS system that is sensitive to the value
of απ − βπ. The final number of the events available for extracting the pion polarizability was
63,000.

The extraction of the pion polarizabilities was performed under the assumption that απ +
βπ = 0. In addition to the Born term, the following corrections to the cross section were
taken into account in the numerical simulation: radiative corrections [24–26], chiral loop cor-
rections [27], and the correction for the electromagnetic form factor of the nickel nucleus,
calculated under the approximation treating the nucleus as a sphere of the radius r = 5 fm:
F (Q2) = j1(rq), where q is the magnitude of the 3-momentum transferred to the nucleus.

The combined effect of the aforementioned corrections on the event distribution in xγ,
expressed as a correction to the measured value of απ, was +0.6 × 10−4 fm3. The ratio Rπ of
the measured differential cross section dσπγ/dxγ to the expected cross section for a point-like
scalar particle (taking into account the corrections stated above) is shown in Fig. 12, a. The
value of the electric polarizability απ = (2.0± 0.6stat.)× 10−4 fm3 was obtained from the fit of
the function Rπ(xγ) (5) to the experimental data points in the interval 0.4 < xγ < 0.9. The
fit used two free parameters: the electric polarizability απ and the overall normalization factor
(effectively, the integrated luminosity was achieved in the experiment). The quality of the fit
can be characterized by a χ2/NDF value of 22.0/18.

To check for the absence of unaccounted systematic effects, the analysis was repeated for
the data collected with the muon beam of the same energy and similar intensity. For this
purpose, all the same selection criteria that were used for the pion data were applied to the
muon data, except for the upper limit on the mass of the final state — it was changed from
3.5mπ to 3.5mµ. The simulation also accounted for radiative corrections [24, 28] and corrections
for the form factor of the nickel nucleus. Although, due to the different spin, the shapes of
the xγ distributions for πγ and µγ events differ significantly, the measured differential cross
section dσµγ/dxγ must exactly match that predicted by QED. The measured ratio Rµ, shown
in Fig. 12, b, corresponds to the ’false’ polarizability of (0.5± 0.5stat.)× 10−4 fm3 obtained from
fitting function (5) to the measured ratio Rµ. Special attention should be paid to the fact
that expression (5) uses the pion mass, not the muon one. For this fit, χ2/NDF = 19.6/18.
The obtained value of the ’false’ polarizability agrees within the error with zero, indicating the
absence of significant unaccounted contributions to the systematic uncertainty.

Figure 12. xγ dependence of the ratio of the measured differential cross section dσ/dxγ to that
expected for the point-like pion (a) and muon (b). The fit result is shown by the black curves, and the
error band corresponding to one standard deviation is shown by the yellow area [23].
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5. Systematic effects

Regarding the estimation of the systematic measurement error, it was found that the main
contributions are:

• the uncertainty associated with the limited accuracy of determining the tracking detector
efficiency incorporated into the simulation;

• the uncertainty associated with the fact that the simulation does not account for Coulomb
corrections [30], as well as corrections for multi-photon exchange [31] and the effect of
partial shielding of the nuclear charge by the electron shell;

• the statistical uncertainty of the π0 background subtraction;

• the uncertainty associated with the influence of the strong interaction background and
its interference with the Coulomb interaction on the shape of the xγ distribution;

• the contribution from the process of elastic scattering of beam pions off atomic electrons
in which the scattered electron emits the hard photon in the target material and then
gets lost;

• the contribution from the process µ− +Ni → µ− +Ni+ γ in which the scattered muon
is misidentified as a pion.

To study the influence of the strong interaction background, a fit of an empirical function
describing the shape of the Q2 distribution which included a Coulomb term, a diffractive term,
and their interference was applied to the experimental data. It should be noted that the
interference term is negative, which is in agreement with the expectation [32]. The results of
the fit in different xγ intervals agree within statistical errors, which allowed one to estimate the
corresponding contribution to the systematic error.

To estimate the background from the small admixture of electrons present in the hadron
beam, part of the data was taken with an electron converter installed in the beam channel, which
was an additional lead target. It was found that the background from electron bremsstrahlung
is effectively suppressed by the selection of the transverse momentum of the charged particle
and is ultimately negligible compared to other background sources.

