Close to Threshold ȷ^0 Production in

Proton-Proton Scattering

P. Moskal^{1,2}, J.T. Balewski^{3,2}, A. Budzanowski^3, H. Dombrowski^4, C. Goodman^5, D. Grzonka^2, J. Haidenbauer^2, C. Hanhart^2, L. Jarczyk^1, M. Jochmann^6, A. Khoukaz^4, K. Kilian^2, M. Köhler^6, A. Kozela^3, T. Lister^4, U.-G. Meißner^2, N. Nikolaev^2, W. Oelert^2, C. Quentmeier^4, R. Santo^4, G. Schepers^4 , U. Seddik^7, T. Sefzick^2, J. Smyrski^1, M. Sokołowski^1, A. Strzałkowski^1, C. Thomas^4, M. Wolke^2, P. Wüstner^6, D. Wyrwa^{1,2}

1 Institute of Physics, Jagellonian University, Cracow, Poland 2 IKP, Forschungszentrum Jülich, Germany 3 Institute of Nuclear Physics, Cracow, Poland 4 IKP, Westfälische Wilhelms–Universität, Münster, Germany 5 IUCF, Bloomington, Indiana, USA 6 ZEL, Forschungszentrum Jülich, Germany 7 NRC, Atomic Energy Authority, Cairo, Egypt

The pp −→ ppη^′ (958) reaction has been measured at COSY using the internal beam and the COSY-11 facility. The total cross sections at the four different excess energies Q = 1.5 M eV, 1.7 M eV, 2.9 M eV, and 4.1 M eV have been evaluated to be σ = 2.5 ± 0.5 nb, 2.9 ± 1.1 nb, 12.7 ± 3.2 nb, and 25.2 ± 3.6 nb, respectively. In this region of excess energy the η^′ (958) cross sections are much lower compared to those of the π^0 and η production.

PACS: 13.60.Le, 13.75.-n, 13.85.Lg, 14.40.Cs, 25.40.Ve, 29.20.Dh Keywords: threshold measurement, η^′ production, final state interaction

The physics of the η^′ meson is related to one of the most intricate phenomena in particle physics. Historically, it was first stressed by S.L. Glashow [1] that in quark models there must exist a nearly massless flavour singlet partner η^′ to the well established octet of pseudoscalar (P ) Goldstone bosons. However, with the advent of quantum chromo dynamics (QCD), the situation changed dramatically. It was suggested in ref. [2] that because of an anomalous divergence of the axial vector baryon current in QCD, which has become known as the U(1) anomaly, there is no necessity for a massless η^′. The importance of the axial anomaly has been further quantified by Weinberg [3]. He showed that without the anomaly, the η^′ would be unacceptably light: m^2_η0 ≤ 3m^2_π . Consequently, t’ Hooft [4] has stimulated an extensive dispute on how the U(1) anomaly and QCD instantons affect the mass spectrum of the J^P = 0^− mesons [5, 6, 7, 8, 9]. The status of the flavour singlet 0^− state remained open until 1976 when it was well established that the η^′(958) is the heaviest member of the ground state pseudoscalar meson nonet with quantum numbers I^G(J^{P C} ) = 0^+(0^{−+}). The first experimental evidence of the existence of the η^′ meson has been seen in the reaction channels K^− + p −→ Λ^0 + neutrals performed in 1964 [10, 11]. The issues of i) η – η^′ mixing, ii) possible non-quarkonic component within the η^′ meson, and iii) coupling of the η^′ to gluons have attracted much attention in connection to the mass sum rules [12, 13, 14], two-photon decays P −→ 2γ [15, 16, 17] and charmonium radiative decays J/Ψ −→ P γ [17, 18, 19, 20]. The situation is far from being settled. Recently the CLEO [21] collaboration reported an anomalously large branching ratio for the inclusive decay of beauty particles B −→ η^′ + X, which can hardly be understood within the pure quarkonium picture of the η^′ and is vitally discussed as evidence for strong coupling of η^′ meson to gluonic components [22, 23, 24, 25, 26, 27].

