arXiv:1301.3345v1 [hep-ph] 15 Jan 2013

Branching ratios of the pseudoscalar glueball with a mass of 2.6 GeV

Walaa I. Eshraim^{∗†} Institute for Theoretical Physics, Goethe-University, Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany E-mail: weshraim@th.physik.uni-frankfurt.de

Stanislaus Janowski^‡ Institute for Theoretical Physics, Goethe-University, Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany E-mail: janowski@th.physik.uni-frankfurt.de

We consider a N_f = 3 chiral Lagrangian which describes the interaction between the pseudoscalar glueball, J^{PC} = 0^{−+}, and scalar and pseudoscalar mesons. We calculate the decay widths of the pseudoscalar glueball, where we fixed its mass to 2.6 GeV, as predicted by lattice QCD simulations, and take a closer look in the scalar-isoscalar decaying channel. We present our results as branching ratios which are relevant for the future PANDA experiment at the FAIR facility.

Xth Quark Confinement and the Hadron Spectrum, October 8-12, 2012 TUM Campus Garching, Munich, Germany

∗Speaker.

†In collaboration with Francesco Giacosa and Dirk H. Rischke ‡In collaboration with Francesco Giacosa and Dirk H. Rischke

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Introduction

Glueballs are hypothetical strongly interacting particles. They are made of gluons, the gauge bosons of Quantum Chromodynamics (QCD). The reason for the expectation of such fundamental objects in the nature is the nonabelian structure of QCD. In this context the study of glueballs is an important field of research in hadronic physics, relevant for the understanding of the structure of some experimentally verified resonances and the phenomenological description of low-energy QCD, see Ref. [1] and references therein.

Lattice QCD calculations predict a complete glueball spectrum [2], where the third lightest glueball, which is investigated in this work, is a pseudoscalar state (J^{PC} = 0^{−+}) with a mass of about 2.6 GeV. We study the decays of this pseudoscalar glueball, denoted as G̃ ≡ gg, into three pseudoscalar mesons, G̃ → PPP, and a pseudoscalar and a scalar meson, G̃ → PS.

The effective chiral Lagrangian introduced in Refs. [3, 4, 5] contains the relevant tree-level vertices necessary for evaluating the corresponding decay widths. Due to the assignment issue of the bare scalar-isoscalar states, and their mixing which generates the resonances f_0(1370), f_0(1500) and f_0(1710), e.g. Refs. [6, 7, 8, 9], we consider the decays of the pseudoscalar glueball G̃ into η and η^′, respectively and a scalar-isoscalar in more detail. Our numerical results are given as branching ratios in order to present a parameter free prediction of our approach.

The PANDA experiment at the FAIR facility in Darmstadt is currently under construction and will use an 1.5 GeV antiproton beam hitting a proton target at rest [10]. Therefore a centre of mass energy higher than ∼2.5 GeV will be reached and the 2.6 GeV pseudoscalar glueball can be directly produced as an intermediate state [4].

2. The chiral Lagrangian

The interaction between the pseudoscalar glueball G̃ ≡ gg with the quantum numbers J^{PC} = 0^{−+} and the ordinary scalar and pseudoscalar mesons is described by the Lagrangian [3, 4, 11]:

L^{int}_{G̃} = ic_{G̃Φ}G̃ ( detΦ − detΦ^† ) , (2.1) where c_{G̃Φ} is a coupling constant and Φ is a multiplet containing the ordinary scalar and pseudoscalar mesons. In this study we consider three flavours, N_f = 3, thus c_{G̃Φ} is dimensionless and the multiplet Φ reads [9]:

Φ = 1 √ 2 (σ_N +a^0)+i(η_N +π^0) √ 2 a^+_0 + iπ^+ K^+_S + iK^+ a^−_0 + iπ^{− (σN −a0)+i(ηN −π0)} √ 2 K^0_S + iK^0 K^−_S + iK^− K̄^0_S + iK̄^0 σ_S + iη_S

. (2.2)