The estimates of each of the contributions are given in Table 1. The total systematic
error was obtained by quadratic summation of all contributions. Taking it into account, the

Table 1. Estimation of the main contributions to the systematic error of the απ measurement under
the assumption that απ + βπ = 0.

Source of systematic error Estimate of contribution,
10−4 fm3

Determination of tracking detector efficiency 0.5
Radiative corrections 0.3
π0 background subtraction 0.2
Strong interaction background estimation 0.2
Elastic πe scattering 0.2
Muon component of the beam 0.05

Quadratic sum 0.7
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final result for the electric polarizability of the pion απ, obtained under the assumption that
απ + βπ = 0, is as follows:

απ = (2.0± 0.6stat. ± 0.7syst.)× 10−4 fm3. (9)

The possible influence of contributions from higher-order terms in the expansion of the
Compton amplitude near the threshold was investigated by varying the upper limit of the
selection of the final state mass in the range from 0.40 GeV/c2 to 0.57 GeV/c2. As a result, no
substantial impact was found.

More details on this measurement can be found in [21].

6. Discussion of the results and plans for measuring pion polarizabilities

All available experimental results for the difference of the charged pion polarizabilities,
obtained under the assumption that απ + βπ = 0, including the result from the COMPASS
experiment, are presented in Fig. 13, a. A summary of the results from four dedicated measure-
ments, including the COMPASS measurement, is given in Fig. 13, b.

The result on the charged pion polarizabilities obtained in the COMPASS experiment is in
good agreement with the predictions of the Chiral Perturbation Theory, which is undoubtedly
an important fact confirming the status of this model as the most successful one in the low-
energy region. Furthermore, the obtained result can be used to refine the values of low-energy
constants. Also, it does not contradict the currently available preliminary results from lattice
QCD calculations in [33, 34, 37] and [35], the latter being based on the preceding consideration
of neutral mesons [36].

As it was mentioned above, approximate formula (5) is not used directly for data treatment.
However, a number of corrections are additionally applied considering different effects. The
main publication [23] explicitly mentions various corrections accounted for at the level of the
simulation and the systematic error estimation. In particular, this concerns higher-order QED
corrections, the contribution of strong interaction, and the interference term, as well as some
other effects advocated by [38, 39].

Figure 13. (a) Experimental results on the value απ − βπ from various sources, sorted by the
publication year, including the COMPASS result (shown in red). The results from previous dedicated
experiments are shown in blue. The prediction of the Chiral Theory [16] and its uncertainty are shown
by the solid and dashed horizontal lines, respectively [29]. (b) Summary of the results on the value
απ − βπ obtained in dedicated experiments, including COMPASS (the result shown in red) [29]. The
weighted average value is shown by the vertical blue line, and its error by the blue rectangle. The
prediction of the Chiral Theory [16] is shown by the gray rectangle.
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With the experience from the 2009 run in mind, the COMPASS experiment took data in
order to measure the charged pion polarizability in 2012. The accumulated statistics for the
corresponding xγ range were several times higher than in 2009. The detailed information on
the modification of the setup prior to the 2012 run can be found in [40]. From the analysis
of these data one could expect the result for the polarizability απ under the assumption that
απ + βπ = 0 with an accuracy a few times better than the published result. Furthermore,
independent measurements of the values απ + βπ and απ − βπ are possible with the accuracy
of the sum of the polarizabilities anticipated to be smaller than the value predicted by the
Chiral Theory (0.16× 10−4 fm3) [16]. However, in order to cope with the theory at this level,
it is also necessary to minimize the values of experimental systematic errors. The most critical
ones, such as those related to the detector effects, the strong background contribution, and
the π0 background subtraction, can be significantly reduced due to the increased statistics.
Additionally, radiative corrections can be calculated at a higher level of accuracy.

The proposal to use a previously unexploited process of photoproduction of a charged pion
pair on a nuclear target for the precision measurement of the charged pion polarizability was
expressed in [41, 42] using the GlueX experimental setup in JLab. A 12 GeV electron beam from
the CEBAF accelerator was proposed as a source of high-energy photons. A secondary photon
beam with an energy of 5.5–6 GeV, an intensity of 107 s−1, and a degree of linear polarization
up to 76% was planned to be directed onto a 116Sn target with a thickness of 0.6 mm, although
other options were also discussed.

