Printed ISSN 1330–0016 Online ISSN 1333–9133 CD ISSN 1333–8390 CODEN FIZBE7

THE COMPASS HADRON SPECTROSCOPY PROGRAMME

ALEXANDER AUSTREGESILO for the COMPASS Collaboration

Technische Universität München, Physik-Department E18, James-Franck-Straße, 85748 Garching, Germany, and CERN PH-SME, 1211 Geneva 23, Switzerland, E-mail address: Alexander.Austregesilo@cern.ch

Received 1 February 2011; Accepted 9 November 2011 Online 16 January 2012

COMPASS is a fixed-target experiment at the CERN SPS for the investigation of the structure and dynamics of hadrons. The experimental setup features a large acceptance and high momentum resolution spectrometer including particle identification and calorimetry and is therefore ideal to access a broad range of different final states. Following the promising observation of a spin-exotic resonance during an earlier pilot run, COMPASS focused on light-quark hadron spectroscopy during the years 2008 and 2009. A data set, world leading in terms of statistics and resolution, has been collected with a 190 GeV/c hadron beam impinging on either liquid hydrogen or nuclear targets. Spin-exotic meson and glueball candidates formed in both diffractive dissociation and central production are presently studied. Since the beam composition includes protons, the excited baryon spectrum is also accessible. Furthermore, Primakoff reactions have the potential to determine radiative widths of the resonances and to probe chiral perturbation theory. An overview of the ongoing analyses will be presented. In particular, the employed partial-wave analysis techniques will be illustrated and recent results will be shown for a selection of final states.

PACS numbers: 13.85.-t, 14.20.Gk UDC 539.126

Keywords: COMPASS experiment, structure and dynamics of hadrons, light-quark hadron spectroscopy, excited baryon spectrum

1. Introduction

1.1. Meson spectroscopy

The constituent quark model (CQM) describes hadrons as compositions of quarks and anti-quarks. Due to the self-coupling of colour-charged gluons, additional exotic states are predicted by quantum chromo-dynamics (QCD). Pure gluonic excitations without valence quark content, so-called glueballs, are allowed as well as hybrid mesons. Lattice-QCD predictions [1] expect the lightest glueball to be a scalar particle (J^{P C} = 0^{++}) with a mass of approximately 1.7 GeV/c^2 and candidates have indeed been observed by a few experiments [2, 3]. However, mixing with isoscalar mesons impedes a clear interpretation. On the other hand, predicted light hybrids with exotic quantum numbers which have a vanishing qq̄ term are promising candidates for physics beyond the CQM, the lightest ones having J^{P C} = 1^{−+} and a mass between 1.3 and 2.2 GeV/c^2 [4].

Two experimentally observed 1^{−+} resonances in the light-quark sector have been reported in the past. π_1(1400) has been observed with ηπ decays in Refs. [5 – 7], while the decay of π_1(1600) into ρπ [8, 9], η^′π [6, 10], f_1π [11, 12] and ωππ [12, 13] was each reported by two experiments. In particular, the resonant nature of the π_1(1600) observed in the three-pion final state is highly disputed [12, 14].

Fig. 1. a) Diffractive scattering, (b) central production, (c) photo-production.

Several different production mechanisms can be used in order to produce these resonances experimentally (see Fig. 1). Diffractive dissociation of the beam particle on an inert target is ideal to study spin-exotic mesons. The t-channel Reggeon exchange reaction is characterised by forward kinematics and requires separation of the decay products at very small angles. Central production with double-pomeron exchange on the other hand is especially suited for the search of glue-rich states. Due to the large rapidity gap between the beam particle and the resonance, relatively large angles can occur in this case. Furthermore, the photo-production of mesons can provide a measurement of the radiative widths of the resonances and tests of chiral perturbation theory [15].

All in all, a competitive experiment has to meet the requirements for precise detection of various decay modes, both charged and neutral, to determine the nature of the resonances. The COMPASS experiment is therefore ideal to explore the field of hadron physics.

1.2. COMPASS experiment

The common muon and proton apparatus for structure and spectroscopy (COM- PASS) [16] is a fixed-target experiment (see Fig. 2) at the CERN super proton synchrotron (SPS). It is a two-stage spectrometer that covers a wide range of scattering angles and charged particle momenta with a tracking system which provides high angular resolution. It is equipped with electromagnetic and hadronic calorimeters

Fig. 2. Artistic view of the COMPASS experiment.

in both stages to reconstruct also neutral particles in the final state. A ring imaging Cherenkov detector (RICH) provides additional particle identification for protons, kaons and pions in a limited kinematic range.

