arXiv:hep-ph/0501083 v2 17 Jan 2005

Production of the h_c and h_b and Implications for Quarkonium Spectroscopy

Stephen Godfrey

Ottawa-Carleton Institute for Physics, Department of Physics, Carleton University, Ottawa, Canada K1S 5B6

E-mail: godfrey@physics.carleton.ca

Abstract. The recent observation of the hc is an important test of QCD calculations and provides constraints on models of quarkonium spectroscopy. In this contribution I discuss some of these implications and describe methods to search for the hc and hb via radiative transitions and other means.

. 1. Introduction Over the years there have been numerous calculations of quarkonia spectra. On the one hand, first principles calculations starting with the QCD Lagrangian such as Lattice QCD and NRQCD provide a rigorous test of the theory while on the other hand, quark models can provide more intuitive insights into these systems and provide important phenomenological guidance towards their study [1]. In both cases it is absolutely necessary to test theory against experiment. The P -wave singlet quarkonium states are particularly significant as they are the first place we can really test our understanding of the spin-spin interaction between quarks where complications due to relativistic and other effects are less important than in light quark mesons. In this short writeup I will summarize some of the different predictions for the^1P_1 −^3 P_{cog} splittings^1. We will see that the recent CLEO [2] and E835 [3] measurements of the h_c mass provide an important test of theoretical predictions. I will also briefly describe alternative ways of searching for the h_c and h_b [4] via radiative transitions [5] and in B-meson decays (for the h_c) [6, 7, 8, 9].

2. Δ(M(^1P_1) − M(^3P_{cog} )) as a Test of Quarkonium Calculations There are numerous calculations of quarkonia properties [1]. The measurement of the singlet-triplet splitting is an important validation of lattice QCD calculations and pNRQCD calculations. It is also an important means of testing various models. For example, in the quark model the triplet-singlet splitting tests the Lorentz nature of the confining potential. The standard Lorentz vector 1-gluon-exchange at short distance with a Lorentz scalar confining potential gives a very short range spin-spin interaction. In contrast, a Lorentz vector confining potential implies a long-range interaction. Representative predictions for the M(^1P_1)−M(^3P_{cog} ) splitting are summarized in Fig. 1. A more complete listing is given in Ref. [5].

1 Where cog stands for the triplet J=0, 1, 2 centre of gravity.

Figure 1. Comparison of the measured and predicted 1^3P_{cog} − 1^1P_1(cc̄) mass splitting. The horizontal lines show the 1-sigma bounds using the CLEO h_c mass measurement [2]. The theoretical predictions correspond to: GI85 [10], CP-PACS00 [14], MR83 [15], HOOS92 [17], PT88 [13], PTN86 [16], MB83 [11], PJF92 [12].

In quark potential models the 1-gluon-exchange spin-spin interaction is described by: H^{hyp}_{qq̄} = 32π 9 α_s m_qm_{q̄} ⃗S_q · ⃗S_{q̄} δ^3(⃗r) (1)

The δ-function is short range but will be smeared out by relativistic effects. The Godfrey-Isgur quark model [10] smeares the δ-function with a Gaussian and predicts M(^3P_{cog} ) > M(^1P_1). In contrast, McClary and Byers [11] include spin-independent relativistic corrections and find M(^3P_{cog} ) < M(^1P_1). Finally, Franzini [12] includes a Lorentz vector confining potential and finds M(^3P_{cog} ) < M(^1P_1) with a large splitting.

Pantaleone and Tye [13] calculated the splitting using perturbative QCD and also found a small splitting with M(^3P_{cog} ) < M(^1P_1) but noted that other contributions such as relativisitic corrections and coupled channel effects could alter this result. Lattice QCD finds M(^3P_{cog}) > M(^1P_1) but with large errors [14]. Ultimately LQCD will provide the definetive result but more precise results are needed.

The point of these examples is that there is a wide variation in the predictions. There is a strong need for experimental data to test these results.

3. Production of Singlet P -wave States There are a number of ways to produce and detect the singlet P -wave states. The h_c was recently observed in the reaction ψ^′ → π^0h_c → (γγ)(γη_c) by the CLEO collaboration [2] and a less convincing signal was seen in p̄p → h_c → η_cγ by E835 at FNAL [3]. It has been suggested that the singlet P -waves states could also be produced in the radiative cascades n^3S_1^{M 1}→ n^{′1}S_0 + γ^{E1}→ (1^1P_1) + γγ [5] and in B-meson decay, B → h_c + X [6, 7, 8, 9].