The planned accuracy for measuring the value of απ − βπ was estimated to be of about
0.6 × 10−4 fm3. The main source of the background was apparently the coherent production
of ρ0(770) with its subsequent decay into π+π−. It was expected that the contribution of this
background could be accounted for by analyzing the azimuthal distributions in the pion pair
production. Furthermore, the production of lepton (especially muon) pairs in the Coulomb
field of the target nucleus posed a certain risk.

The data were accumulated within the CPP experiment in 2022 [43]. Approximately 1011

triggered events were recorded with the lead target, and 2.3 × 1010 triggered events with the
empty target for background subtraction. The expected accuracy of the cross section measure-
ment is shown in Fig. 14.

Figure 14. Cross section of the γγ → π+π−

process as a function of the center-of-mass en-
ergy. The solid, dashed, and dotted curves are
derived from calculations using the dispersion
model with απ − βπ equal to 0.0, 5.7×10−4 fm3

(ChPT), and 13.0×10−4 fm3, respectively. The
black data points are from the MarkII experi-
ment while the red data points are the expected
data points for the CPP experiment [43, 44].
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7. Tests of predictions of the chiral anomaly

7.1. Measurement of the γ → 3π coupling constant

In 2022, the COMPASS collaboration revealed preliminary results on the measurement of
the F3π constant which describes the γ → 3π vertex [45] using reaction (4). The elements of
the production mechanism of this reaction were already studied in [46].

The COMPASS analysis represents a significant improvement on the SIGMA collaboration
result as it uses the dispersive framework described in [47]. This dispersive framework takes
into account the two production mechanisms of the process under study: the resonant ρ-meson
production and the effective four-point coupling, governed by the chiral anomaly, see Fig. 15.
This allows one to utilize the data with the invariant π−π0 mass up to about 1 GeV/c2. Fig. 16
shows the two contributions and their coherent sum to the cross section. The information on
the contribution of the chiral anomaly can therefore be also extracted from the shape of the
shifted ρ-meson peak while in Serpukhov only the near-threshold region far from the ρ-meson
peak was used.

Figure 15. Production mechanisms of the ππ final state in the pion–photon interaction.

Figure 16. Conceptual plot of contributions
to the πγ → ππ cross section, calculated us-
ing a simplified tree-graph model [48].

The analysis was performed using the 2009 Pri-
makoff dataset. About 105,000 events with π−π0 in
the final state fulfilling the energy balance require-
ment were selected with the squared momentum
transfer Q2 < 1.3× 10−3 GeV2/c2.

For the process under study, the dominant
background source is the diffractive production of
π0π0. Unlike the production of a single π0, this
process can occur via the Pomeron exchange, and
therefore has a much higher cross section. The
background π−π0π0 events can be detected as π−π0

signal events if one of the neutral pions has a low
energy and its decay photons are not detected with
the electromagnetic calorimeter. Understanding
this background is therefore vital for a precision
measurement of F3π. The Monte Carlo sample for
the diffractive background π−π0π0 was obtained
from the separate dedicated partial wave analysis
of the 3π final state.

To separate the signal events from the background and to determine the number of the
Primakoff π− +Ni → Ni + π− + π0 events as a function of the two-pion system mass M2π, the
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Figure 17. Q2 of the selected data distributions with a sum of the signal and diffractive background
Monte Carlo samples in the two-pion mass bins. Taken from [45].

Q2 fits of the data distribution with the sum of the signal and the background Monte Carlo
sample were performed, see 17.

To normalize the obtained mass-dependent distribution and to obtain absolute cross section
values, the kaon decay events with the same final state, π−π0, where the kaon decayed outside
the target, were analyzed. Using the knowledge of the kaon-to-pion beam particle ratio and
the acceptance-corrected number of the detected kaon decays, the integral beam pion flux and
subsequently the cross section of the signal process were measured.

