arXiv:0910.1331v1 [hep-ex] 7 Oct 2009

η and η’ Physics at MAMI

M. Unverzagt^a

aInstitut für Kernphysik, Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany

The Crystal Ball at MAMI setup offers an excellent possibility to study decays of the η and η^′ meson. Here, recent results of the Crystal Ball at MAMI experiment from η meson decays are presented. Furthermore, future perspectives of this experiment in the field of η and η^′ physics are described.

1. Introduction

The decays of the η and η^′ mesons provide unique information on the understanding of lowenergy Quantum Chromo Dynamics (QCD), the field theory of strong interaction. Since perturbative QCD cannot be applied in the low-energy region, because the strong coupling constant α_s is large, other methods like lattice QCD, chiral perturbation theory (χPT) or model-dependent approaches are used. These can be tested by studying the different decay modes of the η and η^′ mesons. Especially, the decays of the η^′ can be used to probe the applicability of χPT (the η^′ mass is of the order of the chiral symmetry breaking scale of 4πf_π ≃ 1.2 GeV). Moreover, many models and theories of hadron interaction can be tested. One can also search for the violation of lepton–family number and place limits on the masses and couplings of many proposed lepto–quark families, see refs [1,2,3,4,5]. Decays of the η and η^′ are also suitable to search for violations of C, CP , and CP T invariance [6].

The high potential of this field is reflected by the number of experiments that have been or are currently active in η and η^′ physics. At the Mainz Microtron (MAMI) with the maximum beam energy of 1604 MeV and the Crystal Ball/TAPS setup [7,8,9,10], a perfect environment for η and η^′ studies is given. The high statistics achievable at MAMI together with the good signalto-background conditions makes investigations of the η and η^′ mesons especially competitive at MAMI. Other experiments doing research in this field are the KLOE experiment at the DAΦNE collider, the Crystal Barrel detector at ELSA and WASA at COSY. Also other experiments, like BES III, CLAS and GAMS, are capable of measuring η and η^′ decays, but the capabilities at MAMI–C have the potential to make MAMI the leading research laboratory for η and η^′ mesons, at least for neutral decays.

2. Experimental Setup

The electron accelerator MAMI consists of a cascade of three Race-Track-Microtrons (RTM) [11]. Recently a fourth stage, a Harmonic- Double-Sided Microtron (HDSM) [12], has been finished. MAMI provides a very stable electron beam (energy drift δE < 100 keV) with a maximum energy of E_0 = 1558 MeV and an energy width of σ_E /E < 3 · 10^{−5}. High currents (110 μA) with polarisations up to 80 % can be achieved. Very recently a first test was successful to operate MAMI–C with an electron energy of E_0 = 1604 MeV, which is especially important for the production of the η^′ meson as discussed below.

At the MAMI complex three major experiments are installed: the A1 experiment with four high resolution spectrometers for electron scattering measurements, the A2–setup with the Crystal Ball and TAPS detectors, as well as the A4 high-rate calorimetric detector for the measurement of parity violation in elastic ep–scattering. The MAMI accelerator is typically in operation for about 7000 hours per year, which proves the 1

Figure 1. The Glasgow photon tagging spectrometer at MAMI.

high interest in hadron physics experiments at MAMI.

Within the A2 collaboration, experiments are performed with a real photon beam. The photon beam for the production of the η and η^′ mesons is derived from the production of Bremsstrahlung photons during the passage of the MAMI electron beam through a thin radiator. The Glasgow photon tagging spectrometer [13,14] at Mainz (fig. 1) provides energy tagging of the photons, through E_γ = E_0 − E_e− , by detecting the post–radiating electron energy. It can determine the photon energy with a resolution of 2 to 4 MeV depending on the incident beam energy, with a single–counter time resolution σ_t = 0.17 ns [15]. Each counter can operate reliably to a rate of ∼ 1 MHz, corresponding to a photon flux of 2.5 · 10^5 (s MeV)^{−1}. Photons can be tagged in the energy range from 5 to 93 % of the incoming electron energy E_0. This means that the highest tagged photon energy, at an electron beam energy of E_0 = 1558 MeV, is E_γ ≈ 1448 MeV.

