arXiv:0906.3950v2 [hep-ph] 10 Jul 2009

Evidence for a new Σ^∗ resonance with J^P = 1/2^− in the old data of K^−p → Λπ^+π^− reaction

Jia-Jun Wu^1, S. Dulat^{2,3} and B. S. Zou^{1,3} 1 Institute of High Energy Physics, CAS, P.O.Box 918(4), Beijing 100049, China 2 School of Physics Science and Technology, Xinjiang University, Urumqi, 830046, China 3 Theoretical Physics Center for Science Facilities, CAS, Beijing 100049, China (Dated: July 4, 2009)

Abstract

Distinctive patterns are predicted by quenched quark models and unquenched quark models for the lowest SU(3) baryon nonet with spin parity J^P = 1/2^−. While the quenched quark models predict the lowest 1/2^− Σ^∗ resonance to be above 1600 MeV, the unquenched quark models predict it to be around Σ^∗(1385) energy. Here we re-examine some old data of the K^−p → Λπ^+π^− reaction and find that besides the well established Σ^∗(1385) with J^P = 3/2^+, there is indeed some evidence for the possible existence of a new Σ^∗ resonance with J^P = 1/2^− around the same mass but with broader decay width. Higher statistic data on relevant reactions are needed to clarify the situation.

In the classical constituent quark models, the effective degrees of freedom for a baryon are limited to three constituent quarks. In these quenched quark models with a central monotonic confining interaction, the lowest excitation of baryons is the orbital angular momentum L = 1 excitation of a quark, resulting to spin-parity 1/2^−. Its typical excitation energy is about 450 MeV [1]. However, the experimental observed lowest 1/2^− baryons are N^∗(1535), Λ^∗(1405) and Σ^∗(1620) [2] with excitation energies of 596 MeV, 290 MeV and 431 MeV, respectively. In these quenched quark models, it is very difficult to understand why the Λ^∗(1405) with (uds)-quarks is lighter than the N^∗(1535) with (uud)-quarks. To solve the mass order reverse problem, it seems necessary to go beyond the simple quenched quark models. In fact the spatial excitation energy of a quark in a baryon is already comparable to pull a qq̄ pair from the gluon field. Even for the proton, the well established d̄/ū asymmetry with the number of d̄ more than ū by an amount d̄ − ū ≈ 0.12 [3] demands its 5-quark components to be at least 12%. The 5-quark components can be either in the form of meson cloud, such as n(udd)π^+(ud̄), or in other forms of quark correlation, such as penta-quark configuration [ud][ud]d̄ with [ud]-diquark correlation. In either meson cloud model or penta-quark model, the mass order reverse problem of N^∗(1535) and Λ^∗(1405) can be easily explained. In the meson cloud models [4, 5], the N^∗(1535) is explained as a KΛ- KΣ quasi-bound state while Λ^∗(1405) is a dynamically generated state of coupled KN-Σπ channels. In the penta-quark models [6, 7, 8], the N^∗(1535) is mainly a [ud][us]s̄ state while Λ^∗(1405) is mainly a [ud][sq]q̄ state with qq̄ = (uū + dd̄)/ √ 2. These unquenched models give interesting predictions for the isovector partner of the Λ^∗(1405) and N^∗(1535). While the penta-quark models [6, 7] predict a Σ^∗(1/2^−) resonance with a mass around or less than its corresponding Λ^∗ partner, the meson cloud model [5] predict it to be non-resonant broad structure. The predictions of these unquenched models and the classical quenched quark models are distinctive and need to be checked by experiments.

Possible existence of such new Σ^∗(1/2^−) structure in J/ψ decays was pointed out earlier [9] and is going to be investigated by forthcoming BES3 experiment [10], here we re-examine the old data of K^−p → Λπ^+π^− reaction to see whether there is evidence for its existence or not.