There is no direct experimental information on the strength of the η^′ coupling to nucleons: g_η0_{NN} . The relevance of this coupling strength to the spin crisis in polarized deep inelastic scattering has been emphasized [28, 29]. Generalizing the Goldberger-Treiman relation to the flavour singlet sector, Veneziano suggested a relation between the SU(3)-singlet axial charge of the nucleon and g_η0_{NN} , known as the TGV relation. The smallness of the SU(3) singlet axial charge current extracted from deep inelastic scattering data suggests a small η^′N N coupling constant. On the other hand, the η^′ - nucleon coupling constant g_η0_{NN} can put constraints on the theoretical quark models [29, 30, 31]. Measurements of the cross sections for the pp −→ ppη^′ reaction close to threshold give an opportunity to determine the value of g_η0_{NN} .

Recently data were published concerning the η^′(958) meson production in the pd −→^3He X reaction performed at SATURNE using the SPES4 spectrometer [32]. Assuming a pure s-wave phase space distribution the measured differential cross section dσ_η0 /dΩ^∗ = 13 pb/sr results in a total cross section of σ_η0 ≈ 0.16 nb at a mean excess energy of Q = 0.5 M eV . No data are published concerning the production of η^′ at threshold in proton-proton collisions. There are only preliminary results from measurements at SATURNE [33]. Thus, the η^′ is the last non-strange meson of the pseudoscalar nonet for which cross sections for the production in the elementary proton proton scattering are unknown close to threshold.

Measurements of the η^′ production in the pp interaction were performed at the cooler synchrotron COSY-Jülich [34] using an internal cluster target [35] in front of a regular C-shaped COSY dipole magnet acting as a magnetic spectrometer. The η^′ mesons were not identified directly but their four-momentum vectors were determined via the missing mass method. The two outgoing protons were registered in a set of two drift chamber stacks followed by a scintillator hodoscope arrangement and a large area scintillator wall placed nine meter downstream. Tracing the proton tracks back through the known three dimensional magnetic field into the target spot results in a definite momentum determination. With the measured time of flight a unique particle identification is possible and therefore the four momentum vector components are given. Details of the experimental apparatus are given elsewhere [36]. Measurements were performed at constant proton beam momenta as well as during a continuous beam momentum increase corresponding to excess energies from Q = − 3 M eV to Q = + 5 M eV . The total cross sections for four different excess energies: Q = 1.5 M eV, 1.7 M eV, 2.9 M eV, and 4.1 M eV were evaluated. Figure 1a compares the experimental yield of the reaction pp −→ ppX measured just below the η^′ production threshold (solid line) to a Monte Carlo (MC) calculation for the two and three pion production (dashed line). The broad structureless shape is well reproduced and thus explains the background. At the present value of the beam momentum up to seven pions could be produced in the pp scattering, however, due to the decreasing cross section with increasing number of pions these reactions do not contribute significantly.

Figure 1b shows the same experimental yield of the pp −→ ppX measurement below the η^′ threshold (solid line) compared to the smoothed representation (dashed line) of these data which is used in the following to determine the reaction yield of the η^′ production above the unavoidable background. In Fig. 1c (similar as in Fig. 1a and Fig. 1b) the kinematical upper missing mass limit for the below threshold measurement is calibrated to the one above threshold. The clear η^′ peak is even more evident when subtracting both reaction yields from each other (above threshold minus below threshold) after normalization to the integrated luminosity, as seen in Fig. 1d. The small seemingly structure at missing mass values below the η^′ mass is not significant from statistical point of view and since it does not reproduce itself for measurements at the other beam momenta. The counting rates have been corrected by extensive MC calculations for the detector acceptance and reconstruction efficiency, where the geometrical detector acceptance drops from 100 % at threshold to 17 % at Q = 4.1 M eV . For the detector acceptance E_{ff} the p-p final state interaction and the Coulomb repulsion were taken into account as outlined in ref. [37].

