arXiv:0905.3544v1 [hep-ph] 21 May 2009

Hadronic Dynamics in the Studies at B Factories

M.B. Voloshin

William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, MN 55455, USA and Institute of Theoretical and Experimental Physics, Moscow, 117218, Russia

Abstract. I discuss topics in the strong QCD dynamics that are of relevance to studies of the B mesons and to the spectroscopy of heavy hadrons. In particular the limitations from the hadronic dynamics for the determination of the weak-interaction parameters are discussed as well as some models for the newly observed apparently exotic resonances with hidden charm.

1. Introduction The studies of the parameters of the Standard Model and the searches for a ‘New Physics’ in the properties of B mesons inevitably run into the usual problem that we formulate our theories in terms of quarks and gluons, while the experimental data are collected in terms of hadrons. Thus an interpretation of the wealth of data accumulated at the B factories within the underlying theory crucially depends on our ability to cope with the strong dynamics and to ‘translate’ between the quark-gluon and hadronic ‘languages’. In this lecture I discuss some known results in such a ‘translation’ and the existing uncertainties, which still limit the precision of extracting the theoretical parameters. Some of these uncertainties can be somewhat relaxed with a help from new data, however some still appear to be beyond the current understanding of the strong dynamics. In what follows I discuss the current theoretical uncertainties in the precision of determination of the weak-interaction parameters from the data and, in some cases, the ways of reducing such uncertainties by further phenomenological studies of the yet unknown theoretical parameters resulting from the strong dynamics.

The studies at the B factories thus far have not produced any credible indications of a ‘New Physics’. However the unprecedented amount of high precision data accumulated in the process may be a treasure trove for learning new aspects of the QCD dynamics of quarks and leptons. In particular, one unexpected spin-off from the experiments at the B factories is the observation of a multitude of heavy resonances, both with open and hidden charm, displaying highly unusual properties, apparently indicating that some of those are the much expected exotic states, i.e. their structure goes beyond the standard quark-antiquark template for mesons. At present it looks like the new resonances fall into different categories according to their different internal structure. I discuss here two such types: the apparently ‘molecular’ state X(3872) and a class of resonances (Y , Z) which decay into specific charmonium states and pions. I describe in some detail the model, where these latter states are that of a ‘hadro-charmonium’, i.e. they can be considered as a compact charmonium state embedded in excited light-matter.

2. Weak interaction parameters The weak decays of b hadrons provide us with the access to measurements of the entries in the Cabibbo - Kobayashi - Maskawa mixing matrix, describing the weak interaction mixing of the third quark generation. 2.1. |V_{cb}| 2.1.1. V_{cb} from inclusive decay rate of B → X_cℓν. The most straightforward technique for determining the mixing parameter |V_{cb}| is to apply the essentially parton picture to the rate of inclusive semileptonic decay of a b hadron, i.e. to identify the decay rate of a hadron, e.g. B → X_cℓν, with the quark decay rate due to the process b → cℓν, modulo small nonperturbative terms that take into account the ‘Fermi motion’ of the b quark and also the b quark spin interaction with the chromomagnetic field that the heavy quark ‘sees’ inside the hadron. Those nonperturbative terms are suppressed by the parameter Λ^2_{QCD}/m^2_b and can be treated[1] within an application of the Operator Product Expansion to the inclusive decay rates[2, 3]. Certainly, such approach assumes that the b quark mass is large enough for the uncontrollable low-energy non-perturbative effects to die out and thus for the quark-hadron duality to set in. It is not known at present to which accuracy this assumption works, however to some extent it is tested in the treatment of the lifetimes of b hadrons and their differences, as will be discussed further in this lecture. One trivial cross-check of such approach is to verify its prediction that in absolute terms the inclusive semileptonic decay rates B → X_cℓν should be the same. The data agree with this expectation very well: according to the Tables [4], one can deduce Γ(B^+ → ℓ^+νX) = 67.1 ± 1.8 ns^{−1} Γ(B^0 → ℓ^+νX) = 67.5 ± 1.8 ns^{−1}. The charmless decay b → uℓν contributes only about 2% to each of these rates, so that this small contribution can be treated in either way without introducing an uncertainty exceeding the experimental error. The theoretical expression for the decay rate thus has the generic form (clearly related to the familiar muon decay expression) Γ(B → ℓνX_c) = G^2_F |V_{cb}|^2 m^5_b 192π^3 f ( m_c m_b ) × [1 + (pert. correct) + (non − pert. correct)] , (1) with the well known kinematical function

f(x) = 1 − 8x^2 + 8x^6 − x^8 − 24x^4 ln x . (2)

