arXiv:hep-ph/0301126 v1 17 Jan 2003

Vol. 1 (2003) COSY SUMMER SCHOOL 2002 No 1

Investigation of light scalar resonances at COSY

M.Büscher, F.P.Sassen

Institut für Kernphysik, Forschungszentrum Jülich, 52425 Jülich, Germany and N.N.Achasov,

Laboratory of Theoretical Physics, Sobolev Institute for Mathematics, 630090 Novosibirsk, Russia and L.Kondratyuk

Institute of Theoretical and Experimental physics, B. Cheremushkinskaya 25, 117259 Moscow, Russia

The a_0(980) and f_0(980) resonances are two well established states in the excited meson spectrum. We review the most prominent theoretical models which try to explain the structure of these states. It is discussed whether data from COSY on a_0 and f_0 production in pp, pn, pd and dd collisions allow to distinguish between the different approaches. Very promising in this respect seems to be the measurement of the reaction dd → (^4He a^0 →)^4He π^0η which violates isospin conservation and can be related to a_0-f_0 mixing.

1. Overview of theoretical models

So far a final consensus on the nature of the light scalar mesons has not been reached. In contrast to the case of the σ where new data on the in-medium modifications [1] support the picture of two correlated pions the subject remains quite open concerning the nature of the a_0 and f_0. In the following a short list of some interpretations given.

qq̄-state: Despite the very successful mass predictions, e.g. for vector mesons, coming from relativistic constituent quark models, mass predictions in the scalar sector still vary considerably. The predictions depend (1) strongly on the choice for the Dirac structure of the confining potential and the models cannot explain the reason for the a_0/f_0-mass degeneracy. In Ref. [2] either the mass of the a_0 or the f_0 is reproduced depending on the spin parametrisation of confinement. Other authors [3] deduce from their relativistic quark model the need for a glueball mixing with the calculated states to reproduce experimental data. Within those mixing schemes interpretations vary from minimal gluonic admixture to the qq̄-states f_0 and a_0 [4] up to large gluonic components [5]. Thus the answers coming from qq̄-models are not conclusive yet.

(qq)(q̄q̄)-states: This structure allows for two configurations in colour space: {¯33} and {6¯6}. Of course those two configurations may mix/ rearrange to form a state like (qq̄)(qq̄) with colour configuration {11}. Therefore, the number of expected tetraquark states and their interpretation vary for different calculations and it is difficult to distinguish a mesonic molecule from a tetraquark state. In Ref. [6] for example 5 tetraquarks are found. From those two are nearly mass degenerate and obtain the mass of the a_0 and f_0 when a fudge factor is used to account for neglected three and four body forces. This opposes the complete tetraquark nonet expected in Ref. [7], which might result from the authors considering pure (qq)¯_3(q̄q̄)_3 and only allowing (qq̄)_1(qq̄)_1 admixture for large distances, whereas this component might occur at small distances by mixing of {¯33}, {6¯6} configurations, resulting in a less attractive interaction. This was for example pointed out in Ref. [8]. In the latter paper it was observed, that the four quarks in the confining potential are mainly arranged as two colour singlets at large (1.5 fm) distance and the notion of a mesonic molecule was introduced.

Mesonic molecules: Inspired by the original mesonic molecule in Ref. [8] (see the (qq)(q̄q̄) case) a second molecule picture [9] was developed in which only mesonic degrees of freedom (i.e. colour singlets) were considered. Since ρ-exchange between the KK̄-pair sets the scale for the bound state identified as f_0, it might be even more compact than the molecule of Ref. [8]. This is why radiative ϕ decays exclude the extended molecule of Ref. [8] while still giving strong evidence in favour of a compact KK̄-state or, as it is phrased in Ref. [10], a compact four-quark state. Furthermore the chiral unitary approach, which in its structure is very close to the mesonic model, has no problems to describe radiative ϕ-decays [11], which is a hint that the discussed KK̄ state really is compact.

Chiral unitary approach: Inspired by chiral perturbation theory, schemes have been developed to deal with unitarity. As above those methods generate bound states from two mesons [12]. These states differ from mesonic molecules only by the theoretical framework used to calculate them and not by physical content.