The K^−p → Λπ^+π^− reaction was studied extensively around 30 years ago for extracting properties of the Σ^∗(1385) resonance, with K^− beam momentum ranging from 0.95 GeV to 8.25 GeV [11, 12, 13, 14, 15, 16, 17]. In the invariant mass spectrum of Λπ of this reaction there is a strong peak with mass around 1385 MeV and width around 40 MeV. The mass fits in the pattern of SU(3) baryon decuplet of J^P = 3/2^+ predicted by the classical quark model perfectly. The angular distribution analyses also conclude that the spin of this resonance is 3/2 [13, 14, 18]. However we found that all these analyses are in fact assuming that there is only one resonance under the peak. Nobody has considered that there are probably two resonances there. This may be because there are no other predicted Σ^∗ resonances around this mass region in the classical quark models. Since now a new Σ^∗ with the J^P = 1/2^− around this mass region is predicted by various unquenched models, the old K^−p → Λπ^+π^− reaction should be re-scrutinized carefully.

We examined previous experimental analyses [11, 12, 13, 14, 15, 16, 17] on the K^−p → Λπ^+π^− reaction. Among them, we find that the invariant mass spectra of Λπ^− with beam momentum P_K− = 1.0 ∼ 1.8GeV [14, 15, 16, 17] are different from others. The peak around Σ^∗(1385) in these mass spectra cannot be fit as perfect as other sets of data with a single Breit-Wigner resonance. Since Ref.[14] presents the largest data sample and the most transparent angular distribution analysis of this reaction, we re-fit the Λπ^− mass spectrum and angular distribution of Ref.[14] by taking into account the possibility of two Σ^∗ resonances in this mass region.

The data in Ref.[14] for the K^−p → Λπ^+π^− reaction were taken for beam momentum ranging from 1 ∼ 1.75 GeV. To re-fit the invariant mass spectrum of Λπ^−, we assume the following formula: dN dm_{Λπ}− ∝ p_1 × p_2 × 3∑ i=1 |a_i| (m^2_{Λπ}− − m^2_i )^2 + m^2_i × Γ^2_i (1) where two relative momenta p_1 and p_2 come from the phase space factor with

p_1 = √ (s − (m_{Λπ}− − m_π+ )^2) × (s − (m_{Λπ}− + m_π+ )^2) 4s , (2)

p_2 =

(m^2_{Λπ}− − (m_Λ − m_π− )^2) × (m^2_{Λπ}− − (m_Λ + m_π− )^2) 4m^2_{Λπ}−

. (3)

Here we use one Breit-Wigner function describing the reflection background from Σ^{∗+} band in the Λπ^+π^− Dalitz plot. And m_{Λπ}− represents the invariant mass of Λπ^−. The masses for pions and Λ are taken from PDG [2] as m_π+ = m_π− = 0.139570 GeV and m_Λ = 1.115683 GeV. s is the invariant mass squared of K^−p. Here we take the central value s = 4.0 GeV^2 of the experiment [14].

FIG. 1: Fits to the Λπ^− mass spectrum with a single Σ^∗ (left) and two Σ^∗ resonances (right) around 1385 MeV with fitting parameters listed in Table 1. The experiment data are from Ref.[14].

M_Σ∗_{(3/2)} Γ_Σ∗_{(3/2)} M_Σ∗_{(1/2)} Γ_Σ∗_{(1/2)} χ^2/ndf(Fig.1) χ^2/ndf(Fig.2) Fit1 1385.3 ± 0.7 46.9 ± 2.5 68.5/54 10.1/9 Fit2 1386.1^{+1.1}_{−0.9} 34.9^{+5.1}_{−4.9} 1381.3^{+4.9}_{−8.3} 118.6^{+55.2}_{−35.1} 58.0/51 3.2/9

TABLE I: Fitted parameters with statistical errors and χ^2 over number of degree of freedom (ndf) for the fits with a single (Fit1) and two Σ^∗ resonances (Fit2) around 1385 MeV.

