arXiv:hep-ph/0412331 v1 22 Dec 2004

Open Problems in Heavy Quarkonium Physics

Antonio Vairo

Dipartimento di Fisica dell’Università di Milano and INFN via Celoria 16, 20133 Milan, Italy

Abstract. Some recent progress and a personal selection of open problems in heavy quarkonium physics (spectroscopy, decay and production) inspired by the activity of the Quarkonium Working Group are reviewed.

Keywords: Heavy quarkonia, spectra, decays, production PACS: 12.38.-t,14.40.Lb,14.40.Nd

INTRODUCTION

The wealth and quality of new experimental findings and the theoretical progress in the construction and use of Effective Field Theories (EFTs) of QCD are among the reasons of the heavy quarkonium physics renaissance witnessed during the last years. In order to keep track and make immediately available to a larger community the progress in the field, experimental and theoretical physicists have gathered in the last three years to form a Quarkonium Working Group [1]. The offspring of this collaboration have been three workshops, a school and a newly issued CERN Yellow Report [2]. In the following we will review some recent results and open problems in heavy quarkonium physics. We refer the reader to [2] for exhaustive presentations.

SPECTROSCOPY

There has been in recent years a renewed interest and a noteworthy progress in the calculation of the heavy quarkonium spectrum from perturbative QCD. The progress comes essentially from three directions:

(1) progress in the construction of EFTs of QCD suitable to describe non-relativistic bound state systems. These have helped to organize higher-order calculations and to factorize high-energy perturbative and low-energy non-perturbative contributions. For a recent review we refer to [3].

(2) fixed order calculations [4, 5, 6, 7, 8, 9, 10, 11, 12, 13].

(3) resummation of large contributions (large logs or large contributions associated to renormalon singularities) [14, 15, 16, 17, 18, 19].

By definition, a perturbative treatment of the bound state is possible if the momentum transfer scale p of the heavy quarks in the bound state is much larger than Λ_{QCD}. Two situations may occur under this condition [20]. Let us call E the typical kinetic energy of the heavy quark and antiquark in the centre-of-mass reference frame: in a non-relativistic bound state p ∼ mv ≫ E ∼ mv^2, v being the heavy-quark velocity in the bound state.

The first situation corresponds to quarkonium states for which E >∼ Λ_{QCD}. Under this circumstance the heavy-quarkonium potential is purely perturbative; we may call this case Coulombic. In the case E ≫ Λ_{QCD} non-perturbative contributions are encoded into local condensates, in the case E ∼ Λ_{QCD} into non-local ones (see also [21] and references therein). The second situation corresponds to quarkonium states for which p ≫ Λ_{QCD} ≫ E. Under this circumstance the potential contains a perturbative part and short-range non-perturbative contributions. We may call quasi Coulombic the case in which non-perturbative contributions to the potential turn out to be small and may be treated perturbatively in the calculation of observables.

Clearly, perturbative calculations applied to heavy-quarkonium ground states are on a more solid ground that those to higher resonances, and those applied to bottomonium more than those to charmonium, since the (quasi-)Coulombic case is more likely to be realized. Perturbative determinations of the ϒ(1S) and J/ψ masses have been used to extract the b and c masses (see Masses). The main uncertainty in these determinations comes from non-perturbative contributions. Information on their size can come from other ground-state observables, like the hyperfine splittings (see Hyperfine splittings), and the B_c mass (see B_c mass). Recent studies of higher quarkonium states in perturbation theory may be found in [4, 22, 23, 5, 24, 25, 12]. Likely only some of the lowest bottomonium resonances may be treated consistently as Coulombic or quasi-Coulombic bound states. It is surprising, therefore, that some of the gross features of the bottomonium spectrum, like the equal spacing of the radial excitations, may be qualitatively reproduced by pure perturbative calculations (see Higher bottomonium states).