In the final step of the analysis, the extraction of the F3π coupling constant, the differential
cross section of the π− +Ni → Ni + π− + π0 was fitted with a two-parameter theoretical cross
section distribution from the dispersive framework of [47], see Fig. 18, a. On the one hand,
these two parameters are the subtraction constants arising in the calculation of the amplitude
from the ππ phase shift. On the other hand, the calculation in the Chiral Perturbation Theory
involves both the value of F3π at s = t = u = 0 and its expansion to the physical region. By
matching the dispersive treatment with the calculation in the Chiral Perturbation Theory, the
preliminary value of F3π at s = t = u = 0 GeV2 was obtained:

F3π = 10.3± 0.1stat ± 0.6syst GeV−3. (10)

As the dispersive model takes into account the resonant production of the ππ system featuring
the πγ → ρ vertex, it is possible to simultaneously obtain the radiative decay width of the
ρ-meson, ρ → γπ [45]:

Γρ→πγ = 76± 1stat
+10
−8 syst keV. (11)

To date, the COMPASS measurement is the most precise measurement of the F3π constant.
It is also a combined measurement of F3π and Γρ→πγ. The compilation of the experimental
results and the comparison with the chiral anomaly prediction are shown in Fig. 18, b.
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Figure 18. (a) Fit of the measured π− +Ni → Ni + π− + π0 cross section with the dispersive model
from [47]. (b) Compilation of the experimental results on the F3π constant and the comparison with
the chiral anomaly prediction (dashed vertical red line). References: [45, 49–51].

The analysis is currently being finalized by the COMPASS collaboration with the aim to
significantly reduce the systematic uncertainty.

7.2. Chiral anomaly measurements in the πγ → ηπ process

In general, the chiral anomaly and the Wess–Zumino–Witten term [14, 15] yield coupling
strengths for the interactions involving the odd number of pseudoscalar bosons which includes,
besides γ → 3π, also the πγ → ηπ and Kγ → Kπ processes. It is therefore of interest to test
chiral anomaly predictions also for heavier pseudoscalar bosons.

The chiral anomaly yields the prediction for the coupling strength of the πγ → ηπ vertex:
Fηππγ = 5.65± 0.03 GeV−3.

Unlike in the case of the πγ → ππ vertex, the ηπ final state can be produced diffractively,
mainly via the resonant production of a2(1320).

The VES collaboration attempted to measure the value of Fηππγ which corresponds to the
πγ → ηπ vertex [52]. From the fit of the Q2 distributions, the NPrimakoff = 109± 23 Primakoff
events were reconstructed in the kinematic range of mηπ < 1.18 GeV and |Q2 − Q2

min| <

0.09 GeV2/c2, which led to the measured value: Fηππγ = 6.9± 0.7 GeV−3. There, Qmin = s−m2
π

2pbeam
is the minimum momentum transfer to the nucleus, s is the squared center-of-mass energy of
the final state πη system, and pbeam is the beam particle momentum.

A theoretical framework was developed [53] for analyzing the ηπ final state which provides a
combined description of the direct 4-point anomalous coupling and the resonant production of
the a2-meson. There are plans to analyze the COMPASS Primakoff data using the mentioned
theoretical description with the goal of testing the chiral anomaly prediction with the process
involving the η-meson.

8. On the possibility of measuring the polarizability of the charged kaon in AMBER

The kaon, being a Goldstone boson in the SU(3) Symmetric Chiral Theory, is as fundamental
an object of QCD as the pion. Since the charged kaon is a more compact object than the charged
pion (their charge radii are 0.659± 0.004 and 0.560± 0.031 fm, respectively [54]), it would be
logical to expect a smaller polarizability value for the kaon than for the pion.There was long
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since a number of theoretical calculations of the pion and kaon polarizabilities performed using
the chiral approach, see in [55–57], and in one of the relatively recent papers [58] that uses
the Chiral Perturbation Theory and gives the following prediction for the polarizabilities of the
charged kaon:

αK + βK ≈ 0, αK = (0.64± 0.10)× 10−4 fm3 (12)

Similar results were obtained within the domain model of the QCD vacuum [59]. The prediction
of the quark confinement model [60] is

αK + βK = 1.0 fm3, αK = (2.3± 0.10)× 10−4 fm3 (13)

that differs noticeably from the prediction of the Chiral Perturbation Theory (10). The lattice
calculations are already bearing their first fruits, but the result remains quite uncertain [61].
As for the experimental data, currently, there is only an upper limit for the polarizability of
the charged kaon

