(1)

Threshold K, η, and η^′ mesons production in pp interaction^∗

Paweł Moskal representing the COSY - 11 collaboration

Jagellonian University, Cracow, Poland

(Received July 17, 1998)

The near threshold total cross sections for the pp ! ppη0 and pp !

ppK+_K�_{reactions has been measured at the COSY - 11 facility. Possible}

production mechanisms are discussed. The energy dependence of the total cross section for the both reactions disagrees with predictions based on the phase space volume and the proton-proton final state interaction.

PACS numbers: 14.20.Jn 14.40.Ag 13.75.Cs

1. Introduction

In context of the extensive experimental and theoretical studies of the η and K^+ production [1, 2, 3] it is natural to ask about the production mechanism of their partners in the pseudoscalar meson nonet, namely the mesons η^′ and K^−.

The study of the pp → ppK^+K^− reaction may deliver information not only about the production mechanisms, but also about the structure of the f_0(980) and a_0(980) resonances, which decay into K^+K^− pairs and which are at present intensively investigated [4]. It is discussed whether these resonances are genuine mesons, four quark states qqq̄q̄, exotic hybrids, hadronic K^+K^− molecules, or a mixture of glueball and qq̄ states.

Till now there are no theoretical calculations which would predict the total cross section or other observables for the pp → ppK^+K^− reaction depending on the assumed -above listed- hypotheses. However, there exist predictions for the ππ → KK̄ scattering, based on the Jülich meson exchange model [5], which indicate that the total cross section for this reaction increases by about factor of 20 when including a strong KK̄ interaction into the calculations. If for the pp → ppK^+K^− reaction the calculations will reveal a similar difference then already a measurement of the total cross section could decide whether a produced K^+K^− pair can form a hadronic molecule.

� Talk presented at the International Conference MESON’98

The K^+ possesses antistrangeness and hence its production can be associated with the creation of the hyperon, for example Λ. That is why close to threshold its production in proton-proton collisions should be much more copious with respect to the threshold production of the K^− meson, which requires a simultaneous creation of the K^+. On the other hand measurements of the heavy-ion collisions performed at GSI [6] revealed that the yield of K^− and K^+ mesons at the corresponding center-of-mass excess energies are similar. This observation suggests that medium effects can act differently on the K^+ and K^− production in the nuclear matter [7]. However, any conclusion will not be possible without the knowledge of the cross sections for the elementary production of K^+ and K^− near their respective thresholds in the pp → pΛK^+ and pp → ppK^+K^− reactions.

Both these reactions are studied at the COSY-11 facility. The results for the pp → pΛK^+ reaction can be found in the contribution of K. Kilian to this conference and in references [1]. Some results on the pp → ppK^+K^− will be presented in the last section, which is preceded by the discussion of the production mechanisms of the η^′ meson in proton-proton collisions.

According to the SU(3)-flavour classification η and η^′ mesons are mixtures of the SU(3)-singlet state η_1 =^{1√}_3 (uū+dd̄+ss̄) and eighth component of the SU(3)-octet state η_8 =^{1√}_6 (uū + dd̄ − 2ss̄). The mixing angle implies univocally the strange and nonstrange quark contents of the η and η^′ mesons. Specifically, the up to date mixing angle averaged over all present experimental results (Θ = −15.5^o) yields: η = cosΘ · η_8 − sinΘ · η_1 = 0.77 · 1 √ 2 (uū + dd̄) − 0.63 · ss̄,

η^′ = sinΘ · η_8 + cosΘ · η_1 = 0.63 · 1 √ 2 (uū + dd̄) + 0.77 · ss̄. (1)

The similar amount of strange and nonstrange quarkonium in both η and η^′ mesons suggests that the masses of these particles should be similar. In reality, however, the η^′ is almost two times heavier than the η meson indicating that the structure of η and/or η^′ is more complicated than concluded from the mixture of the SU(3)-flavour states.

There exist many theoretical models, mainly connected with the proposal of G.’t Hooft [8] based on the “U(1) anomaly”, trying to explain the large η^′ meson mass. For example, one considers the two-gluon annihilation process gg ←→ qq̄ as a contribution to the SU(3)-flavour singlet state [9, 26]. Because of the small pseudoscalar mixing angle such an additional gluoninduced interaction should mainly affect the properties of the η^′ which is predominantly built out of the SU(3)-flavour singlet state. In order to reproduce the observed η^′ mass, a gluonium component ranging between 29% and 53% is required [10].