TABLE 1. Collection of recently obtained values of m^{MS}_b (m^{MS}_b ) and m^{MS}_c (m^{MS}_c ) from the ϒ(1S) and J/Ψ masses.

Ref. order m^{MS}_b (m^{MS}_b ) (GeV)

[27] NNLO 4.24 ± 0.09 [28] NNLO 4.21 ± 0.09 [29] NNLO 4.210 ± 0.090 ± 0.025 [25] NNLO 4.190 ± 0.020 ± 0.025 [26] NNNLO 4.349 ± 0.070 [30] NNNLO 4.20 ± 0.04 [31] NNNLO 4.241 ± 0.070

Ref. order m^{MS}_c (m^{MS}_c ) (GeV)

[24] NNLO 1.24 ± 0.020

Masses

Table 1 shows some recent determinations of the b and c masses from the quarkonium ground-state masses. Finite charm-mass effects have been included in the analyses of [25, 30, 31]. With the exception of [27] the conversion from the threshold (or pole) masses to the MS masses has been performed at three-loop accuracy. All NNNLO analyses are only partially complete, since the full three-loop static potential has not been calculated yet. Different schemes have been used to implement the leading renormalon cancellation. This may explain some of the differences between the results. The most substantial discrepancy, which is between the result of [26] and all the other ones, may be possibly ascribed to the use of the on-shell scheme, as well as to the way non-perturbative effects have been implemented. In [24] the charm MS mass has been extracted from the J/Ψ mass.

In the above analyses non-perturbative effects constitute the major source of uncertainty together with possible effects due to subleading renormalons. Indeed, in the situation E ∼ Λ_{QCD} non-perturbative corrections to the spectrum (∼ Λ^3_{QCD}/p^2 ∼ mv^4) and the subleading renormalon in the mass (∼ Λ^2_{QCD}/m ∼ mv^4) are parametrically of the same order as NNLO corrections in the perturbative expansion. As long as non-perturbative effects will not be incorporated in a quantitative manner, perturbative calculations beyond NNLO will not improve the determination of the heavy-quark masses from the quarkonium system.

The dominant non-perturbative correction to the mass of a quarkonium state |n⟩ of LO binding energy E^{(0)}_n is encoded in the expression

δ E_n = −i g^2 9 ∫ ∞ 0 dt ⟨n|re^{it(E(0)n −ho)}r|n⟩ ⟨E(t) E(0)⟩(μ),

h_o = p^2/m+α_s/(6r) being the LO octet Hamiltonian and μ a factorization scale [8, 20]. A precise determination of this formula would need having an accurate determination of the chromoelectric correlator. In this respect the available data are puzzling. Quenched lattice calculations of gluelump masses indicate an inverse correlation length for the correlator ⟨E(t) E(0)⟩ of about 1.25 GeV [32, 33]. This scale is not only larger than the scale E but also of the same order as the momentum-transfer scale p, if p is identified with m_b/2 × 4/3 × α_s(p) (e.g. m_b ≈ 4.7 GeV and α_s(p) ≈ 0.4). This may potentially question the whole perturbative approach to the ground state of bottomonium. On the other hand this approach is supported by the fact that it provides a value of the b mass consistent with those obtained from low moments sum rule calculations or from the B system [34]. Only a better determination of the chromoelectric correlator can solve the conundrum. A possible solution could come, for instance, from

• unquenching, if it lowers the value of the inverse correlation length as calculations with cooling techniques seem to indicate [35].

• a particular parametrization of the chromoelectric correlator that sets in the nonperturbative behaviour at a scale μ lower than the inverse correlation length.

The assumption on the Coulombic behaviour of ground-state quarkonia may be also tested on other observables, like the B_c mass and the hyperfine splittings.