The central detector system, surrounding the liquid hydrogen target (see fig. 2), consists of the Crystal Ball calorimeter (CB) [7,8] combined with a barrel of scintillation counters for particle iden-

Figure 2. The detector setup: the Crystal Ball calorimeter with cut–away section showing the inner detectors and the TAPS forward wall. The inner two rings of TAPS are made of PbWO_4 crystals.

tification. The CB is a highly segmented 672- element NaI(Tl), self triggering photon spectrometer constructed at SLAC in the 1970’s. Each element is a 41 cm (15.7 radiation lengths) long truncated triangular pyramid. They are all read out by individual photomultipliers. The CB has an energy resolution of ΔE/E = 0.020(E[GeV])^{0.36}, angular resolutions σ_θ of 2−3^∘ and σ_ϕ of σ_θ/ sin θ for electromagnetic showers. The Crystal Ball system is equipped with a barrel detector of 24 scintillator strips (50 mm length, 4 mm thickness at a radius of 15 cm around the photon beam line), which makes particle identification available (PID).

At forward polar angles < 21^∘ the TAPS detector [9,10] provides acceptance for particle detection. Hence, the full detector system, as shown in fig. 2, is almost hermetic. The TAPS forward wall is composed of 384 BaF_2 elements, each 25 cm in length (12 radiation lengths) and hexagonal in cross section, with a diameter of 59 mm. Every TAPS element is covered by a 5 mm thick plastic veto scintillator. The single counter time resolution is σ_t = 0.2 ns. The energy resolution can be described by ΔE/E = 0.018+0.008/(E[GeV])^{0.5}. The angular resolution in the polar angle is better than 1^∘, and in the azimuthal angle it improves with increasing θ, being always better than 1/R radian, where R is the distance in centimeters from the central point of the TAPS wall surface to the point on the surface where the particle trajectory meets the detector. The 2 inner rings of 18 BaF_2 elements have recently been replaced by 72 PbWO_4 crystals each 20 cm in length (22 radiation lengths), see fig. 2. The higher granularity improves the rate capability as well as the angular resolution. The energy resolution of PbWO_4 for photons is similar to BaF_2 at room temperature [16].

3. η Physics

Since the installation of the Crystal Ball at MAMI in 2003, several measurements on the η have been performed. In the following section 3.1 the determination of the η mass, of the Dalitz plot parameter α, and the branching ratio of η → π^0γγ are shown. In sect. 3.2 future investigations of the η meson are described.

3.1. Recent results

The mass of the η meson has been discussed controversially in recent years. Before 2000, three different experiments [17,18,19] yielded comparable masses of the η meson. The PDG then used these results to calculate a weighted mean mass m_η = (547.30±0.12) MeV [20]. In 2002, the NA48 collaboration published [21] a very precise result, m_η = (547.84 ± 0.05) MeV, which deviated significantly from the world average reported by the PDG. This created the motivation to repeat the previous Mainz measurement at MAMI [19], especially after another precise measurement by the GEM collaboration at the COSY facility [22] gave the result m_η = (547.31 ± 0.04) MeV, in agreement with the old measurements of the η meson mass.