The versatile beam line delivers secondary hadron beams with a momentum of 190 GeV/c, a maximum intensity of 5 × 10^7 particles per second and the possibility to select both charges. The negative hadron beam consists of 96.0% π^−, 3.5% K^− and 0.5% p̄, the while 71.5% of the positive beam are protons, 25.5% π^+ and 3.0% K^+. Two Cherenkov differential counters with achromatic ring focus (CEDAR) upstream of the target identify the incoming beam particles.

During a pilot run in 2004 and long subsequent data taking periods in 2008 and 2009, COMPASS has acquired large data sets of both beams impinging on liquid hydrogen (lH_2), nickel (Ni), tungsten (W) and lead (Pb) targets. Its large acceptance, high resolution, and high rate capability provide an excellent opportunity to study the spectrum of light mesons up to masses of 3 GeV/c^2. The variety of production mechanisms as well as decay channels will certainly shed light into the disputed field.

1.3. Partial-wave analysis

The tool of partial-wave analysis (PWA) is used to disentangle the overlapping resonances and pin down the relevant quantum numbers like spin and parity. In the following, the technique will be explained on the example of a three-charged-pion final state (see Fig. 3).

Fig. 3. Diffractive production of a resonance X (J^{P C} M^ϵ) via t-channel Reggeon exchange and its decay into the π^−π^+π^− final state as described in the isobar model.

The isobar model [17] is used to decompose the resonance decay into a chain of successive two-body decays as shown in Fig. 3. X with quantum numbers I^GJ^{P C} and spin projection M^ϵ decays into a di-pion resonance, the so called isobar, and a bachelor pion. The isobar has spin S and a relative orbital momentum L with respect to the pion. A partial wave is thus fully defined by J^{P C} M^ϵ[isobar]L, where ϵ = ±1 is the reflectivity. As pomeron-exchange dominates at 190 GeV/c, isospin I and G-Parity are conserved. Mostly positive reflectivity waves are used to describe the data, which corresponds to the production with natural parity exchange.

The PWA itself is performed in two steps. First, the production amplitudes are determined in 40 MeV/c^2 wide bins of the invariant mass m_X by extended maximum likelihood fits to the acceptance corrected data. No assumption on the resonant behaviour of X is made at this point, other than it’s production strength stays constant within the bin width. In the example, the PWA model includes five π^+π^− isobars [18]: (ππ)_{S−wave}, ρ(770), f_0(980), f_2(1270), and ρ_3(1690). They were described using relativistic Breit-Wigner (BW) line shape functions including Blatt-Weisskopf barrier penetration factors [19]. For the S-wave, we use the parametrisation from Ref. [20] with the f_0(980) subtracted from the elastic ππ amplitude and added as a separate BW resonance. The total set of partial-waves (42 in this example) also includes an isotropic background wave to take into account non-resonant production mechanisms.

Subsequently, the mass-dependence of the spin-density matrix is fitted using χ^2- minimisation and a reduced set of waves. Only waves with significant intensity and phase motion in the first step are chosen. The mass dependence of the production amplitudes is parametrised by relativistic BW functions and coherent exponential background. In order to account for spin-flip and spin-non-flip amplitudes at the target vertex, the spin density matrix has a rank of two.

2. Diffractive dissociation

2.1. Observation of a J^{P C} = 1^{−+} exotic resonance on Pb target

Up to now, the full two-step partial-wave analysis has only been performed on the 2004 pilot run data on Pb target, which lead to the observation of a significant spin-exotic J^{P C} = 1^{−+} signal [18]. Figure 4 shows the intensity of this wave. The black points represent the mass-independent fit, whereas the result of the massdependent one is overlaid as solid line. Breit-Wigner (dashed) and background (dotted) contributions are separated. Especially the phase difference (see Fig. 5) between this wave and the clean and well-established a_2(1260) (1^{++}0^+ρπ S-wave) clearly indicates the resonant nature. Both the mass of 1660 ± 10^{+0}_{−64} MeV/c^2 and the width of 269 ± 21^{+42}_{−64} MeV/c^2 are consistent with the controversial π_1(1600).