B_c mass

Table 2 shows some recent determinations of the B_c mass in perturbation theory at NNLO accuracy compared with the value of the B_c mass in [36] and in a very recent lattice study [37]. The b and c pole masses are expanded in terms of the ϒ(1S) and

J/ψ masses respectively in [38], and in terms of the MS masses in [24, 25]. In [25] finite charm-mass effects are included. Since the charm quark effectively decouples in the scheme of Ref. [38], we may consider the results of Refs. [38] and [25] at the same level of theoretical accuracy and the difference between them as due to higher-order corrections beyond NNLO accuracy.

TABLE 2. Different perturbative determinations of the B_c mass compared with the experimental value and a recent lattice determination. B_c mass (MeV)

State [36] (expt) [37] (lattice) [38] (NNLO) [24] (NNLO) [25] (NNLO)

1^1S_0 6400(400) 6304 ± 12^{+12}_{−0} 6326(29) 6324(22) 6307(17)

In Fermilab Today, December 3, 2004, the CDF collaboration has announced the preliminary results of a search for the B_c, using decays into a J/ψ and a charged pion. Their preliminary result is M_{Bc} = 6287±5 MeV. This value, if confirmed, would support the assumption that non-perturbative contributions to the quarkonium ground state are of the same magnitude as NNLO or even NNNLO corrections, which would be consistent with a E >∼ Λ_{QCD} power counting.

Hyperfine splittings

Charmonium and bottomonium ground state hyperfine splittings have been recently calculated at NLL in [18]. The result in the charmonium case is consistent with the experimental value. This, again, supports the assumption that non-perturbative contributions for the quarkonium ground state are consistent with a E >∼ Λ_{QCD} power counting. In the bottomonium case there are not yet experimental data.

We note, however, that NNLO corrections may be potentially important for this observable, also considering that at this order new type of corrections will appear for the first time:

• non-perturbative corrections, which are parametrically of NNLO in the situation Λ_{QCD} ∼ E.

• corrections to the mass. In order to show the possible impact of this type of corrections, in Fig. 1 we display the hyperfine splittings at NLO accuracy calculated using 1/2 of the bottomonium and charmonium vector ground state masses and the MS masses. The difference between the two determinations (taken around the maximum in μ) is about 70% in the charmonium case and about 30% in the bottomonium case.

Higher bottomonium states

Higher bottomonium resonances have been investigated in the framework of perturbative QCD most recently in [24, 25, 39]. The calculation of [24] is accurate at NNLO, that one of [25] includes finite charm-mass effects, while [39] is a numerical calculation

E_{hfs} (MeV)

E_{hfs} (MeV)

(cc̄)(1S) (bb̄)(1S)

μ (GeV) μ (GeV) FIGURE 1. Hyperfine splittings of the 1S charmonium (left) and bottomonium (right) states at NLO in the 1S mass scheme, m_c = M_{J/ψ} /2, m_b = M_{ϒ(1S)}/2, (lower curves) and in the MS mass scheme, m_c = m^{MS}_c (m^{MS}_c )(1 + 4α_s/(3π)), m_b = m^{MS}_b (m^{MS}_b )(1 + 4α_s/(3π)), (upper curves) as a function of the normalization scale μ. α_s runs at 4-loop accuracy with 3 massless flavours. Left plot: m^{MS}_c (m^{MS}_c ) = 1.28 GeV, α_s(M_{J/ψ} /2) = 0.352, α_s(m^{MS}_c (m^{MS}_c )) = 0.405. Right plot: m^{MS}_b (m^{MS}_b ) = 4.22 GeV, α_s(M_{ϒ(1S)}/2) = 0.209, α_s(m^{MS}_b (m^{MS}_b )) = 0.218.