Since the η^′ meson can couple directly to gluons one plausible production mechanism of this meson in the proton-proton interaction, suggested by N. Nikolaev, can be a fusion of gluons emitted from the two colliding protons, which is complementary to meson exchange current and would probe the gluonic content of the η^′ meson [11].

2. Possible mechanisms of the pp → ppη^′ reaction

Similarly as pions [12], the η^′ meson can be produced via mechanisms depicted in Figures 1a-d. Since the η^′ is much heavier than the π^0 meson and its production requires much larger four momentum transfer, it is expected that the creation through the heavy meson exchange, as illustrated in Figure 1c, will be even more significant than in the π^0 case.

Fig. 1. Feynman diagrams for the pp ! ppη0 reaction near threshold: (a) direct term, (b) “rescattering” term, (c) production through the heavy-meson exchange, (d) excitation of an intermediate resonance.

The resonant production, via the excitation of an S − wave resonance, can contribute already at the reaction threshold. However, in contrary to the η meson case, none such resonance is known, which may decay into an S-wave η^′N system^1. Therefore one does not expect that the production via the excitation of the baryonic resonance will be appreciable. The only resonance which could be considerd here is the D_{13}(2080) [13]^2. However, due to its spin^3_2 , its contribution should be suppressed in the close to threshold pp → ppη^′ reaction. At present we can not observe an appreciable influence of a probable N^∗ resonance on the total cross section energy dependence, because the range of the covered excess energy is smaller than ∼ 8.5 MeV (see Figure 3) which is to be compared with a typical resonance width of

1 In the relativized quark model approach one predicts many nonstrange baryon resonances which should decay into η0 [14]. For instance, S11(2030), D13(2055), D13(2080), S11(2090) or D13(2095).

2 The study of the γp ! η0p reaction revealed the existence of the D13(2080) resonance [13, 27], which can decay into η0 and proton.

about 100 MeV . However, the absolute values for the total cross section should differ significantly, depending whether the production is resonant or not. Unfortunately, till now, there exist no quantitative predictions of the production cross section for the pp → ppη^′ reaction. At present, even the contribution to the total cross section from the direct production process, shown in Figure 1a, can not be established because of the large uncertainty of the coupling constant for the ppη^′ vertex.

Additionally to the mechanisms which govern the π^0 or η production, in case of the η^′ meson two other processes, shown in Figure 2 are proposed [11, 15, 16]. According to Figure 2a the η^′ meson would be emitted by a virtual ω, ρ, or σ meson, which couples strongly to the η^′. The strong coupling is manifested by the decay of the η^′ into ργ or ωγ. The emission showed in diagram 2a may be understood as an inverse process to the η^′ decay. For instance, the ωωη^′ vertex is determined by the η^′ → ωω^∗ → ωγ decay^3, whereas the σηη^′ corresponds to the η^′ → ππη decay, with σ describing the two pions.

Fig. 2. Diagrams for the pp ! ppη0 reaction near threshold: (a) emission from the virtual particle, (b) production via a fusion of gluons.

Since the η^′ meson is essentially built out of the SU(3)-flavour singlet state η_1, which can couple to the purely gluonic states [25], it can also be produced in the fusion of gluons emitted from the exchanged quarks of the colliding protons, as shown in Figure 2b [11]. An evaluation of the contribution of this production mechanism to the total cross section would enable the insight into a probable gluonic contents of the η^′ meson. Unfortunately, at present there are no theoretical calculations concerning this mechanism. There are some plans to evaluate the meson-exchange mechanisms based on the measurements of the γp → pη^′ reaction, where a gluon fusion is not expected. Next, having the parameters for the meson-exchange graphs fixed one could calculate the cross section for the pp → ppη^′ reaction. The probable discrepancy between the prediction based on the meson-exchange currents and the experimental data would reveal information about the gluons fusion mechanism [15].