The η mass was determined by measuring the threshold of the reaction γp → pη [25]. The tagger microscope [26], a small focal plane detector

Figure 3. Total cross section for the γp → pη reaction compared to the measurement made with TAPS at MAMI [19] and the prediction of the η- MAID partial wave analysis [27]. The solid line represents a fit to the results of Crystal Ball at MAMI. The inset shows the linear behavior of σ^2 near threshold because of the strong coupling to the S_{11} resonance.

with a much higher resolution than the main focal plane spectrometer of the tagger, was used for the first time to get the total cross section of the reaction (see fig. 3). Then the η mass was determined from the photoproduction threshold E_{thr} by m_η = −m_p + √ m^2_p + 2E_{thr}m_p (1)

The preliminary MAMI result, m_η = (547.76 ± 0.01_{stat} ± 0.07_{syst}) MeV, is in agreement with the most recent η mass measurements by the NA48 [21], KLOE [23] and CLEO [24] collaborations, though it disagrees with the GEM collaboration result [22]. The uncertainty for the new η mass measurement has been improved in comparison to the previous Mainz experiment by a factor of ∼ 3, but the two results disagree with each other by two σ. As reason for this disagreement a much better tagger energy calibration in the new measurement and the higher resolution of the tagger microscope were found.

At MAMI two new determinations of the Dalitz plot parameter, α, of the decay η → 3π^0 were performed. The η → 3π^0 decay violates isospin symmetry. Therefore, it offers a unique possibility to study symmetries and symmetry-breaking characteristics of strong interactions. Because electromagnetic contributions to the amplitude can be neglected [28,29,30], this decay occurs due to the isospin breaking part of the QCD Hamiltonian:

H_{̸I} = 12(m_u − m_d)(ūu − d̄d). (2)

Hence, the amplitude is proportional to the mass difference m_u − m_d of the two lightest quarks u and d. Calculations of the decay amplitude are usually based on the framework of χPT. Thus, this measurement provides also a very important test for χPT.

The squared absolute value of the decay amplitude may be expanded around the centre of the Dalitz plot:

R(z) = |A(η → 3π^0)|^2 = |N|^2(1 + 2αz + . . .), (3)

where N is a normalisation constant, which is equal to the amplitude that would apply, if the decay proceeded only according to the available phase space. The Dalitz plot parameter, α, describes the pion energy dependence of the squared absolute value of the decay amplitude up to first order of the expansion. The parameter z is given by z = 6 3∑ i=1 ( E_i − m_η/3 m_η − 3m_π0

)_2 . (4)

Here E_i represents the pion energies in the η rest frame. Figure 4 shows the extraction of α from R(z). The two MAMI results for α were obtained from different data sets with different electron beam energies, E_e− = 883 MeV [31] and E_e− = 1508 MeV [32]. Thus, they can be considered as independent measurements. These results, with 1.8·10^6 and 3·10^6 events, represent the two world highest statistics for the η → 3π^0 decay. The two totally independent values for α from MAMI agree perfectly with each other and are consistent with other experiments. Pure χPT calculations

Figure 4. α was obtained directly from the fit of the function c(1 + 2αz). In the figure, R(z) has been scaled with c so that the fitted line has an intercept equal to 1 on the R(z)-axis.

give the wrong sign for α, which is fixed by the experiments to be negative. Dispersion calculations give the correct sign, but differ in the absolute value by several standard deviations. Only the UCHPT approach [33] produces a Dalitz plot parameter consistent with the experiments.

A cusp effect due to the π^+π^− → π^0π^0 rescattering reaction, similar to the one observed by the NA48 collaboration in K^+ → π^+π^0π^0 [34,35], should also appear in the η → 3π^0 decay. This charge exchange reaction also has an impact on the Dalitz plot parameter. According to [30] a 5 % effect on α should be visible. The two recent MAMI measurements [31,32] with the given statistics did not find a significant indication for a cusp effect.