As discussed in Refs. [3, 4, 5], let us briefly consider the symmetries of the effective Lagrangian (2.1). The pseudoscalar glueball G̃ is made of gluons and is therefore chirally invariant. The multiplet Φ transforms under the chiral symmetry as Φ → U_LΦU^†_R, where U_{L(R)} = e^{−iθ aL(R)ta} is an element of U(3)_{L(R)}. Performing these transformations on the determinant of Φ it is easy to prove that this object is invariant under SU(3)_L × SU(3)_R, but not under the axial U_A(1) transformation:

detΦ → detU_AΦU_A = e^{−iθ 0A}

√_{2Nf} detΦ ≠ detΦ. (2.3)

This is in agreement with the chiral anomaly. Consequently the effective Lagrangian (2.1) possesses only the SU(3)_L × SU(3)_R symmetry. Further essential symmetries of the strong interacting matter are the parity P and charge conjugation C . The pseudoscalar glueball and the multiplet Φ transform under parity as

G̃(t,⃗x) → −G̃(t,−⃗x), Φ(t,⃗x) → Φ^†(t,−⃗x), (2.4)

and under charge conjugation as G̃ → G̃, Φ → Φ^T . (2.5)

Performing these discrete transformations P and C on the effective Lagrangian (2.1) leave it unchanged. In conclusion, one can say that the symmetries of the effective Lagrangian (2.1) are in agreement with the symmetries of the QCD Lagrangian.

Let us now consider the assignment of the ordinary mesonic d.o.f. in Eq. (2.1) or (2.2). In the pseudoscalar sector we assign the fields ⃗π and K to the physical pion isotriplet and the kaon isodoublet [12]. The bare quark-antiquark fields η_N ≡ (ūu + d̄d)/ √ 2 and η_S ≡ s̄s are the nonstrange and strange mixing contributions of the physical states η and η^′ [9]. In the effective Lagrangian (2.1) there exist a mixing between the bare pseudoscalar glueball G̃ and the both bare fields η_N and η_S, but, due to the large mass difference between the pseudoscalar glueball and the pseudoscalar quark-antiquark fields, it turns out that its mixing is very small and is therefore negligible. In the scalar sector the field ⃗a_0 corresponds to the physical isotriplet state a_0(1450) and the scalar kaon field K_S to the physical isodoublet state K^⋆_0 (1430) [12]. The field σ_N ≡ (ūu + d̄d)/ √ 2 is the bare nonstrange isoscalar field and it corresponds to the resonance f_0(1370) [9, 13].

The field σ_S ≡ s̄s is the bare strange isoscalar field and the debate about its assignment to a physical state is still ongoing; in a first approximation it can be assigned to the resonance f_0(1710) [9] or f_0(1500) [13]. (Scalars below 1 GeV are predominantly tetraquarks or mesonic molecular states, see Refs. [14, 15] and references therein, and are not considered here). In order to properly take into account mixing effects in the scalar-isoscalar sector, we have also used the results of Refs. [7, 13]. The mixing takes the form:

f_0(1370) f_0(1500) f_0(1710) = B · σ_N ≡ n̄n = (ūu + d̄d)/ √ 2 G ≡ gg σ_S ≡ s̄s

, (2.6)

where B is an orthogonal (3 × 3) matrix and G ≡ gg a scalar glueball field which is absent in this study.

In accordance with the spontaneous breaking of the chiral symmetry we shift the scalarisoscalar fields by their vacuum expectation values σ_N → σ_N + ϕ_N and σ_S → σ_S + ϕ_S, where ϕ_N and ϕ_S are the corresponding chiral condensates. In order to be consistent with the full effective chiral Lagrangian of the extended Linear Sigma Model [9, 16, 17] we have to consider the shift of the axial-vector fields and thus to redefine the wave function of the pseudoscalar fields

⃗π → Z_π⃗π , K → Z_K K , η_{N,S} → Z_{ηN,S} η_{N,S} , (2.7)

where Z_i are the renormalization constants of the corresponding wave functions [9].