3 ω� denotes the virtual ω

3. Proton-proton final state interaction

In analogy with the Watson-Migdal approximation [17] for two body processes, it can be assumed that the complete transition amplitude of a production process M_{pp→ppη}0 factorizes approximately as [2]: M_{pp→pp} ≈ M_0 · M_{F SI} (2) where, M_0 accounts for all possible production processes, and M_{F SI} describes the elastic interaction of the protons and the η^′ meson in the exit channel.

An exact evaluation of the production amplitude M_0 would require the knowledge of all appropriate coupling constants and the form factors needed for the calculations of the production amplitudes illustrated by the diagrams in Figures 1 and 2. On the other hand, the exact calculation of the M_{F SI} amplitude, would require the usage of the Faddeev formalism and the knowledge of the proton-proton and proton-η^′ forces.

Thus, in a first approximation it is assumed that the production amplitude M_0 is constant over the entire phase space near threshold, and that only proton-proton elastic scattering takes place in the exit channel.

Fig. 3. Energy dependence of the total cross section as given by the phase space factors and the proton-proton final state interaction (solid line). The experimental values of the total cross section for the pp ! ppη0 reaction are indicated by filled squares (COSY-11 [18]) and by open triangles (SPES3 [19]). The shown errors take account of both, statistical and systematical uncertainties.

Sufficiently close to threshold, the amplitude corresponding to the^3P_0 → 1S_0 transition in the proton-proton system has a dominant contribution to the pp → ppη^′ reaction. Therefore, it is enough to consider the^1S_0 - wave scattering of the outgoing protons.

The solid line in Figure 3 shows the anticipation of these assumptions with a value of M_0 adjusted to the experimental points at excess energies lower than 2 MeV .

In case of the pp → ppη reaction, a similar deviation of the energy dependence for the total cross section from the predictions based on the phase space and the proton-proton final state interaction was taken as an evidence for the η-proton interaction [2, 20]. Albeit η-proton interaction is much weaker than the proton-proton one (compare a_{pη} = (0.5 + i0.3) fm [2, 21] with a_{pp} = −7.82 fm), it becomes important through the interference terms, since the M_{F SI} amplitude is coherent in terms involving the various final pair interactions [2].

Thus, we may speculate that at very low energies the proton-η^′ interaction is repulsive, and hence caused the suppression of the total cross section very close to threshold. On the other hand, the observed deviation of the experimental points from the solid line may be attributed to the increase of the primary production amplitude with the increasing excess energy. At present, however, we can not prove any of these hypotheses. 4. pp → ppK^+K^− The pp → ppK^+K^− reaction is studied by means of the COSY-11 detection system [22] by measuring momentum and velocity of both protons and K^+ meson, whereas the K^− is identified via the missing mass method [23]. Additionally, the signals from the K^− mesons are registered by the position sensitive silicon pad detector at the inner region of the dipole magnet [24].

Figure 4a shows the invariant mass of the measured K^+ meson versus the missing mass of the identified ppK^+ subsystem, obtained at the excess energy Q = 9.8 MeV . Events corresponding to the pp → ppK^+K^− reaction are expected at the crossing point of the lines shown in the figure, which indicate the mass of the K mesons.

Fig. 4. Invariant mass of the third particle versus the missing mass in the ppK+ system. (a) Experiment at Q = 9.8 MeV , (b) Monte Carlo simulations at Q = 9.8 MeV .

The resolution of the mass measurement of the COSY - 11 detection system is proved to be about 1 MeV [18, 1], which implies that expected spread of the K^− mass should be of this order of magnitude. We observe, however, that it is by about a factor of 50 larger!

One of the possible explanations is that one of the measured protons originates from the decay of the Λ(1405) or an other resonance, see Figure 4b. This would imply that most of the observed events do not correspond to the direct K^+K^− production but rather to the pp → pK^+Λ(1405) → pK^+pππγ reaction. At present, this and other possibilities are intensively studied using the additional information of the position of the negatively charged particles registered by the array of silicon pad detectors.

Fig. 5. Upper limit of the cross section for the pp ! ppK+K� reaction at different excess energies in the threshold region.