The rare, double–radiative decay η → π^0γγ has attracted much attention as there are large uncertainties on its experimental decay width and in its theoretical predictions. The uncertainties in χPT calculations of the amplitude for the η → π^0γγ transition are related to the fact that the leading term O(p^2) and the tree contributions at O(p^4) are zero as neither π^0 nor η can emit a photon. The pion and kaon loops at O(p^4) are greatly suppressed due to G–parity invariance and the large

Figure 5. Invariant mass distribution for selected π^0γγ events. Roughly 150 η → π^0γγ events sit on a big backgrounds, stemming mainly from η → 3π^0 decays and π^0π^0 photoproduction. The solid line shows a fit of a gaussian for the η peak plus a polynomial for the background.

mass of the kaons, respectively. The main contribution to the η → π^0γγ decay amplitude comes from the O(p^6) counterterms that are needed in χPT to cancel various divergences. The coefficients of these counterterms are not determined by χPT itself; they depend on the model used for the calculation. As the η → π^0γγ decay has a three–body final state, its Dalitz plot reflects the decay amplitude. Thus, a complete test of χPT with its O(p^6) chiral coefficients requires an experimental measurement of both the η → π^0γγ decay rate and the Dalitz plot.

One can see that the existing experimental results and theoretical calculations for η → π^0γγ vary a lot. Also, strictly speaking, the agreement between the measured and calculated decay width is not sufficient to prove χPT calculations. Since every calculation of η → π^0γγ makes a specific prediction for the decay Dalitz plot, the experimental measurement of this plot must confirm the theoretical prediction, too.

Figure 5 shows the invariant mass for selected π^0γγ events measured at MAMI. The 150 η events sitting on a big background are by far not sufficient to produce an informative Dalitz plot. Also this statistics is lower than in the recently published result of the Crystal Ball at AGS [36], but showed a much better signal to background ratio. Nevertheless, a preliminary branching ratio BR(η → π^0γγ) = (2.25 ± 0.46_{stat} ± 0.17_{syst}) · 10^{−4} was determined. The Crystal Ball at MAMI results agrees with the value obtained at BNL within one standard deviation. Both are presently the most precise data for this decay.

3.2. Future Perspectives in η Physics After improving several setup components (PbWO_4 crystals in TAPS, faster read–out electronics) a new η physics program will be launched in 2010. Within 800 hours of beam time 2.5 · 10^8 η mesons will be produced, giving the most precise results for many η decays. Six neutral decay modes of the η meson will be investigated simultaneously. The emphasis will be on the measurement of the Dalitz plot and decay spectrum of η → π^0γγ, which was already preliminary investigated (see above). About 10000 useful η → π^0γγ events are expected. Furthermore, the Dalitz plot of η → 3π^0 will be measured to investigate the speculated quadratic term for R(z) and the impact of the cusp at the opening of π^+π^− → π^0π^0 exchange reaction on the Dalitz plot parameter. More than 20 · 10^6 η → 3π^0 events are expected, improving the old MAMI statistics by roughly one order of magnitude. For many C– and CP – violating η decays only weak upper limits for the branching ratios exist. The limits for the C– violating η → π^0π^0γ, η → π^0π^0π^0γ and η → 3γ decays, and the CP –violating η → 4π^0 decay will be improved by a factor 10 with the expected 2.5 · 10^8 η mesons produced.

4. η^′ Physics

The decays of the η^′ meson have been explored only with very limited statistics so far. For the most prominent neutral decay η^′ → ηπ^0π^0, with a branching ratio of (20.7 ± 1.2) %, the GAMS collaboration very recently published a result based on 15 · 10^3 events [37]. This represents currently the highest available statistics for this decay. For the η^′ → 3π^0 decay with a branching ratio of (1.54 ± 0.26) · 10^{−3} the GAMS collaboration presented the worlds highest statistics with 235 ± 45 events [38]. It is very important to further investigate the η^′ decays with high statistics. Especially, existing experimental data on η^′ photoproduction are rather scarce.