The explicit form of the corrections depends on the scheme used in a definition of the quark masses m_b and m_c [5, 6, 7, 8]. The latter mass parameters and the uncertainty in them in fact dominate the problem of extracting |V_{cb}| from the data. One approach[9] to this problem is to fit these kinematical quantities from the data on the spectra in the semileptonic B decays, e.g. from the moments of the charged lepton energy E_ℓ: M_n = ∫ E^n_ℓ^{dΓsl}_{dEℓ} dE_ℓ (in this classification Γ_{sl} = M_0). The difficulty of this approach is in the nonuniform over the spectrum experimental sensitivity and in that higher moments are generally less certain theoretically due to larger corrections and also due to enhanced potential importance of the unknown deviations from the quark-hadron duality. A typical fit to the available data along these lines yields (see e.g. in [10]) |V_{cb}| ≈ (41.7 ± 0.8) × 10^{−3} , where the error includes the experimental errors and the error of the fit but does not include any theoretical uncertainty.

2.1.2. |V_{cb}| from exclusive decays B → D^{(∗)}ℓν at zero recoil. An alternative way of extracting the mixing parameter |V_{cb}| is provided by the prediction from the heavy quark symmetry for the form factors of the decays B → D^∗ℓν and B → Dℓν at zero recoil[11], i.e. when the final charmed meson is produced at rest. Namely at the kinematical point where w ≡ (p_B · p_D)/(M_B M_D) = 1 the axial form factor F :

⟨D^∗(ϵ)|(c̄γ_5γ_μb)|B⟩ = ϵ_μ F (1) (3) and the vector form factor G: ⟨D|(c̄γ_0b)|B⟩ = G(1) (4) are both close to one with only perturbative correction and corrections to the heavy quark limit: F (1), G(1) = 1+ pert.corr. +O(m^{−2}_c , m^{−2}_b ). The averages[10] of the experimental results for the measurable products of these form factors with |V_{cb}| are F (1) |V_{cb}| = (35.97 ± 0.53) × 10^{−3} and G(1) |V_{cb}| = (42.3 ± 4.5) × 10^{−3}. Thus the real issue is the theoretical estimate of how far the form factors deviate from one as a result of the corrections. The axial form factor F (1) is estimated to be about 0.92 both analytically[5] and numerically (on a lattice) [12] with an error believed to be of few percent, where ‘few’ typically implies 3 to 6. This estimate results in |V_{cb}| = [39.1 ± 0.6_{exp} ± (1.1 ÷ 2.2)_{th}]×10^{−3}. The vector form factor is estimated numerically[13] as G(1) ≈ 1.07, which results in |V_{cb}| = [39.1 ± 4.2_{exp} ± 0.9_{lat}] × 10^3.

Although the two exclusive determinations of |V_{cb}| are in a perfect agreement with one another and also agree, within the uncertainties, with the inclusive determination, the estimates for the form factors may raise some reservations. The reason is that additionally to the heavy quark symmetry the closeness of G(1) (but not of F (1)) to one is also protected by the Ademollo-Gatto theorem[14] in the limit m_c → m_b. In the real world the masses of the charm and bottom quarks are of course different, however the relevant parameter breaking the symmetry limit in G(1) is ξ^2 ≡ [(m_b − m_c)/(m_b + m_c)]^2 ≈ 0.25 [11], and one could expect that some ‘remnants’ of the symmetry suppress the difference |G(1) − 1| in comparison with the ‘unprotected’ |1 − F (1)|. Clearly, the currently used estimates of the deviations of the form factors from one show no traces of such a suppression. It can be noticed that if the actual values of the form factors indeed satisfy the Ademollo-Gatto requirement literally: G(1) − 1 ≈ ξ^2 [1 − F (1)], all three determinations of |V_{cb}| would naturally ‘click’ into place, noticeably better than they are currently believed to. Namely, with ξ^2 = 0.25 one finds |V_{cb}| = 4 G(1) |V_{cb}| + F (1) |V_{cb}| 5 = 41.0 ± 3.6 (5)

in a perfect agreement with the determination from the inclusive semileptonic decay. The data then also imply that F (1) ≈ 0.88 and G(1) ≈ 1.03.