Semi-bound states: In some models the attraction for the mesonic sector is not sufficient to generate bound states. One example for this is the cusp-effect in Ref. [9] which is identified with a a_0 signal. Another example would be the model of Ref. [13]. Here the light scalar mesons do not stem from the confining potential but they have their origin in the^3P_0-barrier, which is just too low to generate bound meson-meson states.

Mixing-schemes: A different approach to explain the abundance of observed scalar states is to introduce a scalar glueball around 1.4–1.8 GeV as predicted by lattice calculations. This glueball then mixes with the other scalar states to form the observed resonances. Depending on the predicted masses of the glueball and the bare states different mixings are obtained, e.g. [14].

Vacuum scalars: This idea of identifying f_0 and a_0 as systems formed of negative kinetic energy u and d flavours [15] seems to be ruled out by experiment even though the predictive power of this model was plagued by the complexity of the calculations. The predicted compact size of the object contrasts too much with the decay constant ratio of a_0 and K^∗_0 as shown in [16].

During the discussion in the workshop, tetraquark models were favoured whereas no conclusion was drawn on the characteristic of the different four-quark states. No key observables have been identified to discriminate mesonic molecules, chiral unitarity effects and (qq)(q̄q̄)-states. It was pointed out that the available data set on the production of the light scalars in hadronic interactions needs to be extended. Measurements of as many observables as possible with different beam(p, ⃗p, d)-target(p, n, d) combinations and tests of isospin ratios should be performed. In particular, the observation of the process dd →^4Heπ^0η which is forbidden by isospin conservation might yield information about the strength of the a^0-f_0 mixing.

2. Available data from COSY

Data about the production and decay of the light scalar resonances from COSY are rather scarce yet. Some information about the a^0/f_0-production cross sections in pp and pd reactions can be deduced model dependently [17] from data on K^+K^− production. Such measurements have been performed at the COSY-11 and MOMO facilities at beam energies close to the K^+K^−- production threshold, see Table 1.

Experiment Reaction Q σ_{tot} contribution (MeV) (nb) via a^0/f_0

COSY-11 [18] pp → pp K^+K^− 17 1.8 ± 0.27^{+0.26}_{−0.35} small [17]

MOMO [19] pd →^3He K^+K^− 40 9.6 ± 1.0 ? 56 17.5 ± 1.8 ?

ANKE pp → d K^+K̄^0 44 45 ± 6 ± 16 ∼ 70% [20] (preliminary)

Table 1. Overview over the available data from COSY

According to the model calculations outlined in Ref. [17], the fraction of resonantly produced KK̄ pairs (via the a^0/f_0) in pp → pn K^+K̄^0 reactions is significantly larger than for the pp → pp K^+K^− case. Following this idea, two measurements of the reactions pp → d K^+K̄^0/π^+η have been performed at the ANKE spectrometer for Q = 44 and 104 MeV. The total pp → d K^+K̄^0 cross section at Q=44 MeV is about ∼45 nb [21], in excelent agreement with the model predictions (∼40 nb). The same model predicts a resonant contribution of ∼70% for this Q value [20]. This interpretation is in line with a preliminary analysis of the π^+η decay channel where a resonant structure around 980 MeV/c^2 is seen in the invariant π^+η-mass distribution with a width of Γ ∼ 40 MeV/c^2 [21]. From these data it can be concluded that systematic studies of the light scalar mesons are possible with ANKE.

3. Planned measurements

It was suggested long ago that the coupling of the a_0(980)- and f_0(980)- resonances to the KK̄ continuum should give rise to a significant a^0-f_0 mixing in the vicinity of the KK̄ threshold [22]. Different aspects of this mixing, the underlying dynamics, and the possibilities to measure this effect have been discussed in Refs. [23, 24, 25, 26, 27]. It has been suggested by Close and Kirk [28] that new data from the WA102 collaboration at CERN [29] on the central production of a_0 and f_0 in the reaction pp → p_sXp_f provide evidence for a significant a_0-f_0-mixing intensity |ξ|^2 = 8 ± 3%.

Possible experimental tests of isospin violation due to a_0-f_0 mixing based on a combined analysis of the reactions

pp → d a^+_0 and pn → d a^0 (1) pd →^3H a^+_0 and pd →^3He a^0 (2)

are discussed in Ref. [25]. A corresponding proposal for measurements at ANKE [30] has already been approved by the COSY-PAC and the measurements are planned for winter 2003/04.

