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Abstract. COMPASS is a fixed-target experiment aimed to study the structure and dy-

namics of hadrons. Using a 190GeV/c pion beam, the spectrum of light mesons is stud-

ied at four-momentum transfers squared to the target between 0.1 and 1.0GeV2/c2. The
flagship channel is the diffractive production of π−π−π+ final states for which COMPASS

has recorded the world’s largest data sample. The determination of properties of known

resonances, and the search for new states is also pursued in the π−π0π0 final state, and in

centrally produced systems. The structure of light mesons is studied in Primakoff reac-

tions at lowest four-momentum transfers. Using these processes, the polarizability of the

pion, the radiative width of the a2 (1320) and, for the first time, that of the π2 (1670) have

been measured.

1 Introduction

The Common Muon and Proton Apparatus for Structure and Spectroscopy (COMPASS) is a fixed-

target experiment located at CERN’s Super Proton Synchrotron (SPS). It is aimed to study the struc-

ture and dynamics of hadrons. Spectrum and structure of light mesons are investigated using reactions

of hadron beams with different targets. The spectrum of light mesons is studied in two different pro-

cesses. Isovector states are diffractively produced using a pion beam impinging on a liquid-hydrogen

target (figure 1(a)), isoscalar states are produced in central production reactions of a proton beam also

with a liquid-hydrogen target (figure 1(b)). The structure of light mesons is investigated in Primakoff

reactions of a beam pion and a heavy (high Z) target (figure 1(c)). The decay products of the inter-

mediate states are detected in a two-stage magnetic spectrometer equipped with an electromagnetic

and hadronic calorimeter in each spectrometer stage [1]. This provides full coverage for charged and

neutral particles, resulting in a homogenous acceptance over a rather wide kinematic range.

2 Diffractive Dissociation into three Pions

Concerning diffractive production of intermediate states, the diffractive dissociation of a beam pion

into the three-pion final state is the dominant process. In COMPASS it can be studied in two different

channels simultaneously, namely in π−π−π+ and π−π0π0, providing an immediate handle on systematic
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Figure 1. The different production mechanisms used for the present studies.

effects, as the reconstruction of relies on different parts of the detector. About 50 million exclusive

π−p → π−π−π+p events in a range of the four-momentum transfer squared t′ from the beam to the

target between 0.1 and 1.0GeV2/c2 have been recorded with a pion beam impinging on a liquid-

hydrogen target. The same data set contains roughly 3.5 million events with π−π0π0 in the final state.

Finally, the data are decomposed into spin-parity components using a partial-wave analysis em-

ploying the isobar model. Figure 2 shows the process under study. The incoming beam pion diffrac-

tively scatters off a proton in the liquid-hydrogen target producing an intermediate state X−, which
subsequently decays into a two-pion isobar Rππ and a bachelor pion with a relative orbital angular

momentum L in between. The isobar decays further into two pions. For the present analysis ρ (770),
f0 (980), f2 (1270), f0 (1500), ρ3 (1690), and a broad (ππ)S component have been used. The applied

fit model contains partial waves with the spin J of X− and the angular momentum L between the

isobar Rππ and the bachelor pion going up to 6. Out of the possible combinations, 87 waves with

non-negligible intensity are kept for the final analysis: 80 with a positive reflectivity ε = +1 and 7

with ε = −1. In addition one incoherent wave with an isotropic angular distribution is included.

The process is factorized into one part describing the production of the state X−, and a second one
describing its decay. The latter part can be calculated from the five phase-space variables given the

quantum numbers of the state X− and the decay channel. The production amplitude are extracted by

a fit, which maximizes the likelihood of observing the data given the model taking into account the

detector acceptance.

The three-pion mass range between 500 and 2500MeV/c2 is studied in bins of 20MeV/c2 for

the π−π−π+ channel and 40MeV/c2 for the π−π0π0 channel. The data are divided into eleven bins of

π−
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Figure 2. Sketch of the process under study.
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Figure 3. Sum of partial-wave intensities over all t′ bins for two of the waves with a high intensity.

t′ for the π−π−π+ channel (eight bins for π−π0π0), such that the number of events over the analyzed

mass range is approximately equal for all the bins. A rank-1 fit in each of those bins is performed.