It can be also mentioned that an agreement between all three determinations of |V_{cb}| can be viewed as a test of the V − A structure of the b → c weak current. In particular the limit on the ratio of the right- and left-chiral amplitudes |V + A|/|V − A| is about 0.15 [15].

2.2. The semileptonic branching fraction B_{sl}(B).

Although it is not directly related to the determination of the CKM parameters, the low measured overall semileptonic branching fraction B_{sl}(B) has been challenging to the theoretical understanding of the weak decays of the B mesons[16]. The nonperturbative effects (in the hadronic decay) are smaller for the B^0 meson. Thus the experimental number appropriate for a use as a reference is B(B^0 → ℓ^+νX) = (10.33 ± 0.28)%. On the theoretical side B_{sl}(B^0) is determined dominantly by the ‘parton’ decay branching ratio: B_{sl}(b → ceν) = Γ(b → ceν) ∑ ℓ=e,μ,τ Γ(b → cℓν) + Γ(b → cūd(s)) + Γ(b → cc̄s(d)) + Γ(b → u X) + Γrare (6) with the main factor determining the ratio being the ratio of the quark and the semileptonic decay rates of the b quark: Γ(b → cūd(s)) 3 Γ(b → ceν) = 1 + α_s 2π + α^2_s π^2 4 ( L^2 + 15 8 L + 1.3 + 1.8 ) + . . . , (7) where L = ln(m_W /m_b) ≈ 2.8. The calculation[17] of NNLO terms in the O(α^2_s) radiative correction has increased the predicted relative hadronic decay rate and thereby lowered the prediction for the overall semileptonic branching fraction from 11.5% to 11%. As a result, the remaining gap between the theory and the data does not look as baffling[16] as it used to.

2.3. Lifetime differences.

The study of of the differences between inclusive decay rates of different b hadrons provides an insight into the applicability of using the heavy quark limit and the operator product expansion (OPE) in the Minkowski domain, i.e. the validity of the presumed quark-hadron duality. Within the OPE based approach the inclusive decay rate is expressed by means of the effective Lagrangian, which in fact is the absorptive part of the correlator of two (appropriate parts of the) weak interaction Lagrangians:

L_{eff} = 2 Im [ i ∫ d^4x e^{iqx} T {L_W (x), L_W (0)} ] , (8)

so that the decay rate of a heavy hadron H_Q is calculated as Γ_H = ⟨H_Q| L_{eff} |H_Q⟩ , (9) at q^2 = m^2_Q. For a heavy quark one can use the OPE in the inverse powers of the heavy quark mass m_Q [2, 3]:

L_{eff} = L^{(0)}_{eff} + L^{(2)}_{eff} + L^{(3)}_{eff} = const · G^2_F m^5_Q 192 π^3 ( QQ ) + c_2 m^3_Q ( Q(⃗σ · ⃗B)Q ) + ∑ i c^{(i)}_3 m^2_Q (q_iΓ_iq_i)(QΓ^′_iQ) + . . . , (10)

where the first term describes the perturbative ‘parton’ decay, the second term introduces a correction due to the local gluonic field inside the hadron and the third term describes the effect of the spectator quark in the decay rate. The three first terms of the expansion in m^{−1}_Q correspond to the unitary cuts of the diagrams shown in Figure 1.

Q Q q_1 q_2

q_3 Q Q q_1 q_2

q_3 g Q Q q_1 q_2 q_3 q3

Q Q

Q Q g

Q Q q q m^5_Q (QQ)

m^3_Q ( Q(⃗σ · ⃗B)Q )

m^2_Q (qΓq)(QΓ^′Q)

Figure 1. The three types of graphs whose unitary cuts generate the first three terms of the heavy quark expansion for the inclusive weak decay rates.