2.2. 3π final states on l H_2 target

With the improved COMPASS spectrometer in 2008, the ρπ decay channel of the π_1(1600) has been studied in two modes of the 3π final state, π^−π^+π^− (charged)

Fig. 4. Fitted intensity of the exotic 1^{−+}1^+[ρπ] P-wave.

Fig. 5. Phase-motion of the exotic 1^{−+}1^+ wave vs. the 1^{++}0^+ wave.

and π^−π^0π^0 (neutral), both of them with unprecedented statistics (Fig. 6). The Dalitz plot for the π_2(1670) resonance in Fig. 6c illustrates as an example the quantity and the resolution of the data.

Fig. 6. Invariant mass distribution for (a) π^−π^+π^−, (b) π^−π^0π^0, both for the 2008 data sample on l H_2 target, (c) Dalitz distribution of the π_2(1670) (±0.5Γ), (d) π^−π^+π^− of the 2004 data sample on Pb for comparison.

A mass-independent partial-wave analysis has been performed for both modes, applying the same model as for the 2004 result. The data set has not yet been corrected for acceptance, though experience from the pilot run data does not show a large dependence on most kinematic variables. The wave intensities shown in Fig. 7 are normalised to the clean a_2(1320) (2^{++}1^+ D-wave) signal to compensate for the different reconstruction efficiencies and the not-yet-corrected acceptances. Similar intensities for the ρπ decay can be found, whereas a suppression factor of approximately two is observed for the waves decaying into f_2π. This result can be derived by a simple calculation using the isospin Clebsch-Gordan coefficients, and provides an important confirmation for all analyses availing of the greatly improved electromagnetic calorimetry. In particular, further ongoing analyses to search for exotic mesons cover prominent ηπ, η^′π, f_1π and b_1π final states, where COMPASS has recorded a significantly larger data sample than previous experiments.

Fig. 7. Comparison of PWA intensities of main waves for neutral vs. charged mode. (Top left) Intensities of the a_2 (2^{++}1^+ρπ D-wave) used for normalisation. (Top right) a_1 (1^{++}0^+ρπ D-wave). (Bottom left) π_2 (2^{−+}0^+f_2(1270) S-wave). (Bottom right) π_2 (2^{−+}0^+ρπ F-wave).

2.3. Nuclear effect in meson production

A similar comparison of the data recorded with lH_2 and the one on lead target shows a surprisingly large dependence on the target material, given the fact that the squared four-momentum transfer distribution (0.1 < t^′ < 1.0 (GeV/c^2)^2) clearly suggests nucleons as interaction partners. Using the same normalisation to a_2(1320) as in the previous section, the lH_2 data exhibit a strong suppression of M = 1 waves, whereas the corresponding M = 0 waves are enhanced such that the intensity sum over M remains approximately the same for both target materials. Figure 8 shows this effect for the a_1(1260) peak in the J^{P C} = 1^{++} waves. Another data set recorded with a Ni target suggests a dependence on the atomic number A, but further investigation is needed.

Fig. 8. Normalised intensity sums of the J^{P C} = 1^{++} partial-waves for spin projection quantum numbers M = 0 (middle) and M = 1 (bottom). The sum over all M is shown in the top row. The left column shows 2004 data on Pb target, the right column 2008 data on H_2 target. The wave intensities are dominated by a broad structure around 1.2 GeV/c^2 which is the a_1(1260).

2.4. Interference with photo-production

Photon-induced reactions are studied to determine radiative widths of resonances. The presence of photo-produced events is visible as an additional contribution to the t^′ spectrum at t^′ < 0.001 (GeV/c^2)^2, where a steeper slope is observed. By fitting two exponential curves to the spectrum, one can extract the contribution of the Primakoff effect to the data at t^′ ≈ 0. Doing this statistical subtraction in bins of the 3π invariant mass results in a spectrum with a clear signature of a photo-produced a_2(1320) meson (see Fig. 9). Equivalent mass spectra have been obtained by the Selex Collaboration [21].

Fig. 9. (Top left) Additional contribution to t^′ spectrum: photo-production. (Top right) t^′ spectrum after subtraction of diffractive contribution. (Bottom left) Invariant mass spectrum obtained by statistical subtraction. (Bottom right) Sum of M = 1 partial-waves where diffractive contribution is negligible.