Up to now, only tests concerning the η^′ meson have been done with the Crystal Ball, because until the end of 2006 the maximum electron energy available at MAMI was E_0 = 883 MeV, while the η^′ photoproduction threshold is E_{thr} ≈ 1447 MeV. In September 2009 a further increase of the MAMI beam energy was achieved and now the maximum electron energy lies at E_0 = 1604 MeV. At that value the η^′ photoproduction cross section reaches a plateau. First test beams at E_0 = 1508 MeV and E_0 = 1558 MeV showed that η^′ mesons can be identified in a clean experimental environment at MAMI, but so far the statistics was not sufficient to obtain results with improved accuracies. To change this, a new tagging device (end–point tagger) is under construction (see sect. 4.1), which will significantly improve the possibilities for η^′ physics at MAMI. Upon completion of this apparatus a huge physical program concerning the η^′ will be investigated (see sect. 4.2).

4.1. End–point Tagger

Since the η^′ photoproduction threshold is at E_{thr} ≈ 1447 MeV, almost the full photon energy range accessible at MAMI for η^′ production is not covered by the Glasgow photon tagging spectrometer (see above). Therefore, a new tagging device (end–point tagger) is currently constructed that will detect post–radiating electrons with energies between E_e− = 10 MeV and E_e− = 150 MeV. Under the defined conditions these energies correspond to photon energies between E_γ = 1548 MeV and E_γ = 1408 MeV. With the new maximum energy E_0 = 1604 MeV photon energies between E_γ ≈ 1590 MeV and E_γ ≈ 1450 MeV could be tagged with the end– point tagger. Thus, at least 100 MeV above the η^′ photoproduction threshold will be covered.

To study the neutral decays of the η^′ meson, the end–point tagger is essential for a clean trigger. So far, η^′ mesons were already measured with the Crystal Ball at MAMI, but the identification relied on the detection of outgoing protons, which mostly hit TAPS. TAPS is suitable for measuring photons, but the identification of protons is not very efficient. With the end–point tagger the detection and identification of the protons would not be required any more, and, in addition, the beam rate could be increased due to a more precise trigger.

4.2. Future Perspectives in η^′ Physics With the installation of the end–point tagger and several setup improvements (PbWO_4 crystals in TAPS, faster read–out electronics) one of the first high precision η^′ programs in the world will be started. Approximately 15 · 10^3 produced η^′ mesons per hour are expected. If the new maximum energy of E_0 = 1604 MeV can be run reliably this rate will be raised by roughly another factor two. Then all results on η^′ decay channels investigated at MAMI will outreach precisions of older experiments by at least one order of magnitude.

The emphasis at MAMI will be on the investigation of the main neutral decay channels of the η^′ meson. Among these is the decay η^′ → ηπ^0π^0. The analysis of the η^′ → ηπ^0π^0 decay amplitude is hampered by the occurrence of a cusp effect in the π^0π^0 invariant mass spectrum, due to the opening of the π^+π^− → π^0π^0 charge–exchange reaction. In [39] a formalism, using η^′ → ηπ^0π^0 decays, has been developed to extract the ππ scattering lengths a_0 and a_2 from a detailed study of the shape of the Dalitz plot and the cusp. The authors of [39] predict a cusp effect of the order of 8 %. Thus, this decay offers the possibility to study the ππ scattering length from the shape of the Dalitz plot, and to investigate πη interactions. Because the energy release in the η^′ → ηπ^0π^0 decay is small, only 141 MeV, the matrix element can be described by the following formulae:

|M|^2 = |1 + αy|^2 + dx^2 (5) or |M|^2 = 1 + ay + by^2 + dx^2, (6) where x and y are the Dalitz variables and

a = 2Re(α) and b = Re^2(α) + Im^2(α). (7)

For the η^′ → ηπ^0π^0 decay Bose–Einstein symmetry forbids a linear term in x. A non–vanishing term cx for the η^′ → ηπ^+π^− channel would indicate C–violation. The currently most precise analysis of the neutral channel used 15·10^3 events. At MAMI approximately 4 · 10^5 η^′ → ηπ^0π^0 useful events will be measured, improving results by more than one order magnitude.