Figure 3 shows the intensity sum over all t′ bins for two high-intensity waves. The wave names

JPC Mε isobar πL contain the quantum numbers JPC Mε of the intermediate state X− and information

on the decay channel. The 2++1+ρ (770) πD wave with the dominant a2 (1320) is shown in figure 3(a),

the 2−+0+ f2 (1270) πS wave with the π2 (1670) and a tail towards higher masses in figure 3(b). In both

cases the results for the π−π−π+ (red markers) and the π−π0π0 (blue markers) channel are overlaid and

in good agreement. Here and in the following plots the two channels are normalized on the integral

for each plot individually. For those two waves, the shape of the intensity spectra does not change

with t′. This is in contrast to the 1++0+ρ (770) πS wave shown in figure 4. For this wave, in which a

strong a1 (1260) is expected, the peak of the intensity shifts by about 100MeV/c2 over the studied t′
range indicating a rather large non-resonant contribution.

Apart from these three largest waves, also for smaller waves good agreement for the two channels

is found. One particularly interesting signal is found in the 1++0+ f0 (980) πP wave (see figure 5(a)). A

narrow structure around 1400MeV/c2 is observed in both channels. In addition to the intensity peak,

also a rapid phase motion with respect to other waves is found. This previously unobserved signal

could correspond to a new state a1 (1420). Different parameterizations for the isobars, in particular

for the f0 (980) and the broad (ππ)S component, have been tested to exclude a possible artifact from

the used model.

Finally, resonance parameters are extracted from a fit of Breit-Wigner amplitudes to a subset of the

spin-density matrix for the π−π−π+ channel. Apart from the intensities, this fit also takes into account

the interferences between the waves. In addition to the four waves shown above, the 0−+0+ f0 (980) πS
and 4++1+ρ (770) πG waves are used. The model includes Breit-Wigner functions for the a1 (1260),
an a′1, the a2 (1320), an a′2, the π2 (1670), π2 (1880), π (1800), a4 (2040), and for the new a1 (1420).

Also a non-resonant term is included for each wave. The Breit-Wigner parameters are obtained from

a simultaneous χ2 fit to the spin-density submatrix of the six waves in all eleven t′ bins.
The extracted parameters of the major resonances are in agreement with previous measurements

by COMPASS and other experiments [2]. Figure 5(b) shows the result from this fit for the new

a1 (1420). The intensity extracted by the spin-parity decomposition (black markers) is overlaid with
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Figure 4. Partial-wave intensity of the 1++0+ρ (770) πS wave in two t′ regions.
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Figure 5. Partial-wave intensities of the 1++0+ f0 (980) πP wave.

the total result (red line) which is the coherent sum of a resonant (blue line) and a non-resonant (green

line) contribution. A well determined mass of M = 1412 − 1422MeV/c2 and a narrow width of

Γ = 130 − 150MeV/c2 is obtained. This is in contrast to other signals of similar magnitude like the

a′1, the a′2 or the π2 (1880) for which a larger uncertainty in mass and width is retrieved from the same

fit.

3 Central Production

The spin-parity decomposition cannot only be applied in diffractively produced systems, but also in

centrally produced ones, e.g. in the reaction pp → pK−K+p of a proton beam impinging on a liquid-
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Figure 6. Spin-density matrix for the centrally produced K−K+ system.

hydrogen target [3]. Kaons are identified in a ring-imaging Cherenkov detector. Centrally produced

systems are selected by requiring a rapidity gap between the fast proton and the K−K+ system.

The spin-parity decomposition is performed with four partial-waves, of which two collect negligi-

ble intensity, so that only the S 0 and D0 waves are used to extract Breit-Wigner resonance parameters.

Figure 6 shows the intensities of the two waves, and the phase between them (blue markers). Again,

the mass dependence is described by Breit-Wigner amplitudes and a coherent background for each

wave. The total result is shown by the red, the coherent non-resonant terms by the blue lines. Reso-

nant contributions are shown in magenta, turquoise, and green. The D0 wave is described using the

f2 (1270) and f ′2 (1525). For the S 0 wave in addition to the f0 (1500) and f0 (1710), a f0 (1370) is
required in particular to get a good description of the phase around 1350MeV/c2.