3. Results

From the effective chiral Lagrangian (2.1) with the unknown coupling constant c_{G̃Φ} we calculated the two- and three-body decays of the pseudoscalar glueball G̃. We present the decay widths as branching ratios in order to obtain parameter free results as predictions for the future PANDA experiment at the FAIR facility. For our calculations we fixed the mass of the pseudoscalar glueball to M_{G̃} = 2.6 GeV. This value is obtained by studying of the pure Yang-Mills sector on lattice QCD [2]. Due to the mixing in the scalar-isoscalar channel we evaluated explicitly the decays of the pseudoscalar glueball G̃ into η and η^′ and one of the scalar-isoscalar resonances f_0(1370), f_0(1500) or f_0(1710). We used for the transformation matrix B in Eq. (2.6) the solution (1) and (2) of Ref. [7]:

B_1 =

0.86 0.45 0.24 −0.45 0.89 −0.06 −0.24 −0.06 0.97

, (3.1)

B_2 =

0.81 0.54 0.19 −0.49 0.49 0.72 0.30 −0.68 0.67

(3.2)

and the solution of Ref. [13]:

B_3 =

0.78 −0.36 0.51 −0.54 0.03 0.84 0.32 0.93 0.18

. (3.3)

In the solution 1 of Ref. [7] the resonance f_0(1370) is predominantly n̄n state, the resonance f_0(1500) is predominantly a glueball, and f_0(1710) is predominantly a strange s̄s state. In the solution 2 of Ref. [7] and in the solution of Ref. [13] the resonance f_0(1370) is still predominantly nonstrange n̄n state, but f_0(1710) is now predominantly a glueball, and f_0(1500) predominantly a strange s̄s state.

In Table 1 we present our results for the decay channels G̃ → PPP and in Table 2 and 3 we show the results for the decay channels G̃ → PS, whereby in Table 3 the bare scalar-isoscalar states are substituted by the physical ones [3, 4, 5]. Γ^{tot}_{G̃} = Γ_{G̃→PPP} + Γ_{G̃→PS} is the total decay width. In Table 2 the decays G̃ → ησ_S and G̃ → η^′σ_S correspond to the assignment σ_S ≡ f_0(1710) and to σ_S ≡ f_0(1500) (values in the brackets). Finally, in Table 3 we present results in the scalar-isoscalar sector where the mixing matrices (3.1), (3.2), and (3.3) are taken into account.

The largest contribution to the total decay width is given by the following decay channels: KKπ, which contributes to almost 50%, as well as ηππ and η^′ππ, where each one contributes of about 10%. The substitution of the bare scalar-isoscalar states through the resonances f_0(1370), f_0(1500) and f_0(1710) did not affect the several decay channels. The contribution of the pseudoscalar glueball decay into the scalars-isoscalars is still about 5% independently on the mixing scenario. A further interesting outcome of our approach is that the decay of the pseudoscalar glueball into three pions, G̃ → πππ, is not allowed.

Quantity Value Γ_{G̃→KKη} /Γ^{tot}_{G̃} 0.049 Γ_{G̃→KKη} ′ /Γ^{tot}_{G̃} 0.019 Γ_{G̃→ηηη} /Γ^{tot}_{G̃} 0.016 Γ_{G̃→ηηη} ′ /Γ^{tot}_{G̃} 0.0017 Γ_{G̃→ηη} ′_η ′ /Γ^{tot}_{G̃} 0.00013 Γ_{G̃→KKπ} /Γ^{tot}_{G̃} 0.47 Γ_{G̃→ηππ} /Γ^{tot}_{G̃} 0.16 Γ_{G̃→η} ′_{ππ} /Γ^{tot}_{G̃} 0.095

Table 1: Branching ratios for the decay of the pseudoscalar glueball with the mass of M_{G̃} = 2.6 GeV into three pseudoscalar mesons: G̃ → PPP.