Another neutral decay that will be examined is η^′ → 3π^0. The η^′ → 3π^0 decay has a larger phase space than the η^′ → ηπ^0π^0 channel, but is G– forbidden. It still occurs as a consequence of the G–violating mass term of the QCD Lagrangian with BR(η^′ → 3π^0) = (1.54 ± 0.26) · 10^{−3}. The physics of the η^′ → 3π^0 decay is similar to η^′ → ηπ^0π^0 and η → 3π^0. Due to final state rescattering of the pions an energy dependence on the shape of the Dalitz plot is introduced. The matrix element for this decay can be parametrised similar to eq. 3. So far, this decay has only been observed by the GAMS collaboration based on 235 ± 45 events. At MAMI several thousand events of this decay are expected.

Furthermore, it is planned to measure the branching ratio for η^′ → γγ. This ratio, in conjunction with BR(η → γγ), allows to investigate the SU(3) singlet–octet mixing angle. Because each of the physical states, η and η^′, has both singlet and octet components, in a more evolved parametrisation two mixing angles can be introduced and one defines four independent decay constants. Using this approach, it is possible to calculate the decay widths for the η → γγ and η^′ → γγ decays, as shown in [40]. In this calculation four unknown parameters (θ_8, θ_0, f_8, f_0) appear. To determine these values one needs additional experimental constraints as the decay widths of the η → γγ and η^′ → γγ decays. By measuring these two decays and improving the accuracies of the widths we can give an important input for the determination of the mixing angles θ_8 and θ_0. The uncertainty of the width of the η^′ → γγ decay, which is of the order of 10 %, is currently determined by both the uncertainty of the branching ratio and the uncertainty of the total width of the η^′. With the expected 40000 events in 600 hours of data taking, we will decrease the uncertainty of BR(η^′ → γγ) greatly.

Recently the KLOE collaboration published data on the η–η^′ mixing angle and a possible gluonium content to the η^′ [41,42] determined from R = Γ(ϕ → ηγ)/Γ(ϕ → η^′γ). They found a non– zero gluonium content to the η^′, contrary to the theoretical calculation in [43]. Further investigations of the η–η^′ mixing scheme are needed and precise data from experiments with the Crystal Ball at MAMI will give important input to these investigations.

Also in the field of η^′ mesons symmetry violating decays will be investigated at MAMI. The η^′ → ηe^+e^−, η^′ → π^0e^+e^− decays are forbidden by C–invariance in first order, but allowed in second. Another test of C–invariance is the branching ratio of the decay η^′ → 3γ. The η^′ → 4π^0 decays violates P – and CP –invariance. Lepton number violation can be studied in η^′ → eμ. For all these decays it will be possible, with the expected count rates, to improve the upper limits of the branching ratios by more than one order of magnitude.

5. Conclusions

This proceeding described recent results from the Crystal Ball at MAMI experiment in η physics. A new value for the η meson mass was determined, the Dalitz plot parameter was extracted from the worlds greatest η → 3π^0 event samples, and a new branching ratio of the η → π^0γγ decay was found. In near future very interesting and important results on ππ scattering lengths, cusp effects, Dalitz plot parameters and symmetry violations are to be expected from high precision measurements on η and η^′ mesons at one of the leading facilities in this field, the Crystal Ball at MAMI.

Acknowledgments: The author wishes to thank the accelerator group of MAMI for the precise and very stable beam conditions. This work was supported by the German state Rhineland-Palatinate (EMG “Elementarkräfte und mathematische Grundlagen”), the Deutsche

Forschungsgemeinschaft (SFB 443, SFB/TR 16), the DFG-RFBR (Grant No. 05-02-04014), European Community-Research Infrastructure Activity under the FP6 “Structuring the European Research Area programme” (HadronPhysics, Contract No. RII3-CT-2004-506078).

REFERENCES

1. J.L. Goity, A.M. Bernstein, and B.R. Holstein, Phys. Rev. D 66, 076014 (2002).

2. M.J. Ramsey-Musolf and M.B. Wise, Phys.

Rev. Lett. 89, 041601 (2002).