TABLE 3. Masses of bb̄ states. The result of Ref. [24] comes from a full perturbative calculation up to O(m α^4_s ) without finite charm-mass corrections; the result of Ref. [25] comes from a full perturbative calculation up to O(m α^4_s ) including finite charm-mass corrections; the result of [39] incorporates full corrections up to O(m α^4_s ) in the individual levels and full corrections up to O(m α^5_s ) in the fine splittings, includes finite charm-mass corrections and also depends on some assumptions about the long-range non-perturbative behaviour of the static potential. Numbers without errors are those without explicit or reliable error estimates in the corresponding works.

bb̄ states State expt [24] [25] [39]

1^3S_1 9460 9460 9460 9460

1^3P_2 9913 9916(59) 10012(89) 9956 1^3P_1 9893 9904(67) 10004(86) 9938 1^3P_0 9860 9905(56) 9995(83) 9915

2^3S_2 10023 9966(68) 10084(102) 10032

2^3P_2 10269 10578(258) 10270 2^3P_1 10255 10564(247) 10260 2^3P_0 10232 10268 10548(239) 10246

3^3S_1 10355 10327(208) 10645(298) 10315

of the spectrum that includes also NLO spin-dependent potentials. This last calculation also relies on some assumptions about the long-range behaviour of the static potential. The results are summarized in Table 3.

The surprising result of these studies is that some gross features of the lowest part of

E_{χb1(1P)} − E_{χb0(1P)}

(GeV) E_{χb2(1P)} − E_{χb1(1P)}

(GeV)

μ (GeV) μ (GeV)

FIGURE 2. E_{χb1 (1P)} − E_{χb0 (1P)} (left) and E_{χb2 (1P)} − E_{χb1 (1P)} (right) versus the normalization scale μ. The light band shows the LO expectation, the dark one the NLO one. The widths of the bands account for the uncertainty in α_s(M_Z) = 0.1187 ± 0.002 [36]. The horizontal bands show the experimental values [36]. From [13].

the bottomonium spectrum, like the approximate equal spacing of the radial levels, is reproduced by a perturbative calculation that implements the leading-order renormalon cancellation. If this is coincidental or reflects the (quasi-)Coulombic nature of the states will be decided by further studies. A recent NLO calculation of the 1P bottomonium fine splittings has been performed in [13]. The results are summarized in Fig. 2. Figure 3 plots ρ, the ratio of the fine splittings considered in Fig. 2, as a function of the normalization scale μ (see [40] and references therein for early studies of this quantity). It seems to indicate either the existence of large NLL/NNLO corrections (as it happens in the hyperfine splittings of the 1S levels) or sizeable non-perturbative corrections, somehow hidden in the error bands of Fig. 2.

μ (GeV) ρ

FIGURE 3. ρ = (E_{χb2} − E_{χb1} )/(E_{χb1} − E_{χb0} ) versus the normalization scale μ. The horizontal line at 0.8 corresponds to the LO expectation, the curve to the NLO one. The band accounts for the uncertainty in α_s(M_Z) = 0.1187 ± 0.002 [36]. The horizontal band shows the experimental value [36]. From [13].

FIGURE 4. Different determinations of α_s(M_Z ) (left) and of α_s(μ) at different scales μ (right). In both figures the determinations outside the band come from ϒ decay data. From [36].

DECAY

ϒ inclusive decays

The NRQCD factorization formulas state that inclusive decay widths to light hadrons (l.h.) may be written as sums of products of matrix elements and imaginary parts of Wilson coefficients of 4-fermion operators [41]. In the case of the ϒ system they read: Γ(ϒ → l.h.) = 2 m^2 ( Im f_1(^3S_1)⟨O_1(^3S_1)⟩_ϒ

+Im f_8(^3S_1)⟨O_8(^1S_0)⟩_{ηb} +

Im f_8(^1S_0) 3 ⟨O_8(^3S_1)⟩_{ηb}

+Img_1(^3S_1)

⟨P_1(^1S_0)⟩_{ηb} m^2

+ ∑^J

(2J + 1)Im f_8(^3P_J) 9 ⟨O_8(^1P_1)⟩_{ηb} m^2 + · · · ) . The use of these formulas (and similar ones for the electromagnetic decay widths) to extract α_s at the b-mass scale has turned out problematic, as shown by Fig. 4. It seems that uncertainties have been underestimated [2]. The reasons may be the following:

• poor knowledge of the matrix elements. Note that usually octet matrix elements have been neglected in the analyses. This may not be justified considering that Im f_1(^3S_1) and Img_1(^3S_1) are suppressed by an extra α_s with respect to most of the Im f_8 coefficients (see [42] and references therein) that may compensate, under some circumstances, the suppression in the velocity expansion of the octet operator matrix elements. The poor knowledge of the matrix element ⟨P_1⟩ has been indicated as one of the major source of uncertainty in [43]. Studies of decay matrix elements on the lattice can be found in [44, 45, 46]. Factorization formulas for decay matrix elements in pNRQCD have been derived in [47, 48].

• large higher-order corrections to the Wilson coefficients [49].

TABLE 4. Comparison of ratios of χ_{cJ} partial widths. The experimental values PDG 2004 and PDG 2000 are obtained from the world averages of [36] and [50] respectively. The chosen ratios do not depend at leading order in the velocity expansion on octet or singlet matrix elements. The LO and NLO columns refer to a leading and next-to-leading order calculation done at the renormalization scale 2m_c with the following choice of parameters: m_c = 1.5 GeV and α_s(2m_c) = 0.245. From [2].

Ratio [36] (PDG 2004) [50] (PDG 2000) LO NLO Γ(χ_{c0} → γγ) Γ(χ_{c2} → γγ) 5.1±1.1 13±10 ≈ 3.75 ≈ 5.43

Γ(χ_{c2} → l.h.) − Γ(χ_{c1} → l.h.) Γ(χ_{c0} → γγ) 410±100 270±200 ≈ 347 ≈ 383

Γ(χ_{c0} → l.h.) − Γ(χ_{c1} → l.h.) Γ(χ_{c0} → γγ) 3600±700 3500±2500 ≈ 1300 ≈ 2781

Γ(χ_{c0} → l.h.) − Γ(χ_{c2} → l.h.) Γ(χ_{c2} → l.h.) − Γ(χ_{c1} → l.h.)

7.9±1.5 12.1±3.2 ≈ 2.75 ≈ 6.63

Γ(χ_{c0} → l.h.) − Γ(χ_{c1} → l.h.) Γ(χ_{c2} → l.h.) − Γ(χ_{c1} → l.h.)

8.9±1.1 13.1±3.3 ≈ 3.75 ≈ 7.63

χ_c inclusive decays

In the case of χ_c inclusive decay widths the NRQCD factorization formulas read:

Γ(χ_{cJ} → l.h.) = 9 Im f_1(^3P_J) | | |R^′_{χcJ} (0) | | |^2

πm^4 + 2 Im f_8(^3S_1) m^2

⟨O_8(^1S_0)⟩_{χcJ} + · · · ,

Γ(χ_{cJ} → γγ) = 9 Im f_{γγ} (^3P_J) | | |R^′_{χcJ} (0) | | |^2

πm^4

+ · · · J = 0, 2,

where R^′_{χcJ} (0) is the derivative of the radial part of the χ_{cJ} wave function at the origin. The displayed terms are accurate at leading order in the velocity expansion. The Wilson coefficients are known at NLO accuracy in α_s.

The experimental determination of the χ_c decay widths has dramatically improved in the last four years mainly due to the measurements of the E835 experiment at the Fermilab Antiproton Accumulator. A way to see the impact of these measurements is provided by Tab. 4, where we compare the PDG 2000 [50] with the PDG 2004 [36] determinations of different ratios of hadronic and electromagnetic widths. There have been sizable shifts in some central values and considerable reductions in the errors. In particular, the error on the ratio of the electromagnetic χ_{c0} and χ_{c2} widths has been reduced by about a factor 10, while in all other ratios the errors have been reduced by a factor 2 or 3. The considered ratios of hadronic and electromagnetic widths do not depend at leading order in the velocity expansion on any non-perturbative parameter. Therefore, they can be determined in perturbation theory only. The last two columns of Tab. 4 show the result of a LO and NLO calculation respectively. Clearly the data have become sensitive to NLO corrections and may be used, in principle, to determine α_s at the charm-mass scale. Before this, a necessary step is the calculation of the decay widths at next-to-leading order in the velocity expansion, since these contributions are potentially of the same magnitude as NLO corrections in the Wilson coefficients (see Ref. [51] for a calculation in the electromagnetic case).