Direct production of the a_0 resonance in the reaction dd →^4He a^0 is forbidden if isospin is conserved. It can, for example, be observed due to a_0-f_0 mixing σ(dd →^4He a^0) = |ξ|^2 · σ(dd →^4He f_0). (3)

Therefore it is very interesting to study the reaction

dd →^4He (π^0 η) (4)

at m^2_{πη} ∼ (980 MeV)^2. Any signal of reaction (4) will be related to isospin breaking, which is expected to be more pronounced near the f_0 threshold as compared to the region below (or above).

An important point for the feasibility of such measurements is the magnitude of the cross sections σ(dd →^4He a^0) and σ(dd →^4He f_0). Experimental data are not available yet and we try to give a qualitative estimate of these cross sections: According to Refs. [31, 32, 33], the cross-section ratio σ(dd →^4He η)/σ(dd →^3He η) is about 0.04 at Q ≃ 10 MeV. We assume an approximately equal ratio for the case of K^+K^− production near the threshold:

σ(dd →^4He K^+K^−) = 0.04 · σ(pd →^3He K^+K^−) . (5)

Using the MOMO data [19] on the reaction pd →^3He K^+K^− (see Table 1) we find:

σ(dd →^4He K^+K^−) ≃ 0.4 nb (6)

at Q=40 MeV. The MOMO collaboration notes that their invariant K^+K^−- mass distributions follow phase space. However, as it was shown for the case of the a_0 resonance in Ref. [17], the shape of the invariant mass spectrum following phase space cannot be distinguished from resonance production at Q ≤ Γ ≤ 70 MeV.

Therefore, the broad mass distribution of the MOMO data may also be related to the f_0 (or a_0 ). This statement is supported by a two-step model where the amplitude of the reaction pd →^3He f_0 can be constructed from the subprocesses pp → dπ^+ and π^+n → p f_0 (cf. Refs. [34, 35]). As it is known from the available experimental data [36] the cross section of the reaction πN → NKK̄ near threshold has an essential contribution from the f_0 resonance in the case of isoscalar KK̄ production. Thus the cross section of the reaction pd →^3He f_0 →^3He K^+K^− near threshold is expected to be not significantly smaller than the upper limit from MOMO of about 10 ÷ 20 nb at Q = 40 ÷ 60 MeV.

For an estimate of σ(dd →^4He π^+π^−) at m_{ππ} ∼ m_{fo} we assume that the cross section σ(dd →^4He K^+K^−) is also dominated by resonant f_0 production at m_K¯_K ∼ m_{fo} , and that Γ_{f0→K}¯_K = (0.1 ÷ 0.4) · Γ_{f0→ππ} [37]. This yields σ(dd →^4He f_0 →^4He π^+π^−) = 1 ÷ 4 nb . (7)

Finally, using Eq.(3), we get for |ξ|^2 ≃ 0.05:

σ(dd →^4He a^0) ≃ 0.05 ÷ 0.2 nb. (8)

The measurement of reactions (6) and (7) with cross sections in the subnb range are possible at the ANKE spectrometer. Using a cluster-jet target with Hydrogen as target material luminosities of ∼ 2.7 · 10^{31} cm^{−2}cm^{−1} have been achieved [21]. Assuming that comparable luminosities can be reached with Deuterium, about 10–40 (^4He K^+K^−) events can be detected within one week of beam time (based on the experience of the previous a^+_0 beam times). The pions from reaction (7) have broader angular distributions and, thus, the acceptance of ANKE is about one order of magnitude smaller which is partially compensated by the larger cross section.

It is planned that within a few years ANKE will be equipped with a frozen-pellet target [38] and a large-acceptance photon detector [39]. Since the achievable luminostities then will be roughly one order of magnitude higher, the isospin-violating process (4) can be investigated by detecting the decay photons π^0 → 2γ and η → 2γ in coincidence with the^4He. The latter will be again identified and momentum reconstructed with ANKE. Based on our cross section estimate (8) we conclude that a few weeks of beam time will be sufficient to collect several 100 events.