Being aware of this still not solved problems we only can estimate the total cross section for the measured pp → ppK^+X reaction. The preliminary result is depicted in Figure 5. The shown values of the cross section can be treated as upper limits for the pp → ppK^+K^− reaction.

It is worth noting, that similarly as in the pp → ppη and pp → ppη^′ reactions the energy dependence of the total cross section disagrees with the predictions based on the phase space and the proton-proton final state interaction, suggesting a significant influence of the K^+K^− interaction.

REFERENCES

[1] J.T. Balewski et al., Phys. Lett. B 420 (1998), 211,

Phys. Lett. B 388 (1996), 859, Eur. Phys. J. A 2 (1998), 99-104, Acta Phys. Pol. B 27 (1996), 2911, G. Schepers, PhD thesis, University Münster, 1998 [2] A. Moalem et al., Nucl. Phys. A589 (1995), 649

[3] G.Q. Li, C.M. Ko, W.S. Chung, Phys. Rev. C 57 (1998), 434 H. Calèn et al., Phys. Rev. Lett. 79 (1997), 2642 G. Fäldt, C. Wilkin, Z. Phys. A 357 (1997), 241 A. Sibirtsev, W. Cassing, preprint UGI-98-7, nucl-th/9802025 [4] F.E. Close, Rep. Prog. Phys. 51 (1988), 833

J. Weinstein, N. Isgur, Phys. Rev. D 41 (1990), 2236 R.L. Jaffe, Phys. Rev. D 15 (1977), 267 D. Lohse et al., Nucl. Phys. A 516 (1990), 513 see also HADRON’97, BNL, August 25-30 1997, Conference Proceedings [5] 0. Krehl et al., Phys. Lett. B 390 (1997), 23

G. Janssen et al., Phys. Rev. C 52 (1995), 2690 [6] P. Senger et al., Acta Phys. Pol. B 27 (1996), 2993 [7] G.Q. Li, C.-H. Lee, G.E. Brown, Nucl. Phys. A 625 (1997), 372 [8] G. ’t Hooft, Phys. Rev. Lett. 37 (1976), 8 [9] B. Diekmann, Phys. Rep. 159 (1988), 99

J.F. Donoghue, H. Gomm, Phys. Lett. 121B (1983), 49 [10] F. Lenz, Nucl. Phys. B 279 (1987), 119 [11] N. Nikolaev, CosyNews No. 3 May 1998, Published by the Forschungszentrum Jülich in Cooperation with CANU, and private communication [12] J. Haidenbauer, Ch. Hanhart, J. Speth, Acta Phys. Pol. B 27 (1996), 2893 [13] J.-F. Zhang et al., Phys. Rev. C 52 (1995), 1134 [14] S. Capstick, W. Roberts, Phys. Rev. D 49 (1994), 4570

S. Capstick, N. Isgur, Phys. Rev. D 34 (1986), 2809 [15] C. Hanhart, IKP, FZ Jülich, Germany, private communication [16] J. Haidenbauer, IKP, FZ Jülich, Germany, private communication [17] K.M. Watson, Phys. Rev. 88 (1952), 1163 [18] P. Moskal et al., Phys. Rev. Lett. 80 (1998), 3202 [19] F. Hibou et al., preprint nucl-ex/9802002, accepted by Phys. Rev. [20] H. Calèn et al., Phys. Lett. B 366 (1996), 39 [21] C. Wilkin, Phys. Rev. C 47 (1993), R938 [22] S. Brauksiepe et al., Nucl. Instr. and Meth. in Phys. Res. A 376 (1996), 397 [23] M. Wolke, PhD thesis, University Bonn, 1997; IKP-FZ-Jülich, Jül-3532, 1998 T. Lister, PhD thesis, in preparation, University Münster, 1998 [24] M. Köhler et al., Berichte des FZ Jülich; Jül-3071, 1995 [25] M. Burkardt, J. Goity, Talk given at the Workshop on the Structure of the η0 Meson. New Mexico State University and CEBAF, Las Cruces, New Mexico, March 8, 1996, World Scientific, 1996, ISBN 981-02-3159-8, page 1 [26] R.M. Davidson, see Ref [25], page 79 [27] N.C. Mukhopadhyay, J.-F. Zhang, M. Benmerrouchei, see Ref [25], page 111