PRODUCTION

In this section we briefly mention two of the main open problems in our understanding of charmonium production. We refer to [2] for a proper treatment.

Charmonium polarization

Quarkonium production at large p_T is dominated by gluon fragmentation. NRQCD predicts that the dominant gluon-fragmentation process is gluon fragmentation into a quark-antiquark pair in a color octet^3S_1 state. At large p_T the fragmenting gluon is transversely polarized. In the standard NRQCD power counting it is expected that the octet quark-antiquark pair keeps the transverse polarization as it evolves into a S-wave quarkonium. Different power countings [52] or higher-order corrections may somehow dilute the polarization, which, however, is expected to show up in high p_T data. The present Tevatron data [53] do not seem to confirm this expectation. The uncertainties are, however, too large to make any definite claim. The issue here is mainly experimental and more precise Tevatron data are eagerly awaited.

Double charmonium production

The most challenging open problem in charmonium production concerns double charmonium production in e^+e^− annihilations. The Belle data of inclusive J/ψ + cc̄ production,

σ(e^+e^− → J/ψ + cc̄) σ(e^+e^− → J/ψ + X)

= 0.82 ± 0.15 ± 0.14, Belle [54],

and of exclusive J/ψ + η_c production,

σ(e^+e^− → J/ψ + η_c) Br(cc̄_{res} →> 2 ch. track) = 25.6 ± 2.8 ± 3.4 fb, Belle [55],

are far by almost an order of magnitude from the available theoretical predictions:

σ(e^+e^− → J/ψ + cc̄) σ(e^+e^− → J/ψ + X)

≈ 0.1, [56, 57, 58],

σ(e^+e^− → J/ψ + η_c) = 2.31 ± 1.09 fb, [59, 60].

On the other hand, the present upper bound of Belle on J/ψ + J/ψ production is consistent with theoretical expectations:

σ(e^+e^− → J/ψ + J/ψ) Br(cc̄_{res} →> 2 ch. track) < 9.1 fb, Belle [55], σ(e^+e^− → J/ψ + J/ψ) = 8.70 ± 2.94 fb, [61, 62].

Even if independent data by BaBar would be most welcome, the issue here seems to be mainly theoretical and the data may be the signal of some new production mechanism.

REFERENCES

1. http://www.qwg.to.infn.it 2. N. Brambilla et al., arXiv:hep-ph/0412158.

3. N. Brambilla, A. Pineda, J. Soto and A. Vairo, arXiv:hep-ph/0410047. 4. S. Titard and F. J. Yndurain, Phys. Rev. D 49, 6007 (1994) [arXiv:hep-ph/9310236]. 5. A. Pineda and F. J. Yndurain, Phys. Rev. D 58, 094022 (1998) [arXiv:hep-ph/9711287]. 6. N. Brambilla, A. Pineda, J. Soto and A. Vairo, Phys. Rev. D 60, 091502 (1999) [arXiv:hep-ph/9903355].

7. B. A. Kniehl and A. A. Penin, Nucl. Phys. B 563, 200 (1999) [arXiv:hep-ph/9907489]. 8. N. Brambilla, A. Pineda, J. Soto and A. Vairo, Phys. Lett. B 470, 215 (1999) [arXiv:hep-ph/9910238]. 9. D. Eiras and J. Soto, Phys. Lett. B 491, 101 (2000) [arXiv:hep-ph/0005066]. 10. A. H. Hoang, arXiv:hep-ph/0008102.