The momentum-transfer region t^′ < 10^{−3} ( GeV/c^2)^2 was also fitted using the PWA model. The photo-production is dominant for waves with spin projection M = 1, because the diffractive production strength is proportional to (t^′)^M exp (−bt^′). In the bottom row of Fig. 9, the similarity of the sum of all partial waves with M = 1 and the mass spectrum obtained by statistical subtraction in striking. The transition region between the two production mechanisms of the a_2(1320) meson has been subject to further studies [22], testing inter alia recent chiral perturbation theory calculations close to threshold [15].

3. Strangeness

The possibility for particle identification of the beam as well as the final state particles provides COMPASS also with the tools to study strange-meson production and diffraction, which are interesting for glueball search at central rapidities as well as diffractive production of hybrids and other not confirmed resonances. Figures 10 and 11 show the invariant masses of the sub-systems of the studied πKK̄ final states. While charged kaons are identified by the RICH detector, the neutral ones are reconstructed via their well resolved decay vertices. Both modes have a remarkable resemblance, pointing not only to K^∗(892) and higher mesons with strangeness, but showing also structures around the glueball candidate f_0(1500).

Fig. 10. Invariant mass distribution of (top) π^−K^+ and (bottom) K^+K^− sub-systems.

Fig. 11. Invariant mass distribution of (top) π^−K^0_S and (bottom) K^0_S K^0_S subsystems.

Further ongoing analyses use the kaon content of the negative beam to study kaon diffraction into K^−π^+π^− final states, for example. Figure 12 shows the total mass spectrum, where the K_1 double-structure is apparent. Including the isobars visible in Fig. 13, a dedicated partial-wave analysis for this channel is under preparation. Many states in this sector were previously observed by only one experiment [23], thus COMPASS can confirm their existence, exceeding the data set by at least a factor of two.

Fig. 12. Invariant mass distribution of K^−π^+π^− system.

Fig. 13. Invariant mass distribution of K^−π^+ sub-system.

4. Baryon spectroscopy

Since the trigger system introduced no bias on the kinematics of the forwardgoing particles, the data recorded with positive hadron beam give a unique possibility to study diffractive dissociation of the beam protons. The protons in the liquid hydrogen target are assumed to be inert under the reaction. Exclusive events with one proton and a pair of either oppositely charged pions or kaons in the final state have been selected and will be the starting point for a dedicated partial-wave analysis. Hadron-induced reactions are complementary to the existing data from photo- and electro-production experiments like CBELSA or CLAS and may help to obtain a more complete picture of the baryon spectrum [24]. In particular, poorly known parameters like widths and branching ratios of high-mass and high-angular-momentum states may become accessible.

The excited proton spectrum visible in the invariant mass distribution of the p_f π^+π^− system (see Fig. 14) is foreseen to be studied in detail by the means of partial-wave analysis. Few distinct structures can be observed at positions where there are several known N^∗ and Δ resonances with Nππ decay modes.

The invariant mass spectrum of the p_f π^− sub-system, depicted in Fig. 15, exhibits a distinct excited baryon spectrum, which actually constitutes part of the background for central production reactions. It features a prominent Δ^0(1232)P_{33} together with additional structures that are probably related to the N(1440)P_{11}, N(1650)S_{11} and Δ(1700)D_{33}. However, assignments based on the mass alone are also here ambiguous.

A different aspect of the baryon spectrum becomes accessible when the pions are replaced by kaons in the event selection described above. However, the number of events is considerably lower and therefore the identification of resonances is more difficult. While no special features can be seen in the three-particle invariant mass spectrum (see Fig. 16), the sub-systems do show interesting structures. A sharp baryon resonance, the Λ(1520)D_{03}, can be found in the invariant mass spectrum

Fig. 14. Invariant mass distribution of p_f π^+π^− system.

Fig. 15. Invariant mass distribution of p_f π^− sub-system.

Fig. 16. Invariant mass distribution of p_f K^+K^− system.

Fig. 17. Invariant mass distribution of p_f K^− sub-system.

of the p K^− combination (see Fig. 17). Higher baryon excitations with strangeness are visible for example around 1.7 and 1.8 GeV/c, although less pronounced.