Simultaneously to the reaction under investigation elastically scattered protons have been recorded on tape and analysed. The differential cross section in the angular range of cos Θ_{CM} = 0.45 to 0.75 was extracted and normalized to the EDDA data [38], in order to determine the luminosity which varied during the running periodes between l = 4 × 10^{29}cm^{−2}s^{−1} and l = 8 × 10^{29}cm^{−2}s^{−1}. Denoting the integrated luminosity by L and the entries in the η^′ peak by N, the energy dependent total cross sections were evaluated according to: σ(Q) = N/(L × E_{ff} (Q)). The absolute beam momentum was calculated from the position of the η^′ peak in the missing mass spectrum. The inaccuracy of the missing mass evaluation originates besides from the beam momentum inaccuracy itself from the uncertainty in the computation of the four-momentum vectors of the registered two protons. That, in turn, can be caused by i) a misalignment of the angles of the drift chambers relative to the chosen coordinate system, ii) an uncertainty in the definition of the interaction point in both vertical and longitudinal directions, and iii) the inaccuracy of the knowledge of the dipole magnetic field. All these possible sources of miscalibration were carefully studied by means of the COSY-11 MC program. It was established [39] that these effects result in an error on the reconstructed missing mass of less than 0.4 MeV corresponding to an uncertainty in the absolute beam momentum of 1.2 MeV/c.

Figure 2 depicts the values of the total cross section. The vertical error bars denote the statistical errors only. The overall systematical error amounts to 15 %, where 10 % comes from the determination of the detection efficiency E_{ff} and 5 % from the luminosity calculation. The horizontal error bars result from the inaccuracy of the absolute beam momentum determination [39].

In Fig. 3 a comparison of the pp → ppπ^0, pp → ppη, and pp → ppη^′ total cross sections is presented. Figure 3a depicts the production cross sections as a function of the respective excess energy, where we observe that the cross section ratio for the π^0/η^′ production scales approximately with the square of the mass ratio (135/958)^2 ≈ 0.02, indicating a similar production process. Here the η production cross section is, however, much larger which can be attributed to a dominant contribution of the S_{11}(1535) resonance. In fact, on this scale the two mesons η and π^0 are produced with rather similar cross sections, whereas the reaction yield for the η^′ is more than one order of magnitude smaller, see also ref. [40].

Representing the total cross sections as a function of the η variable, where the parameter η stands for the maximum center of mass meson momentum normalized to its mass, the pp → ppη^′ reaction yield is similar to the one of the pp → ppπ^0 data in contrast to the much larger η meson production rate, as is shown in Fig. 3b. This again suggests that the production mechanisms for π^0 and η^′ are similar.

The theory of η^′ production is in its formative stage. Whereas in the case of the η meson the production via the S_{11}(1535) resonance is dominant[41, 42] there are no obvious candidates for baryon resonances decaying into η^′(958) and the nucleon, apart from the D_{13}(2080) resonance [30] which, due to its spin s = 3/2, should have only a very suppressed influence on the reaction process at threshold. Therefore, as a first approximation, one can consider the effective Lagrangian approach with direct η^′NN coupling (for a related discussion of photoproduction see ref. [30, 43]). Alongside with i) the pure phase space distribution (dotted line) and ii) the phase space distribution including the pp final state interaction [44] (solid line) (which is known to be important [45, 46], and calculated as outlined in ref [37]), the result of such a model evaluation is shown in Fig. 2 by the dashed line. The disagreement between the energy dependence obtained under these simple assumptions with the experimental data indicates that heavy meson exchange or other mechanisms may contribute significantly to the production of the η^′ meson in the pp → ppη^′ reaction. With the assumption that the production of the η^′ meson is driven by the direct term only and that the production amplitude from the heavy meson exchange has the same sign as the amplitude of the direct term [47] the upper limit for the coupling constant can be estimated. By normalizing the theoretical result to the data point at Q = 4.1 M eV the pseudoscalar coupling constant g_η0_{pp} turns out to be smaller than 2.5, where quark model predictions for the value of g_η0_{pp} range from 1.9 to 7.5 [29, 30, 31].