αK < 200× 10−4 fm3 (CL = 90%), (14)

obtained from the analysis of the X-ray spectrum of kaonic atoms [62].
The experience gained from working with the kaon component of the hadron beam during

the 2008, 2009, and 2012 runs showed that measuring the kaon polarizability in the COMPASS
experiment conditions in the process

K− + (A,Z) → K− + (A,Z) + γ (15)

using the standard hadron beam is an extremely difficult task. This kind of measurements is
complicated by the following factors:

• the fraction of kaons in the beam is small;

• the cross section of the electromagnetic radiative scattering of the kaon off the target
nucleus is (mK/mπ)

2 ≈ 12 times smaller than that of the pion;

• the efficiency and the purity of the beam kaon identification by CEDAR Cherenkov de-
tectors are insufficient for confident registration of the effects related to the kaon polariz-
ability.

Separately, it should be noted that in the case of the kaon, the kinematic range of invariant
masses of the final state between the threshold and the first excited state K∗(892) (taking into
account that the width Γ∗ of this state is ∼ m∗−Γ∗), expressed in units of the incident particle
mass, is much smaller than in the case of the pion and ρ−(770). Thus,

(mK∗(892) − ΓK∗(892))/mK − 1 = 0.7, (16)

while for the pion
(mρ − Γρ)/mπ − 1 = 3.4. (17)

The impact of the K∗(892) resonance on the result of the kaon polarizability measurement is
discussed in [63].

Therefore, although COMPASS has about 1,000 events of process (15) recorded on tape in
the 2009 and 2012 runs, it is unlikely that they will be used to estimate the kaon polarizability.
However, if the reliability of the beam kaon identification can be improved in the future, the
measurements could be repeated within a new project.
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Currently, there is an active discussion about creating an intense kaon-enriched beam (up to
2× 107 s−1) at CERN on the basis of the radiofrequency separation technology of the AMBER
project, the successor to the COMPASS experiment. This modification provides a unique
opportunity to precisely measure the charged kaon polarizability for the first time [64, 65]. The
following data-taking conditions were considered:

• the K−-beam with a momentum of 100 GeV/c and an intensity of 5 × 106 kaons per
second;

• the spectrometer configuration similar to the one used in the COMPASS experiment
for analogous measurements with the pion beam: CEDAR detectors for beam particle
identification, the thin nickel target with a thickness of 0.3 X0, a set of silicon tracking
detectors positioned upstream and downstream of the target;

• the trigger for the energy deposition in the electromagnetic calorimeters ECAL1 and
ECAL2;

• the new data acquisition system capable of accepting up to 105 events per second.

Assuming that the total number of kaons delivered to the target is 5× 1012 (which roughly
corresponds to one year of data taking) and the trigger efficiency is close to 100%, one can
expect up to 6 × 105 Primakoff Kγ events in the kinematic range 0.1 < xγ < 0.6 and MKγ <
800 MeV/c2. The expected event distribution in xγ is shown in Fig. 19, a. By analogy with
formula (5), the ratio RK of the differential cross section of process (15) for the real kaon to
the corresponding cross section for the point-like structureless kaon as a function of xγ, under
the assumption that αK + βK = 0, can be written as:

RK(xγ) = 1− 3

2
·

x2
γ

1− xγ

· m
3
K

α
· αK . (18)

It should be noted that polarization effects for the kaon, for the same values of polarizabilities,
are (mK/mπ)

3 ≈ 44 times larger than those for the pion. Fig. 19, b shows the behavior of the

Figure 19. (a) Expected distribution of Primakoff K−γ events in xγ for MKγ < 800 MeV/c2 [65].
(b) Ratios Rπ (shown by the solid red line) and RK (shown by the blue dashed line) for the values of
the polarizabilities απ,K predicted by the Chiral Theory as functions of xγ under the assumption that
απ,K + +βπ,K = 0 [64].
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Figure 20. Expected statistical accuracy of the RK ratio measurement under the assumption that
αK + βK = 0. The behavior of the RK ratio predicted by the Chiral Theory is shown by the red
curve [65].

ratios Rπ and RK for the values of the polarizabilities απ,K predicted by the Chiral Theory as
functions of xγ under the assumption that απ,K + βπ,K = 0.