11. M. Melles, Phys. Rev. D 62, 074019 (2000) [arXiv:hep-ph/0001295].

12. B. A. Kniehl, A. A. Penin, V. A. Smirnov and M. Steinhauser, Nucl. Phys. B 635, 357 (2002) [arXiv:hep-ph/0203166].

13. N. Brambilla and A. Vairo, arXiv:hep-ph/0411156.

14. M. E. Luke, A. V. Manohar and I. Z. Rothstein, Phys. Rev. D 61, 074025 (2000) [arXiv:hep-ph/9910209].

15. A. H. Hoang, M. C. Smith, T. Stelzer and S. Willenbrock, Phys. Rev. D 59, 114014 (1999) [arXiv:hep-ph/9804227].

16. M. Beneke, Phys. Lett. B 434, 115 (1998) [arXiv:hep-ph/9804241]. 17. A. Pineda, Phys. Rev. D 65, 074007 (2002) [arXiv:hep-ph/0109117].

18. B. A. Kniehl, A. A. Penin, A. Pineda, V. A. Smirnov and M. Steinhauser, Phys. Rev. Lett. 92, 242001 (2004) [arXiv:hep-ph/0312086].

19. A. A. Penin, A. Pineda, V. A. Smirnov and M. Steinhauser, Phys. Lett. B 593, 124 (2004) [arXiv:hep-ph/0403080].

20. N. Brambilla, A. Pineda, J. Soto and A. Vairo, Nucl. Phys. B 566, 275 (2000) [arXiv:hep-ph/9907240].

21. N. Brambilla and A. Vairo, arXiv:hep-ph/0004192.

22. S. Titard and F. J. Yndurain, Phys. Rev. D 51, 6348 (1995) [arXiv:hep-ph/9403400]. 23. S. Titard and F. J. Yndurain, Phys. Lett. B 351, 541 (1995) [arXiv:hep-ph/9501338]. 24. N. Brambilla, Y. Sumino and A. Vairo, Phys. Lett. B 513, 381 (2001) [arXiv:hep-ph/0101305]. 25. N. Brambilla, Y. Sumino and A. Vairo, Phys. Rev. D 65, 034001 (2002) [arXiv:hep-ph/0108084]. 26. A. A. Penin and M. Steinhauser, Phys. Lett. B 538, 335 (2002) [arXiv:hep-ph/0204290]. 27. M. Beneke and A. Signer, Phys. Lett. B 471, 233 (1999) [arXiv:hep-ph/9906475]. 28. A. H. Hoang, Phys. Rev. D 59, 014039 (1999) [arXiv:hep-ph/9803454]. 29. A. Pineda, JHEP 0106, 022 (2001) [arXiv:hep-ph/0105008]. 30. T. Lee, JHEP 0310, 044 (2003) [arXiv:hep-ph/0304185].

31. C. Contreras, G. Cvetic and P. Gaete, Phys. Rev. D 70, 034008 (2004) [arXiv:hep-ph/0311202]. 32. M. Foster and C. Michael [UKQCD Collaboration], Phys. Rev. D 59, 094509 (1999) [arXiv:hep-lat/9811010].

33. G. S. Bali and A. Pineda, Phys. Rev. D 69, 094001 (2004) [arXiv:hep-ph/0310130]. 34. A. X. El-Khadra and M. Luke, Ann. Rev. Nucl. Part. Sci. 52, 201 (2002) [arXiv:hep-ph/0208114]. 35. M. D’Elia, A. Di Giacomo and E. Meggiolaro, Phys. Lett. B 408, 315 (1997) [arXiv:hep-lat/9705032].

36. S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592, 1 (2004). 37. I. F. Allison, C. T. H. Davies, A. Gray, A. S. Kronfeld, P. B. Mackenzie and J. N. Simone [HPQCD Collaboration], arXiv:hep-lat/0411027.