The results of the fits with a single and two Σ^∗ resonances around 1385 MeV are shown in Fig. 1 and Table I where fitted parameters with statistical errors are given. The fit with a single Σ^∗ resonance (Fit1) is already not bad. The fit with two Σ^∗ resonances (Fit2) improves χ^2 by 10.5 compared with the Fit1 for 60 data points with 3 more fitting parameters. Although this is just a less than 3σ improvement, a point favoring Fit2 is that while the single Σ^∗ resonance in Fit1 has a width larger than the PDG value [2] of 36 ± 5 MeV for the Σ^∗(1385) resonance, the narrower Σ^∗ resonance in Fit2 gives a width compatible with the PDG value for the Σ^∗(1385) resonance. In the Fit2, there is an additional broader Σ^∗ resonance with a width about 120 MeV.

The preferred assignment of spin J = 3/2 for the Σ^∗(1385) resonance in Ref. [14] is demonstrated by the distribution of the cosine of the angle between the Λ direction and the K^− direction for the reaction K^−p → Λπ^+π^− with M_{Λπ}− in the range of 1385 ± 45 MeV

FIG. 2: Predictions for the distribution of the cosine of the angle between the Λ direction and the K^− direction for the reaction K^−p → Λπ^+π^− by Fit1 (dashed curve) and Fit2 (solid curve), compared with the data from Ref. [14] .

and cosθ_{KΣ}∗ > 0.95. For a Σ^∗ with J = 3/2, the angular distribution is expected to be of the form (1 + 3cos^2θ)/2 [14, 19]; while for a Σ^∗ with J = 1/2, a flat constant distribution is predicted. The data [14] as shown in Fig.2 clearly favor the case of J = 3/2 if only a single Σ^∗ resonance is assumed. However, here we want to show that the Fit2 with two Σ^∗ resonances with the narrower one of J = 3/2 and the broader one with J = 1/2 reproduces the data even better.

For the experimental angular distribution shown in Fig.2, only data for beam momentum of 1 ∼ 1.45 GeV are used because the background problem is considered too severe for momenta above 1.45 GeV [14]. For M_{Λπ}− in the range of 1385±45 MeV and beam momentum of 1 ∼ 1.45 GeV, we obtain the ratio of the narrow Σ^∗(1385) contribution to be 93% and 58% for Fit1 and Fit2, respectively. If assuming the broader Σ^∗ resonance has spin J = 1/2 which gives a flat angular distribution as background term, then the predictions of Fit1 and Fig.2 for the angular distribution are shown by the dashed curve and solid curve with χ^2 of 10.1 and 3.2, respectively, in Fig.2. In the Fit2, the ratio of contributions from the narrow Σ^∗(1385) and the broader Σ^∗ is about 1.6.

From above results, we find that the inclusion of an additional Σ^∗(1/2^−) besides the well-established Σ^∗(1385) 3/2^+ seems improving the fit to the data for both Λπ^− invariant mass spectrum and the angular distribution although the large error bars for the angular distribution data make it not very conclusive.

For the reaction K^−p → Λπ^+π^−, the evidence of the Σ^∗(1/2^−) seems most visible in the Λπ^− decay channel for the beam momentum in the range of 1.0 ∼ 1.8 GeV. The evidence is much weaker, if any, in the Λπ^+ channel and at other beam momenta. The possible reason could be due to different production mechanisms for the Σ^{∗−} and Σ^{∗+}. While u-channel nucleon exchange can only produce Σ^{∗−} not Σ^{∗+}, the t-channel K^∗ exchange is just opposite, as shown by Fig.3(a) and Fig.3(b), respectively. The different production mechanisms have different energy-dependence. These points need more theoretical investigation.

FIG. 3: Feynman diagrams for the K^−p → Λπ^+π^− reaction.

Recently, LEPS Collaboration has reported its measurement of beam asymmetry for the γn → K^+Σ^{∗−} reaction [20]. The beam asymmetries are negative, in contrast with theoretical prediction of positive values [21] by assuming dominant Σ^∗(1385) with J^P = 3/2^+. This also indicates that there should be important partial wave component(s) other than J^P = 3/2^+ under the Σ^{∗−}(1385) peak.