5. Conclusion and outlook

After the observation of a spin exotic J^{P C} = 1^{−+} state consistent with π_1(1600) in the data recorded for the 2004 pilot run, COMPASS collected a world leading data set of negatively and positively charged hadron beams (p,π^±, K^±) on both nuclear and liquid hydrogen targets. This will give access to various open questions in light-meson and baryon spectroscopy to masses up to 3 GeV/c^2 with unprecedented accuracy. The partial-wave analysis tools were elaborated and tested on real data and Monte Carlo simulation, the being latter necessary to understand the spectrometer acceptance in detail. Several different analyses are currently underway, out of which only few could be highlighted here. COMPASS has excellent prospects to shed more light into the field of exotic mesons within the next years.

Acknowledgements

This work is supported by the German Bundesministerium für Bildung und Forschung, the Maier-Leibnitz-Labor der LMU und TU München, and the DFG Cluster of Excellence Origin and Structure of the Universe.

References

[1] C. McNeile and C. Michael, Phys. Rev. D 73 (2006) 074506. [2] C. Amsler et al., Phys. Lett. B 380 (1996) 453. [3] D. Barberis et al., Phys. Lett. B 474 (2000) 423.

[4] K. J. Juge, J. Kuti and C. Morningstar, AIP Conf. Proc. 688 (2004) 193. [5] D. R. Thomson et al., Phys. Rev. Lett. 79 (1997) 1630. [6] G. M. Beladidze et al., Phys. Lett. B 131 (1993) 276. [7] A. Abele et al., Phys. Lett. B 423 (1998) 175. [8] G. S. Adams et al., Phys. Rev. Lett. 86 (1998) 5760. [9] Y. Khoklov, Nucl. Phys. A 663 (2000) 596. [10] E. I. Ivanov et al., Phys. Rev. Lett. 86 (2001) 3977. [11] J. Kuhn et al., Phys. Lett. B 595 (2004) 109. [12] D. V. Amelin et al., Phys. Atom. Nucl. 68 (2005) 359. [13] M. Lu et al., Phys. Rev. Lett 94 (2005) 032002. [14] A. R. Dzierba et al., Phys. Rev. D 73 (2006) 072001. [15] N. Kaiser and J. Friedrich, Eur. Phys. J. A 36 (2008) 181. [16] P. Abbon et al. (COMPASS Collab.), Nucl. Instr. Meth. A 577 (2007) 455. [17] J. D. Hansen et al., Nucl. Phys. B 81 (1974) 403.

[18] M. G. Alexeev et al. (COMPASS Collab.), Phys. Rev. Lett. 104 (2010) 241803. [19] F. von Hippel and C. Quigg, Phys. Rev. D 5 (1972) 624. [20] D. V. Amelin et al., Phys. Lett. B 356 (1995) 595. [21] V. V. Molchanov et al., Phys. Lett. B 521 (2001) 171.

[22] J. Friedrich (COMPASS Collab.), Chiral10 Conf. Proc., submitted to AIP (2010).

[23] C. Daum et al., Nucl. Phys. B 187 (1981) 1.

[24] E. Klempt and J.-M. Richard, Rev. Mod. Phys. 82 (2010) 1095.

PROGRAM HADRONSKE SPEKTROSKOPIJE SUSTAVOM COMPASS

COMPASS je mjerni sustav s mirnom metom za istraživanje grad–e i dinamike hadrona pri ubrzivaču SPS u CERNu. Taj sustav odlikuje spektrometar visokog impulsnog razlučivanja s velikim zahvaćanjem, mjerenjem energije i prepoznavanjem čestica, pa je posebno pogodan za opažanje u širokom području različitih konačnih stanja. Nakon ohrabrujućih opažanja rezonancije s egzotičnim spinom tijekom ranijih probnih mjerenja, u 2008. i 2009. su mjerenja s COMPASSom bila usmjerena na hadronsku spektroskopiju lakih kvarkova. S hadronskim snopom 190 GeV/c na meti vodika ili atomskih jezgara postignuti su najbolji svjetski ishodi u pogledu statistike i razlučivanja. U tijeku su proučavanja mezona s egzotičnim spinom i gluonske lopte koji su dobiveni difraktivnim razdvajanjem odnosno središnjim sudarima. Kako snop sadrži takod–er protone, dobivaju se takod–er barioni u uzbudnom stanju. Nadalje, Primakoffove reakcije pružaju odred–ivanja radijativnih širina rezonancija i ispitivanja kiralne teorije smetnje. U radu se opisuju analize u tijeku. Posebice se predstavljaju primijenjene tehnike analize parcijalnim valovima i prikazuju ishodi za niz odabranih koančnih stanja.