38. N. Brambilla and A. Vairo, Phys. Rev. D 62, 094019 (2000) [arXiv:hep-ph/0002075]. 39. S. Recksiegel and Y. Sumino, Phys. Rev. D 67, 014004 (2003) [arXiv:hep-ph/0207005]. 40. N. Brambilla and A. Vairo, arXiv:hep-ph/9904330.

41. G. T. Bodwin, E. Braaten and G. P. Lepage, Phys. Rev. D 51, 1125 (1995) [Erratum-ibid. D 55, 5853 (1997)] [arXiv:hep-ph/9407339].

42. A. Vairo, Mod. Phys. Lett. A 19, 253 (2004) [arXiv:hep-ph/0311303].

43. A. Pich, talk at the 1^{st} QWG Workshop, CERN, 2002, http://www.qwg.to.infn.it/WS-nov02/index.html.

44. G. T. Bodwin, J. Lee and D. K. Sinclair, arXiv:hep-lat/0412006.

45. G. T. Bodwin, D. K. Sinclair and S. Kim, Phys. Rev. D 65, 054504 (2002) [arXiv:hep-lat/0107011]. 46. G. T. Bodwin, D. K. Sinclair and S. Kim, Phys. Rev. Lett. 77, 2376 (1996) [arXiv:hep-lat/9605023]. 47. N. Brambilla, D. Eiras, A. Pineda, J. Soto and A. Vairo, Phys. Rev. Lett. 88, 012003 (2002) [arXiv:hep-ph/0109130].

48. N. Brambilla, D. Eiras, A. Pineda, J. Soto and A. Vairo, Phys. Rev. D 67, 034018 (2003) [arXiv:hep-ph/0208019].

49. A. A. Penin, A. Pineda, V. A. Smirnov and M. Steinhauser, Nucl. Phys. B 699, 183 (2004) [arXiv:hep-ph/0406175].

50. D. E. Groom et al. [Particle Data Group Collaboration], Eur. Phys. J. C 15, 1 (2000). 51. J. P. Ma and Q. Wang, Phys. Lett. B 537, 233 (2002) [arXiv:hep-ph/0203082]. 52. S. Fleming, I. Z. Rothstein and A. K. Leibovich, Phys. Rev. D 64, 036002 (2001) [arXiv:hep-ph/0012062].

53. T. Affolder et al. [CDF Collaboration], Phys. Rev. Lett. 85, 2886 (2000) [arXiv:hep-ex/0004027]. 54. K. Abe et al. [Belle Collaboration], BELLE-CONF-0331, contributed paper, International Europhysics Conference on High Energy Physics (EPS 2003), Aachen, Germany, 2003.

55. K. Abe et al. [Belle Collaboration], Phys. Rev. D 70, 071102 (2004) [arXiv:hep-ex/0407009]; S.

Olsen, talk at the 3^{rd} QWG Workshop, IHEP, 2004, http://www.qwg.to.infn.it/WS-oct04/index.html. 56. P. L. Cho and A. K. Leibovich, Phys. Rev. D 54, 6690 (1996) [hep-ph/9606229]. 57. S. Baek, P. Ko, J. Lee, and H. S. Song, Phys. Lett. B 389, 609 (1996) [hep-ph/9607236]. 58. F. Yuan, C. F. Qiao, and K. T. Chao, Phys. Rev. D 56, 321 (1997) [hep-ph/9703438]. 59. E. Braaten and J. Lee, Phys. Rev. D 67, 054007 (2003) [hep-ph/0211085]. 60. K. Y. Liu, Z. G. He, and K. T. Chao, Phys. Lett. B 557, 45 (2003) [hep-ph/0211181]. 61. G. T. Bodwin, J. Lee, and E. Braaten, Phys. Rev. Lett. 90, 162001 (2003) [hep-ph/0212181]. 62. G. T. Bodwin, J. Lee, and E. Braaten, Phys. Rev. D 67,054023 (2003) [hep-ph/0212352].