In short, evidence has been given by the present studies of the pp −→ ppη^′ reaction at threshold that i) there seems to be no indication that an S - wave (N η^′) N^∗ resonance intermediate ”doorway like” state governs the reaction mechanism and that ii) the η^′coupling constant g_η0_{pp} extracted from a simple model analysis seems to be not in contradiction to the range expected by the quark model, barring an accidental cancellation between interferences of the amplitudes for the direct term and the heavy meson exchange.

We appreciate the work provided by the COSY operation team and we thank them for the good cooperation and for delivering the excellent proton beam.

We would like to thank our COSY-11 adviser C. Wilkin for inspiring and helpful discussions. The research project was supported by the BMBF, the Polish Committee for Scientific Research, and the Bilateral Cooperation between Germany and Poland represented by the Internationales Büro DLR for the BMBF. The collaboration partners from both the Westfälische Wilhelms- University of Münster and the Jagellonian University of Cracow appreciate the support provided by the FFE-grant from the Forschungszentrum Jülich.

References

[1] S.L. Glashow, in: Hadrons and their Interactions, Intern. School of Subnuclear Physics, Erice 1967, ed. A. Zichichi (Academic Press, New York,1968) p.83 [2] H. Fritzsch, M. Gell-Mann, H. Leutwyler, Phys. Lett. B 47, 365 (1973) [3] S. Weinberg, Phys. Rev. D 11, 3583 (1975) [4] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976) [5] R. Crewther, Phys. Lett. B 70, 349 (1977) and Riv. Nuovo Cimento 2, No. 8, 63 (1979) E. Witten, Nucl. Phys. B 156, 269 (1979) G. Veneziano, Nucl. Phys. B 159, 213 (1979) and Phys. Lett. B 95, 90 (1980) P.Di Vecchia and G. Veneziano, Nucl. Phys. B 171, 253 (1980) P. Minkowski, Phys. Lett. B 237, 531 (1990) [6] V. Bernard, R.L. Jaffe, and U.G. Meissner, Nucl. Phys. B 308, 753 (1988) [7] E. Klemt et al., Phys. Lett. B 361, 160 (1995)

C. Ritter et al., Phys. Lett. B 380, 431 (1996) [8] G. Kilcup et al., Nucl. Phys. Proc. Suppl. 47, 358 (1996) [9] Y. Kuramashi et al., Phys. Rev. Lett. 72, 3448 (1994) [10] G.R. Kalbfleisch et al., Phys. Rev. Lett. 12, 527 (1964) [11] M. Goldberg et al., Phys. Rev. Lett. 12, 546 (1964) [12] J.L. Rosner, Phys. Rev. D 27, 1101 (1983) [13] F. Lenz, Nucl. Phys. B 279, 119 (1987) [14] B. Diekmann, Phys. Rep. 159, 99 (1988) [15] N.A. Roe et al., Phys. Rev. D 41, 17 (1990) [16] J.F. Donoghue, B.R. Holstein and Y-C.R. Lin, Phys. Rev. Lett. 55, 1766 (1985) [17] P. Ball, J.-M. Frere, and M. Tytgat, Phys. Lett. B 365, 367 (1996) [18] R.M. Baltrusaitis et al., Phys. Rev. D 32, 2883 (1985) [19] J. Jousset et al., Phys. Rev. D 41, 1389 (1990) [20] V.A. Novikov et al., Nucl. Phys. B 165, 55 (1980)