The difference in the inclusive decay rates of the b hadrons with different light-quark flavor arises from the third term of the expansion (10). In particular one finds[3, 18] that the lifetimes of the B^0_d and B_s should be the same within less than one percent, while the lifetime of the B^+ meson should be measurably longer:

Γ(B^±)−Γ(B^0) = |V_{cb}|^2

G^2_F m^3_b f^2_B 8π [ (C^2_+ − C^2_−) B + 1 3 (C^2_+ + C^2_−) B̃ ] ≈ −0.030 ( f_B 220 MeV )_2 ps^{−1}, (11) where f_B is the B meson annihilation constant, the coefficients C_+ and C_− are the standard non-leptonic weak interaction renormalization coefficients:

C_− = C^{−2}_+ = (α_s(m_b)/α_s(m_W ))^{12/23} (12)

and finally B and B̃ are the ‘bag’ constants defined for a generic pseudoscalar heavy meson P as ⟨P_{Qq}|(Qγ_μ(1 − γ_5)q) (qγ_μ(1 − γ_5)Q)|P_{Qq}⟩ = 1 2 f^2_P M_P B ⟨P_{Qq}|(Qγ_μ(1 − γ_5)Q) (qγ_μ(1 − γ_5)q)|P_{Qq}⟩ = 1 6 f^2_P M_P B̃ . (13)

In the so-called factorization approximation (where the four-quark operators are replaced by the products of two-quark with the vacuum insertion), both bag constants are equal to one: B = B̃ = 1, in which approximation the numerical value of the decay rate difference in Eq.(11) is estimated.

Experimentally measured differences of the total decay rates are: Γ(B_s) − Γ(B^0_d ) = 0.027 ± 0.013 ps^{−1} and Γ(B^±) − Γ(B^0) = −0.043 ± 0.006 ps^{−1}, both in a reasonable agreement with the theoretical expectation, given the current errors.

It can be also mentioned that the relative difference of the decay rates in the B hadrons is quite small, while similar differences for the charmed mesons are quite conspicuous. In particular by scaling the effect to from the B to D mesons, one estimates that the difference in the lifetimes between the charged and the neutral D mesons should be of order one:

ΔΓ(D) Γ(D) ≈ m^2_b m^2_c f^2_D f^2_B

ΔΓ(B) Γ(B)

∼ O(1) , (14)

which is very well known to be the case indeed.

2.4. |V_{ub}| and nonfactorizable terms in inclusive decay rates The determination of the small mixing parameter |V_{ub}| is complcated by the overwhelming background in the semileptonic decays arising from the dominant b → c transition. In order to separate the charmless semileptonic decays B → X_uℓν one has to impose kinematical cuts that eliminate the contribution of the heavier charmed final states X_c. Such cuts however also leave only a minor fraction of the charmless decays as well. If, for example, the kinematical constrain is imposed on the value of q^2 of the lepton pair[19], q^2 > (M_B − M_D)^2, one is left with only about 20% of the total rate of the decays B → X_uℓν. The theoretical calculation of such fractional decay rate into a restricted part of the phase space however suffers from uncertaintees which substantially limit the accuracy of the extraction of the mixing parameter |V_{ub}| from the data[20]. In particular, within the OPE based approach the nonperturbative contribution of the third term in the effective Lagrangian (10) is formally concentrated in the ‘useful’ part of the phase space. (One can also formulate this behavior by recognizing that the effective mass parameter for the expansion of the decay rate restricted by q^2 > q^2_0 is in fact μ = (m^2_b −q^2_0)/(2m_b) which becomes less than the mass of the charmed quark if q^2_0 = (M_B − M_D)^2.)

The nonperturbative correction to the semileptonic decay due to the b → u current can be written as

δ^{(3)}Γ(B → X_u ℓ ν) =

G^2_F |V_{ub}|^2 f^2_B m^2_b m_B

12 π

(B_2 − B) ≈ 0.3(B_2 − B) Γ(B → X_u ℓ ν) (15)

where B_2 is still another bag constant defined as

⟨B|b̄(1 − γ_5)u)(ū(1 + γ_5)b)|B⟩ = f^2_B m_B 2 B_2 (16)

and which also is equal to one in the heavy quark factorization limit. The actual values of the bag constants are currently not known. In the limit of large number of colors N the deviations from the factorization limit are expected to be suppressed by 1/N^2, which puts the expected difference between the bag constants at O(0.1) in the real world. Clearly, an O(3%) uncertainty thus expected on the basis of Eq.(15) is noticeable in comparison with the 20% usable rate in the determination of |V_{ub}|. Thus an improvement in the precision of this parameter requires understanding the nonfactorizable terms.