Quantity Value Γ_{G̃→KKS} /Γ^{tot}_{G̃} 0.060 Γ_{G̃→πa0} /Γ^{tot}_{G̃} 0.083 Γ_{G̃→ησN} /Γ^{tot}_{G̃} 0.0000026 Γ_{G̃→η} ′_{σN} /Γ^{tot}_{G̃} 0.039 Γ_{G̃→ησS} /Γ^{tot}_{G̃} 0.012 (0.015) Γ_{G̃→η} ′_{σS} /Γ^{tot}_{G̃} 0 (0.0082)

Table 2: Branching ratios for the decay of the pseudoscalar glueball with the mass of M_{G̃} = 2.6 GeV into a pseudoscalar and a scalar meson: G̃ → PS. In the last two rows σ_S is assigned to f_0(1710) or to f_0(1500) (values in the brackets)

Quantity Sol. 1 of Ref [7] Sol. 2 of Ref [7] Sol. of Ref [13] Γ_{G̃→η f0(1370)}/Γ^{tot}_{G̃} 0.00093 0.00058 0.0044 Γ_{G̃→η f0(1500)}/Γ^{tot}_{G̃} 0.000046 0.0082 0.011 Γ_{G̃→η f0(1710)}/Γ^{tot}_{G̃} 0.011 0.0053 0.00037 Γ_{G̃→η} ′_{f0(1370)}/Γ^{tot}_{G̃} 0.038 0.033 0.043 Γ_{G̃→η} ′_{f0(1500)}/Γ^{tot}_{G̃} 0.0062 0.00020 0.00013 Γ_{G̃→η} ′_{f0(1710)}/Γ^{tot}_{G̃} 0 0 0

Table 3: Branching ratios for the decays of the pseudoscalar glueball G̃ into η and η^′, respectively and one of the scalar-isoscalar states: f_0(1370), f_0(1500) and f_0(1710) by using three different mixing scenarios of these scalar-isoscalar states [7, 13]. The mass of the pseudoscalar glueball is M_{G̃} = 2.6 GeV.

4. Conclusions

We have presented a chirally invariant three-flavour effective Lagrangian with scalar and pseudoscalar quark-antiquark states and a pseudoscalar glueball. We have calculated two- and threebody decay processes of the pseudoscalar glueball with a mass of 2.6 GeV, as evaluated by lattice QCD. It turns out that our results depend only slightly on the scalar-isoscalar mixing. We predict that the decay channel G̃ → KKπ is the largest one and G̃ → ηππ as well as G̃ → η^′ππ are the next dominant ones [3, 4]. Moreover, the decay channel G̃ → πππ is not allowed.

The results presented in this work can be tested in the upcoming PANDA experiment at the FAIR facility [10].

Acknowledgments

The authors thank Francesco Giacosa and Dirk H. Rischke for useful discussions. W.E. acknowledges support from DAAD and HGS-HIRe, S.J. acknowledges support from H-QM and HGS-HIRe.

References

[1] C. Amsler and N. A. Tornqvist, Phys. Rept. 389, 61 (2004). E. Klempt and A. Zaitsev, Phys. Rept.

454, 1 (2007) [arXiv:0708.4016 [hep-ph]]. F. Giacosa, Phys. Rev. D 80 , 074028 (2009) [arXiv:0903.4481 [hep-ph]].

[2] C. Morningstar and M. J. Peardon, AIP Conf. Proc. 688, 220 (2004) [arXiv:nucl-th/0309068].

M. Loan, X. Q. Luo and Z. H. Luo, Int. J. Mod. Phys. A 21, 2905 (2006) [arXiv:hep-lat/0503038]. Y. Chen et al., Phys. Rev. D 73, 014516 (2006) [arXiv:hep-lat/0510074]. E. Gregory, A. Irving, B. Lucini, C. McNeile, A. Rago, C. Richards and E. Rinaldi, arXiv:1208.1858 [hep-lat] (2012).

[3] W. I. Eshraim, S. Janowski, F. Giacosa and D. H. Rischke, arXiv:1208.6474 [hep-ph] (2012).