Acknowledgment The authors are grateful for stimulating discussions with V. Grishina, C. Hanhart, J. Speth and all other participants of the working group during the workshop.

REFERENCES

[1] J. G. Messchendorp et al., arXiv:nucl-ex/0205009. [2] R. Ricken et al., Eur. Phys. J. A 9, 221 (2000). [3] L.S. Celenza et al., Phys. Rev. C 61, 035201 (2000).

[4] V.V. Anisovich et al., Phys. Lett. B 480, 19 (2000). [5] S. Narison, Nucl. Phys. Proc. Suppl. 96, 244 (2001). [6] J. Vijande et al., arXiv:hep-ph/0206263. [7] F.E. Close and N.A. Tornqvist, arXiv:hep-ph/0204205. [8] J.D. Weinstein and N. Isgur, Phys. Rev. D 27, 588 (1983). [9] D. Lohse et al., Nucl. Phys. A 516, 513 (1990). [10] N.N. Achasov, arXiv:hep-ph/0201299. [11] J.A. Oller, arXiv:hep-ph/0205121.

[12] J.A. Oller et al., Prog. Part. Nucl. Phys. 45, 157 (2000). [13] E. van Beveren and G. Rupp, arXiv:hep-ph/0201006. [14] F.E. Close and A. Kirk, Phys. Lett. B 483, 345 (2000). [15] F.E. Close et al., Phys. Lett. B 319, 291 (1993). [16] K. Maltman, Nucl. Phys. A 680, 171 (2000). [17] E.L. Bratkovskaya et al., J. Phys. G 28, 2423 (2002). [18] C. Quentmeier et al., Phys. Lett. B 515, 276 (2001).

[19] F. Belleman et al., in: “IKP Annual Report 2000”, Berichte des Forschungszentrums Jülich, Jül-3852, ISSN 0944-2952, p.62.

[20] V.Yu. Grishina et al., Proc. Int. Workshop MESON 2002, May 24–28, 2002, Cracow, Poland; World Scientific Publishing (in print).

[21] P. Fedorets and V. Kleber, Proc. Int. Conf. on Quarks and Nuclear Physics 2002 (QNP2002), Jülich, Germany, June 9–14, 2002 (in print).

[22] N.N. Achasov et al., Phys. Lett. B 88, 367 (1979); Yad. Fiz. 33, 1337 (1981), Sov. J. Nucl. Phys. 33, 715 (1981).

[23] O. Krehl, R. Rapp, J. Speth, Phys. Lett. B 390 23 (1997). [24] N.N. Achasov and G.N. Shestakov, Phys. Rev. D 56, 212 (1997). [25] V.Yu. Grishina et al., Phys. Lett. B 521, 217 (2001). [26] A.E. Kudryavtsev and V.E. Tarasov, JETP Lett. 72, 410 (2000). [27] A.E. Kudryavtsev et al., Phys. Rev. C 66 015207 (2002). [28] F.E. Close and A. Kirk, Phys. Lett. B 489, 24 (2000). [29] D. Barberis et al. (WA102 Collaboration), Phys. Lett. B 440, 225 (1998). [30] M. Büscher (spokesperson) et al., COSY proposal #97 “Investigation of neutral scalar mesons with ANKE”, (2001).

[31] R. Frascaria et al., Phys. Rev. C 50, R537 (1994). [32] N. Willis et al., Phys. Lett. B406, 14 (1997). [33] J. Zlomanchuk et al., Acta Physica Polonica 33, 883 (2002). [34] G. Fäldt and C. Wilkin, Phys. Lett. B 354, 20 (1995). [35] L.A. Kondratyuk and Yu.N. Uzikov, JETP Lett. 63, 1 (1996). [36] Landolt-Börnstein 1988 New Series Ed. H. Schopper (Berlin, Springer) I/12. [37] C. Caso et al., Eur. Phys. J. C 15, 1 (2000).

[38] V. Balanutsa et al., “Hydrogen droplet production with the ANKE pellet target”, Annual Report 2001 of the IKP, http://www.fz-juelich.de/ikp/ publications/AR2001/CHAP1-e.html [39] V. Hejny (spokesperson) et al., COSY proposal #83.2 “A Photon Detector for COSY”, (2000).