In all cases the radiative decay h_{c,b} → η_{c,b} + γ results in a clean final state. To estimate the BR requires knowing all important partial decay widths. The E1 width for the h_c is given by

[5] Γ[h_c(^1P_1) → η_c(^1S_0) + γ] = 4 9 α e^2_Q ω^3 |⟨^1S_0|r|^1P_1⟩|^2 = 354 keV (2)

where α = 1/137.036 is the fine-structure constant, e_Q is the quark charge in units of |e| (2/3 for Q = c and −1/3 for Q = b), and ω is the photon’s energy. The overlap integrals were obtained using the wavefunctions of Ref. [10]. The strong widths are estimated to be [5, 18, 19]

Γ[h_c(^1P_1) → hadrons] = 5 2n_f × Γ[χ_{c1}(^3P_1) → hadrons] = 533 keV (3)

Γ[h_c(^1P_1) → gg + γ] = 36 5 e^2_q α α_s Γ[h_c(^1P_1) → ggg] = 52 keV (4)

where n_f is the number of light quark flavours in the final state which we will take to be 3. For bb̄ we combined the theoretical estimates for the radiative transitions χ_{b1}(^3P_1) → Υ(^3S_1)γ with the measured BR’s [20] to estimate the χ_{b1} hadronic width [5]. For the h_c, B[h_c → η_c + γ] = 37.7% and for the h_b, B[h_b → η_b + γ] = 41.4%.

It was pointed out long ago that a promising way to produce the h_c (and h_b) is via the decay ψ^′(2S) → h_c + π^0 (and Υ(3S) → h_bπ^0) [21, 22, 23, 24]. Estimates for the branching ratio are B[ψ^′ → h_c + π^0] = 0.1 − 0.3% [21, 22, 23, 24]. Combining this result with the predicted BR for B(h_c → η_c + γ) gives B(ψ^′ → h_cπ^0) × B(h_c → η_cγ) ≃ 3.8 × 10^{−4} which would yield roughly 400 events for 10^6 ψ^′s produced. Likewise, we obtain B(Υ(3S) → h_bπ^0) × B(h_b → η_bγ) ≃ 4 × 10^{−4} which also yields ∼ 400 events for 10^6 Υ(3S)s. Kuang and Yan [25] have also considered the related spin-flip transition Υ(3S) → h_b(^1P_1) + ππ which may provide an additional path to the h_b.

CLEO recently observed the h_c in ψ^′ → h_c + π^0 [2]. They measured B(ψ^′ → π^0h_c) × B(h_c → γη_c) = (2 − 6) × 10^{−4}. This is in good agreement with the theoretical prediction and is an important validation of the ψ^′ → h_c + π^0 calculations.

Another possibility for producing the singlet P -wave cc̄ and bb̄ states is via electromagnetic cascades [5] such as;

ψ(2S)^{M 1}→ η_c(2S) + γ^{E1}→ h_c(1P ) + γγ^{E1}→ η_c(1S) + γγγ. (5)

As before, we need the BR’s to estimate the expected number of events. The M1 transition widths are given by:

Γ[ψ^′(2^3S_1) → η^′_c(2^1S_0) + γ] = 4αe^2_Q 3m^2_Q ω^3|⟨f|j_0(kr/2)|i⟩|^2 = 0.051 keV (6)

where we take m_c = 1.628 GeV and as before use the wavefunctions of Ref. [10]. Using the measured ψ^′ width gives B[ψ^′(2^3S_1) → η^′_c(2^1S_0) + γ] = 0.018%. For the next decay in the chain, an E1 transition, we estimate [5]:

Γ[η^′_c(2^1S_0) → h_c(1^1P_1) + γ] = 4 3 α e^2_Q ω^3 |⟨^1P_1|r|^1S_0⟩|^2 = 51.3 keV. (7) and Γ(^1S_0 → gg) = 27π 5(π^2 − 9) 1 α_s × Γ(^3S_1 → ggg) = 7.4 MeV (8)

where we haven’t shown the QCD corrections that were included in obtaining this result. This results in BR(η^′_c → h_cγ) = 0.69%. Combining this result with the ψ^′ → η^′_cγ BR we obtain B(ψ^′ → η^′_cγ) × B(η^′_c → h_cγ) ≃ 10^{−6} which would yield only 1 event per 10^6 ψ^′’s. Similarly, we find B(Υ(3S) → η^′_bγ) × B(η^′_b → h_bγ) = 2.6 × 10^{−7} resulting in only 0.3 events per 10^6 Υ(3S)’s. In a gross understatement, this would be quite the challenge for experimentalists.