[4] W. I. Eshraim, S. Janowski, A. Peters, K. Neuschwander and F. Giacosa, Acta Phys. Polon. Supp. 5, 1101 (2012) [arXiv:1209.3976 [hep-ph]].

[5] W. I. Eshraim, S. Janowski, arXiv:1211.7323 [hep-ph] (2012).

[6] C. Amsler and F. E. Close, Phys. Rev. D 53, 295 (1996) [arXiv:hep-ph/9507326]. W. J. Lee and D. Weingarten, Phys. Rev. D 61, 014015 (2000) [arXiv:hep-lat/9910008]. H. Y. Cheng, C. K. Chua and K. F. Liu, Phys. Rev. D 74, 094005 (2006) [arXiv:hep-ph/0607206].

[7] F. Giacosa, T. .Gutsche, V. E. Lyubovitskij and A. Faessler, Phys. Rev. D 72 (2005) 094006 [hep-ph/0509247].

[8] S. Janowski, D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D 84, 054007 (2011) [arXiv:1103.3238 [hep-ph]]. S. Janowski, Acta Phys. Polon. Supp. 5, 1071 (2012) [arXiv:1208.5397 [hep-ph]].

[9] D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa and D. H. Rischke, to appear in PRD, arXiv:1208.0585 [hep-ph] (2012).

[10] M. F. M. Lutz et al. [ PANDA Collaboration ], arXiv:0903.3905 [hep-ex] (2009).

[11] C. Rosenzweig, A. Salomone and J. Schechter, Phys. Rev. D 24, 2545 (1981). K. Kawarabayashi and N. Ohta, Nucl. Phys. B 175, 477 (1980).

[12] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010).

[13] H. Y. Cheng, C. K. Chua and K. F. Liu, Phys. Rev. D 74 (2006) 094005 [hep-ph/0607206].

[14] R. L. Jaffe, Phys. Rev. D 15, 267 (1977). R. L. Jaffe, Phys. Rev. D 15, 281 (1977). L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer, Phys. Rev. Lett. 93, 212002 (2004) [arXiv:hep-ph/0407017]. F. Giacosa, Phys. Rev. D 74, 014028 (2006) [arXiv:hep-ph/0605191]. A. H. Fariborz, R. Jora and J. Schechter, Phys. Rev. D 72, 034001 (2005) [arXiv:hep-ph/0506170]. M. Napsuciale and S. Rodriguez, Phys. Rev. D 70, 094043 (2004). F. Giacosa, G. Pagliara, Nucl. Phys. A 833, 138-155

(2010) [arXiv:0905.3706 [hep-ph]]. F. Giacosa, Phys. Rev. D 75, 054007 (2007) [arXiv:hep-ph/0611388].

[15] E. van Beveren, T. A. Rijken, K. Metzger, C. Dullemond, G. Rupp and J. E. Ribeiro, Z. Phys. C 30, 615 (1986) [arXiv:0710.4067 [hep-ph]]. N. A. Tornqvist, Z. Phys. C 68, 647 (1995) [arXiv:hep-ph/9504372]. M. Boglione and M. R. Pennington, Phys. Rev. D 65, 114010 (2002) [arXiv:hep-ph/0203149]. E. van Beveren, D. V. Bugg, F. Kleefeld and G. Rupp, Phys. Lett. B 641, 265 (2006) [arXiv:hep-ph/0606022]. J. R. Pelaez, Phys. Rev. Lett. 92, 102001 (2004) [arXiv:hep-ph/0309292]. J. A. Oller and E. Oset, Nucl. Phys. A 620, 438 (1997) [Erratum-ibid. A 652, 407 (1999)] [arXiv:hep-ph/9702314].

[16] S. Gallas, F. Giacosa and D. H. Rischke, Phys. Rev. D 82, 014004 (2010) [arXiv:0907.5084 [hep-ph]].

[17] D. Parganlija, F. Giacosa and D. H. Rischke, Phys. Rev. D 82, 054024 (2010) [arXiv:1003.4934 [hep-ph]].