The expected statistical accuracy of the RK ratio measurement is shown in Fig. 20. The red
curve corresponds to the value of the kaon polarizability αK predicted by the Chiral Theory.
The corresponding statistical accuracy for extracting the value of αK , under the assumption
that αK + βK = 0, is 0.03 × 10−4 fm3. As for the systematic uncertainty, the following main
contributions are expected:

• the uncertainty associated with the limited accuracy of determining the tracking detector
efficiency used in the simulation;

• the statistical uncertainty of the π0 background subtraction;

• the uncertainty associated with the influence of the strong interaction background and
its interference with the Coulomb interaction on the shape of the xγ distribution;

• the uncertainty associated with the contribution of πγ events due to the presence of a
significant pion component in the separated beam.

Nevertheless, it is assumed that the systematic uncertainty of this first measurement will
not exceed in magnitude the statistical one.

9. Chiral anomaly study in the Kγ → Kπ process

The AMBER experiment with its kaon-enriched beam provides an opportunity to test the
predictions of the chiral anomaly in the Kγ → Kπ process.

A key distinction from the process involving pions is the two possible configurations of
charges: K±γ → K±π0 and K±γ → K0π±. The chiral anomaly contributes only to the former
process and not to the latter, see [66, 67]. A dispersive framework for this process was developed
similarly to the πγ → ππ process, see [67].

The OKA collaboration in Serpukhov presented the results providing the evidence for
the chiral anomaly in kaons [68]. Using a sample of ∼ 8 × 109 kaons with a momentum of
17.7 GeV/c, impinging on a 2-mm-thick copper target, the ratio of the measured F exp

KγKπ and
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the theoretical F th
KγKπ chiral-anomaly constants was obtained by fitting the final state invariant

mass distribution for the K+γ → K+π0 process with the sum of contributions from the chiral
anomaly, the K∗(892), and their interference:

F exp
KγKπ/F

th
KγKπ = 0.9± 0.24stat ± 0.3syst. (19)

The main source of the systematics in this result is the impact of the extraction of the number
of electromagnetic events by fitting the squared momentum transfer distribution, specifically,
the uncertainty in the interference phase between electromagnetic and nuclear coherent events.

Additionally, as mentioned in [67], due to the much higher final state production threshold,
the process with kaons has more significant higher-order corrections estimated at 25%.

Assuming the K±π0 detection efficiency similar to that of the OKA setup and taking into
account the beam energy dependency on the cross section of electromagnetic events, we would
expect about ∼ 1,000 events for the same beam-integrated flux as the OKA dataset. With
the integrated flux of 5 × 1012 kaons which is ∼ 400 times larger than that of the OKA data
taking with the copper target, we expect ∼ 4× 105 events of Kγ → Kπ to be detected in the
AMBER experiment in the range of invariant mass of the final state system below 1.2 GeV/c2.
Additional information can be also obtained from analysing the K±γ → K0π± process.

This would allow obtaining the statistical uncertainty on the coupling constant FKγKπ of
∼ 0.01 and making a more accurate estimate of the statistical uncertainty arising from the fit
of the transferred momentum distributions.

10. Summary

The above discussion and the results convincingly confirm a high value of the experimental
studies based on the idea to use the Coulomb field of nuclei as a source of quasi-real photons.
In the experiments of this type, several important characteristics of hadrons, as well as the
interaction between them, have been measured and then compared to the predictions of different
theoretical calculations. The particular highlight is that these quantities were introduced and
are used for the description of hadron interactions at low energies in the nonperturbative region
as an effective low-energy theory of QCD.

Since the early stages of this research, a significant progress has been achieved, and the
precision of the theoretical low-energy QCD predictions has been significantly improved. To the
very large extent, this was motivated by the increasing precision of the experimental results, in
particular, of the above polarizabilities and chiral anomalies measured in different experiments.

It is a pleasure to note that the experimental and theoretical research went hand in hand
stimulating each other. And the physicists from JINR have decisively contributed both to
theorizing the idea and to implementing it in experiments. The story is still to be continued —
we have some more promising proposals to perform measurements with kaons, as well as to
improve the precision of the pion quantities already measured.
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