3. B.V. Martemyanov and V.S. Sopov, Phys.

Rev. D 71, 017501 (2005).

4. A.G. Nicola and J.R. Pelaez, Phys. Rev. D 65, 054009 (2002).

5. P. Herczeg, Phys. Rev. D 51, 136 (1995) 6. B.M.K. Nefkens, Few–Body Syst. Suppl. 9, 193 (1995).

7. M. Oreglia et al., Phys. Rev. D 25, (1982) 2259.

8. A. Starostin et al., Phys. Rev. C 64, 055205 (2001).

9. R. Novotny, IEEE Trans. Nucl. Sci. 38, 379 (1991).

10. A.R. Gabler et al., Nucl. Instrum. Meth.

A346, 168 (1994).

11. H. Herminghaus et al., IEEE Trans Nucl. Sci.

30, 3274 (1983).

12. K.-H. Kaiser et al., Nucl. Instrum. Meth. A 593, 159 (2008).

13. I. Anthony, J.D. Kellie, S.J. Hall, G.J. Miller, J. Ahrens. Nucl. Instrum. Meth. A 301, 230 (1991).

14. S.J. Hall, G.J. Miller, R. Beck, P. Jennewein, Nucl. Instrum. Meth. A 368, 698 (1996).

15. J.C. McGeorge et al., Eur. Phys. J. A 37, 129 (2008).

16. R. Novotny et al., Nucl. Instrum. Meth. A 486, 131 (2002).

17. A. Duane et al., Phys. Rev. Lett. 32, 425 (1974).

18. F. Plouin et al., Phys. Lett. B 276, 526 (1992).

19. B. Krusche et al., Z. Phys. A 351, 237 (1995). 20. D.E. Groom et al. (PDG), Eur. Phys. J. C 15, 1 (2000).

21. A. Lai et al., Phys. Lett. B 533, 196 (2002). 22. M. Abdel-Bary et al., Phys. Lett. B 619, 281 (2005).

23. F. Ambrosino et al., JHEP 0712, 073 (2007). 24. D.H. Miller et al., Phys. Rev. Lett. 99, 122002 (2007).

25. A. Nikolaev et al., to be submitted to Eur.

Phys. J. A (2009).

26. A. Reiter et al., Eur. Phys. J. A 30, 461 (2006).

27. W.-T. Chiang et al., Phys. Rev. C 68, 045202 (2003).

28. D.G. Sutherland, Phys. Lett. 23, 384 (1966). 29. R. Baur, J. Kambor and D. Wyler, Nucl.

Phys. B 460, 127 (1996).

30. C. Ditsche, B. Kubis and U.-G. Meißner, Eur.

Phys. J. C 60, 83 (2008).

31. M. Unverzagt et al., Eur. Phys. J. A 39, 169 (2009).

32. S. Prakhov et al., Phys. Rev. C 79, 035204 (2009).

33. B. Borasoy, R. Nißler, Eur. Phys. J. A 26, 383 (2005).

34. S. Giudici, these proceedings.

35. J.R. Batley et al., Phys. Lett. B 633, 173 (2006).

36. S. Prakhov et al., Phys. Rev. C 78, 015206 (2008).

37. A.M. Blik et al., Phys. Atom. Nucl. 72, 231 (2009).

38. A.M. Blik et al., Phys. Atom. Nucl. 71, 2124 (2008).

39. B. Kubis, S.P. Schneider, Eur. Phys. J. C 62, 511 (2009).

40. R. Escribano and J.-M. Frére, JHEP 0506, 029 (2005).

41. F. Ambrosino et al., Phys. Lett. B 648, 267 (2007).

42. B. DiMicco (KLOE collaboration), Eur.

Phys. J. A 38, 129 (2008).

43. R. Escribano and J. Nadal, JHEP 05, 006 (2007).