The final possibility is to produce the h_c in B decay. This mode has been explored in a number of papers [6, 7, 8, 9] and is supported by the Belle observation [26] of the η_c(2S) in B → η_c(2S)K. Combining the estimate of B[B → h_c + K] ≃ 0.1% [6, 7, 8] with the BR for h_c → η_cγ we obtain B(B → h_c + K) × B(h_c → η_cγ) ∼ 4 × 10^{−4}. Belle and Babar should be able to observe this.

4. Summary In the last decade there has been considerable theoretical progress, especially in lattice QCD. We need comparable experimental results to check these calculations. Recently the h_c has been observed which provides an important reality check for theory. The h_c is found to be almost degenerate with the 1^3P_{cog}(cc̄) and referring to Fig. 1 we see that the new measurements rule out a Lorentz vector confining potential, and demonstrate the need for improved models and for improved calculations using PQCD.

Acknowledgments This work was supported by the Natural Sciences and Engineering Research Council of Canada

References

[1] A comprehensive review of quarkonium physics is given by N. Brambilla et al., [hep-ph/0412158]. [2] A. Tomaradze, these proceedings [hep-ex/0410090]. [3] C. Patrignani [FNAL-E835 Collaboration], [hep-ex/0410085]. [4] See also: T. Barnes, T. E. Browder and S. F. Tuan, [hep-ph/0408081]. [5] S. Godfrey and J. L. Rosner, Phys. Rev. D 66, 014012 (2002) [hep-ph/0205255]. [6] E. J. Eichten, K. Lane and C. Quigg, Phys. Rev. Lett. 89, 162002 (2002) [hep-ph/0206018]. [7] M. Suzuki, Phys. Rev. D 66, 037503 (2002) [hep-ph/0204043]. [8] Y. F. Gu, Phys. Lett. B 538, 6 (2002) [hep-ph/0206002].

[9] P. Colangelo, F. De Fazio and T. N. Pham, Phys. Rev. D 69, 054023 (2004) [hep-ph/0310084]. [10] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985). [11] R. McClary and N. Byers, Phys. Rev. D 28, 1692 (1983). [12] P. J. Franzini, Phys. Lett. B 296, 199 (1992).

[13] J. Pantaleone and S. H. H. Tye, Phys. Rev. D 37, 3337 (1988).

[14] T. Manke et al. [CP-PACS Collaboration], Phys. Rev. D 62, 114508 (2000) [hep-lat/0005022]. [15] P. Moxhay and J. L. Rosner, Phys. Rev. D 28, 1132 (1983). [16] J. Pantaleone, S. H. H. Tye and Y. J. Ng, Phys. Rev. D 33, 777 (1986). [17] F. Halzen, C. Olson, M. G. Olsson and M. L. Stong, Phys. Lett. B 283, 379 (1992). [18] W. Kwong, P. B. Mackenzie, R. Rosenfeld and J. L. Rosner, Phys. Rev. D 37, 3210 (1988). [19] A NRQCD calculation finds Γ(hc → hadrons) = 720 ± 320 keV which is consistent with our estimate. See F. Maltoni, [hep-ph/0007003].

[20] S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592, 1 (2004). [21] M. B. Voloshin, Sov. J. Nucl. Phys. 43, 1011 (1986) [Yad. Fiz. 43, 1571 (1986)]. [22] Y. P. Kuang, S. F. Tuan and T. M. Yan, Phys. Rev. D 37, 1210 (1988). [23] P. Ko, Phys. Rev. D 52, 1710 (1995) [hep-ph/9505299]. [24] Y. P. Kuang, Phys. Rev. D 65, 094024 (2002) [hep-ph/0201210].

[25] Y. P. Kuang and T. M. Yan, Phys. Rev. D 24, 2874 (1981); T. M. Yan, Phys. Rev. D 22, 1652 (1980);

Y. P. Kuang, S. F. Tuan and T. M. Yan, Phys. Rev. D 37, 1210 (1988).

[26] BELLE collaboration (S.K. Choi et al.), Phys. Rev. Lett. 89, 102001 (2002), Erratum ibid, 89, 129901 (2002) [hep-ex/0206002].