To some extent the nonfactorizable contributions to the decay rates can be probed by the experimental data. One quantity explained by these contributions is the lifetime difference between the D_s and D^0 mesons. The observed approximately 25% diffrence agrees well with the understanding that the nonfactorizable terms should be of the order of 0.1 as compared to the factorizable ones (e.g. the difference in the lifetimes between the D^± and D^0). A more direct access to the combination of the bag constants involved in Eq.(15) is provided by the difference in the total semileptonic decay rates of the D_s and D^0 mesons. Namely one can find that

Γ_{sl}(D^0) ≈ Γ_{sl}(D_s) = 0.08 ps^{−1} ( m_c 1.4 GeV )_2 ( f_D 0.2 GeV )_2 ( δB_s 0.1 ) , (17)

where δB_s is the SU(3) nonsinglet part of the difference (B_2 − B) similar to the one in Eq.(15). Clearly, if δB_s ∼ 0.1 the relative effect of this difference should be quite conspicuous given that the total semileptonic decay rate of D^0 is Γ_{sl}(D^0) ≈ 0.165 ps^{−1}. For this reason a measurement of the difference in inclusive semileptonic decay rates between the D_s and D^0 is of a great interest and may significantly reduce the theoretical uncertainty in determination of the mixing parameter |V_{ub}|, which currently is understood [10] to be in the range |V_{ub}| = (3 ÷ 5) × 10^{−3}.

2.5. Some general considerations.

The elements of the CKM matrix are currently known to a good extent. Of those that we not discussed here the parameter |V_{ts}| is essentially fully fixed by the unitariry of the mixing matrix: |V_{ts}| = |V_{cb}|, and this value is in a perfect agreement with the measured frequency of the B_s −B̄_s oscillations, Δm_s = 17.8 ps^{−1}, while the parameter V_{td} is deduced from the B_d − B̄_d oscillation frequency, Δm_d = 0.51 ps^{−1}: |V_{td}| ≈ 8 × 10^{−3}, so that |V_{td}|/|V_{ts}| ≈ 0.20. Combined with the measurement of sin 2β from the CP-odd time asymmetry in the B decays this in fact completes the test of the unitarity triangle and the measurement of its elements.

It is often claimed that an improvement in the measurements of the CKM mixing parameters may probe a ‘New Physics’. Although this is a logical possibility, it can be noted that the accuracy of the determination of the weak-interaction parameters as well other quantities related to quarks (e.g. masses) still remains limited by the theoretical understanding of the ‘conversion’ between the quark parameters and the properties of the observed hadrons. An illustrative example of this situation is provided by the original Cabibbo angle θ_c, i.e. the CKM parameter |V_{us}|. The ‘gold plated’ mode for measuring it is the K_{e3} decay K → πeν. The form factor f_+(0) for this decay is fixed in the limit of the flavor SU(3) symmetry and is protected from the first order corrections due to SU(3) breaking by the Ademollo-Gatto theorem. The Kaon decay data are abundant and readily available, and the history of the measurements spans more than four decades. However I believe that the uncertainty in the understanding of the second order SU(3) breaking effects places a substantial intrinsic limit on the accuracy of the knowledge of sin θ_c. The ‘natural’ scale for the second order SU(3) violating effects is O(10%). The Tables [4] list the value of |V_{us}| with a better than one percent error, based on the careful and detailed analysis of the value of f_+(0) in Ref. [21]. The latter analysis however is based on the chiral perturbation theory and also uses a constituent quark model (on the light cone), which both have their limitations, especially if one aims at such a high accuracy. In particular some recent numerical (lattice) calculations do not confirm the results of the chiral analysis in [21]. (For a discussion see e.g. [4].) Thus the current accuracy of the knowledge of the Cabibbo angle is not entirely clear. On the other hand it is also not clear what dramatically new conclusions could be drawn had we known sin θ with a much better precision. At least the present author is not aware of any credible theoretical prediction of this parameter, which would be thus tested by the data. Neither it looks very likely that improving the precision in the Cabibbo angle and other mixing parameters would lead us directly to a ‘New Physics’. After all — when was the last time a ‘New Physics’ has been found from the third (or even the second) significant digit in an otherwise known quantity, rather than from observing something qualitatively new?