In summary, distinctive patterns are predicted by quenched quark models and unquenched quark models for the lowest SU(3) baryon nonet with spin parity J^P = 1/2^−. While the quenched quark models predict the lowest 1/2^− Σ^∗ resonance to be above 1600 MeV, the unquenched quark models predict it to be around Σ^∗(1385) energy. Here we re-examine some old data of the K^−p → Λπ^+π^− reaction and find that besides the well established Σ^∗(1385) with J^P = 3/2^+, there is indeed some evidence for the possible existence of a new Σ^∗ resonance with J^P = 1/2^− around the same mass but with broader decay width. There are also indications for such possibility in the J/ψ → Σ̄Λπ and γn → K^+Σ^{∗−} reactions.

At present, the evidence is not strong. Therefore, high statistics studies on the relevant reactions, such as K^−p → πΣ^∗, γN → KΣ^∗, J/ψ → Σ̄Σ^∗ with Σ^∗ → Λπ, are urged to be performed by forthcoming experiments at JPARC, CEBAF, BEPCII, etc., to clarify the situation.

Acknowledgements This work is supported by the National Natural Science Foundation of China (NSFC) under grants Nos. 10875133, 10821063, 10665001 and by the Chinese Academy of Sciences under project No. KJCX3-SYW-N2.

[1] S. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986). [2] Particle Data Group, C. Amsler et al., Phys. Lett. B667, 1 (2008). [3] G.T.Garvey, J.C.Peng, Prog. Part. Nucl. Phys. 47, (2001) 203, and references therein. [4] N. Kaiser, P. B. Siegel and W. Weise, Phys. Lett. B 362, 23 (1995) [arXiv:nucl-th/9507036]. [5] D. Jido, J. A. Oller, E. Oset, A. Ramos and U. G. Meissner, Nucl. Phys. A 725, 181 (2003) [arXiv:nucl-th/0303062].

[6] C. Helminen and D. O. Riska, Nucl. Phys. A 699, 624 (2002) [arXiv:nucl-th/0011071]. [7] A. Zhang, Y. R. Liu, P. Z. Huang, W. Z. Deng, X. L. Chen and S. L. Zhu, High Energy Phys.

Nucl. Phys. 29, 250 (2005) [arXiv:hep-ph/0403210].

[8] B. S. Zou, Eur. Phys. J. A 35, 325 (2008) [arXiv:0711.4860 [nucl-th]]. [9] B. S. Zou, Int. J. Mod. Phys. A 21, 5552 (2006). [10] D. Asner et al., arXiv:0809.1869, Int. J. Mod. A (2009) in press.

[11] S. R. Borenstein, G. R. Kalbfleisch, R. C. Strand, V. VanderBurg and J. W. Chapman, Phys.

Rev. D 9, 3006 (1974).

[12] D. W. Thomas, A. Engler, H. E. Fisk and R. W. Kraemer, Nucl. Phys. B 56, 15 (1973). [13] M. Baubillier et al. [Birmingham-CERN-Glasgow-Michigan State-Paris Collaboration], Z.

Phys. C 23, 213 (1984).

[14] D. O. Huwe, Phys. Rev. 181, 1824 (1969). [15] A. Berthon et al., Nuovo Cim. A 21, 146 (1974).

[16] W. Cameron et al. [Rutherford-London Collaboration], Nucl. Phys. B 143, 189 (1978). [17] R. Armenteros, M. Ferro-Luzzi, D. W. G. Leith and et al., Phys. Lett. 19, 75 (1965).

[18] Richard Spitzer and Henry P. Stapp Phys. Rew. 109, 540 (1958). [19] Robert, K. Adair Phys. Rev. 100, 1540 (1955).

[20] K. Hicks et al. [LEPS Collaboration], Phys. Rev. Lett. 102, 012501 (2009) [arXiv:0812.0771 [nucl-ex]].

[21] Y. Oh, C. M. Ko and K. Nakayama, Phys. Rev. C 77, 045204 (2008) [arXiv:0712.4285 [nuclth]].