[21] CLEO collaboration, F. Wurthwein, CALT-68-212, hep-ex/976010 [22] A.S. Dighe, M. Gronau, J.L. Rosner, Phys. Lett. B 367, 357 (1996) [23] D. Atwood and A. Soni, Phys. Lett. B 405, 150 (1997) [24] Wei-Shu Hou and B. Tseng, Preprint hep-ph/9705304, hep-ph/9707316 [25] D. Atwood and A. Soni, Preprint hep-ph/9706512 [26] A. Datta, X.-G. He, and S. Pakvasa, Preprint hep-ph/9707259 [27] A. Kagan and A. Petrov, Preprint hep-ph/9707354v2 [28] G. Veneziano, Mod. Phys. Lett. A 4, 1605 (1989)

G. Shore and G. Veneziano, Phys. Lett. B 244, 75 (1990) [29] A.V. Efremov, J. Soffer and N.A. Törnquist, Phys. Rev. Lett. 64, 1495 (1990) [30] J.F. Zhang et al., Phys. Rev. C 52, 1134 (1995) [31] O. Dumbrajs, Nucl. Phys. B 216, 277 (1983) [32] R. Wurzinger et al., Phys. Lett. B 374, 283 (1996)

R. Wurzinger et al., Phys. Rev. C 51, R443 (1995) [33] C. Wilkin, private communication [34] U. Bechstedt at al., Nucl. Instr. and Meth. B 113, 26 (1996)

R. Maier, Nucl. Instr. and Meth. A 390, 1 (1997) [35] H. Dombrowski et al., Nucl. Instr. and Meth. A 386, 228 (1997) [36] S. Brauksiepe et al., Nucl. Instr. and Meth. A 376, 397 (1996) [37] J. Balewski et al.,Phys. Lett. B 388, 859 (1996)

and accepted for publication in Phys. Lett. [38] D. Albers et al., Phys. Rev. Lett. 78, 1652 (1997) [39] P. Moskal, Annual Report 1997 IKP, FZ Jülich [40] Y.Le. Bornec, Nucl. Phys. A 553, 635c (1993) [41] F. Plouin, P. Fleury, and C. Wilkin, Phys. Rev. Lett. 65, 690 (1990) G. Fäldt and C. Wilkin, Nucl. Phys. A 587, 769 (1995) [42] T. Vetter, Diploma Thesis, University of Giessen 1990

[43] M. Benmerrouche and N.C. Mukhopadhyay, Phys. Rev. Lett. 67, 1070 (1991) [44] J. Haidenbauer et al., Phys. Rev. C 45, 2055 (1992) [45] A. Bondar et al., Phys. Lett. B 356, 8 (1995) [46] H. Calen et al., Phys. Lett. B 366, 39 (1996) [47] C. Hanhart et al., Phys. Lett. B 358, 21 (1995) [48] C.J. Horowitz, H.O. Meyer, and D.K. Griegel, Phys. Rev. C 49, 1337 (1994)

Figure 1: Missing mass spectra of the unobserved particle X in the reaction pp −→ ppX: a) data at a beam momentum below threshold (solid line) and

MC calculations for the reactions pp −→ ppπ^+π^− and pp −→ ppπ^+π^−π^0 (dashed line), b) data (solid line), smooth fit function to the data (dashed line), c) data at a beam momentum of 3.221 GeV/c for the η^′ production (solid line), scaled background from b) (dashed line) d) difference between solid and dashed lines of c), the arrow indicates the η^′ mass.

Figure 2: Total cross sections for the pp −→ ppη^′ reaction as a function of the excess energy (bottom horizontal axis) and beam momentum above the threshold at 3.208 MeV/c (upper horizontal axis). The different lines show estimates for cross sections as described in the figure and outlined in the text, where the curves are normalized to the data point at 4.1 MeV.

Figure 3: Total cross sections for the reactions: pp −→ ppπ^0, pp −→ ppη, and pp −→ ppη^′ a) as a function of the excess energy and b) as a function of the maximum meson momentum normalized to the meson mass.