4 Radiative Widths

Radiative decays X− → π−γ of resonances allow to measure electromagnetic transitions. Experimen-

tally a direct measurement is challenging. The inverse process, that is the scattering of a pion off a

Coulomb field producing an intermediate state X− (see figure 1(c)) is called a Primakoff reaction. The

Coulomb potential of a heavy nucleus acts as a source of quasi-real photons. The cross section for

Primakoff production of a resonance is proportional to the width of its radiative decay. Since the ex-

change particle is a quasi-real photon, Primakoff produced states predominantly have spin projection

M = 1. Those states can also be produced diffractively, but the cross section for diffractively produced
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Figure 7. Partial-wave intensities for the two waves used to extract the radiative widths.

states is proportional to t′|M|e−bt′ , so that at small t′ M = 1 states should predominantly be produced

by the Primakoff reaction.

COMPASS has studied this reaction by scattering a pion beam off a thin disk of lead [4]. A

partial-wave analysis is employed in order to decompose the collected data into spin-parity states,

thereby also identifying the M = 1 final states. Two waves have been considered to extract radiative

widths, the 2++1ρ (770) πD wave for that of the a2 (1320), and the 2−+1 f2 (1270) πS wave for that

of the π2 (1670). At four-momentum transfers squared t′ < 0.001GeV2/c2 the Primakoff production

contributes 97% (86%) of the intensity found in the 2++1ρ (770) πD wave (in the 2−+1 f2 (1270) πS
wave, respectively). Note that in this case the intensities of the two different reflectivities ε = ±1
have to be summed up incoherently, as the production plane at such small t′ is poorly measured

due to limited experimental resolution. For both resonances the observed decay channels, ρπ for

the a2 (1320) and f2π for the π2 (1670), are not the only possible decay channels. This is taken into

account by considering the relevant branching fractions.

A radiative width of the a2 (1320) of Γ0 (a2 (1320)→ πγ) = (358 ± 6 ± 42) keV is measured,

consistent with calculations from the VMD model [5]. For the first time a radiative width of the

π2 (1670) of Γ0 (π2 (1670)→ πγ) = (181 ± 11 ± 27) keV is measured.

5 Pion Polarizability

Polarizabilities describe the rigidity of a particle against deformations in an external electric (α) or
magnetic (β) field. Typically polarizabilities are measured in Compton scattering processes. Pions

cannot be used as a fixed target, but they can be scattered off the Coulomb potential of a heavy

nucleus. In the reaction π−γ → π−γ the polarizabilities appear as a correction factor to the Born cross
section of a point-like particle. A measurement of the cross section for this process provides access to

this factor, and therefore to the polarizabilities.

COMPASS has taken data where this reaction is embedded into the scattering of a pion beam off

a Nickel target. A large energy deposit in the electromagnetic calorimeter is required to select the

photon in the final state, the photon in the initial state is ensured by removing hadronic interactions

with a cut on low photon virtuality Q2. Photons in the final state are required to have a ratio xγ of
the photon and the initial beam energy between 0.4 and 0.9, in the kinematic region of stable trigger

efficiency and muon identification. Due to limited statistics in the region of phase space sensitive to

απ + βπ (at lower xγ), the assumption of απ = −βπ has to be made. In this case the polarizability
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Figure 8. Number of measured and simulated events, and their ratio R used to extract the polarizabilities.

should manifest itself in a decreasing ratio R of the measured cross section over the simulated cross

section for a point-like particle towards higher xγ (see figure 8(b), see [6] for more details on the

data selection and the way the polarizability is obtained). A value for the polarizability of απ =

(2.0 ± 0.6 ± 0.7)·10−4 fm3 is extracted using this approach. A control measurement with a muon beam

is performed, yielding a false polarizability of the muon that is compatible with zero. The observed

pion polarizability is at variance from previous experiments, but in agreement with the prediction from

chiral perturbation theory [7].

6 Outlook

COMPASS has collected a large data set that is used to perform spectroscopy in the light-meson

sector. Apart from the results presented here, also new insights concerning the spin-exotic candidate

π1 (1600) are gained, not only in the two (3π)
− channels discussed above, but also in the π−η and π−η′

channels. Finally, the analysis of (5π)− and π−ηη final states should provide access towards higher

masses.

In 2012 a considerably larger data set has been taken in order to improve on the measurement of

the pion polarizabilities. The range in xγ was extended, providing a handle also on απ + βπ. For the
first time, a measurement of the kaon polarisabilites is foreseen.
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