3. New hadronic dynamics Although extensive studies at the B factories have not brought any indications of a ‘New Physics’ they did bring something unexpected and extremely interesting. Namely, it appears that a whole realm of unusual states containing have quarks has been uncovered that may significantly extend the understanding of hadronic dynamics. Until quite recently the reliably known hadrons have all fit the standard quark model template: either quark-antiquark mesons or three quark baryons. Anything not fitting this scheme, generically referred to as ‘exotics’, was not seen with a convincing reliability, inspite of many searches. The situation has changed since the discovery[22] of a narrow (Γ < 2.3 MeV) resonance X(3872) produced in the decays B → K X and decaying as X(3872) → π^+π^− J/ψ and with a mass in an extreme proximity to the D^0D̄^{∗0} threshold: M_X −M(D^0D̄^{∗0}) = −0.6±0.6 MeV. By now it is pretty much clear that the X(3872) is a near-threshold singularity in the D^0D̄^{∗0} S-wave channel with even C parity — either a shallow bound state [23, 24, 25, 26], or (more likely) a so-called virtual state [27, 28, 29]. Such ‘molecular’ states made of pairs of heavy-light hadrons were expected since long ago [30, 31]. Further studies at the B factories have uncovered new resonances with open and hidden charm, that exhibit exotic properties, although their internal dynamics is likely to be different from the ‘molecular’ structure of X(3872). In the remaining part of this lecture I discuss some properties of the X(3872) and also of the so-called Y and Z resonances decaying into specific states of charmonium and pions, which may be states of an entirely new type, namely, of charmonium bound inside an excited light hadronic matter, ‘hadro-charmonium’ [32].

3.1. X(3872) The state X(3872) observed in B decays [22, 33] and in pp̄ collisions at the Tevatron [34, 35]. The co-existence of the decay X → π^+π^−J/ψ (the discovery mode) on one hand and the decays X → π^+π^−π^0J/ψ and X → γJ/ψ on the other implies that the isospin is badly broken in the X(3872). The C parity of the resonance has to be positive, and the bulk of data indicates that the quantum numbers of this state are J^{P C} = 1^{++}. These properties can be explained if X is a C-even S-wave state of a charmed meson pair D^0D̄^{∗0} + D̄^0D^{∗0}. The threshold for a similar pair of charged mesons, D^+D^{∗−} + D^−D^{∗+} is heavier by δ ≈ 8 MeV which is a large gap in the scale of the splitting of X from the D^0D̄^{∗0} threshold. The presence in the wave function of the pair of charged mesons is thus heavily suppressed, which gives rise to X being a mixture of isospin 0 and

Figure 2. The expected shape (in arbitrary units) of the virtual state peak in the yield of π^+π^−J/ψ (solid) and π^+π^−π^0J/ψ (dashed) channels. The energy E (invariant mass) is measured from the D^0D̄^{∗0} threshold.

isospin 1 isotopic states. If X is dominantly a shallow bound state of the neutral mesons, those mesons should move inside the resonance at distances beyond the range of strong interaction, similarly to the proton and the neutron bound in a deutron. In this picture one should expect that the know decays of the D^{∗0}, or the D̄^{∗0} meson from the ‘peripheral’ component of the X(3872), D^{∗0} → γD^0, D^{∗0} → π^0D^0, give rise to the decays of the X resonance X → γD^0D̄^0 and X → π^0D^0D̄^0 with a calculable rate and an interference pattern determined by the binding energy[24, 36]. An experimental search for these decays produced an unexpected result: the peak in the γD^0D̄^0 and π^0D^0D̄^0 invariant mass spectra in the decays B → XK turned out to be at or slightly above the threshold for D^0D̄^{∗0} and was consistent with decays of unbound D^{∗0} mesons[37, 38]. This behavior suggests [28] that X(3872) is in fact a so-called virtual S-wave state in the C-even D^0D̄^{∗0} + D̄^0D^{∗0} channel, i.e. it corresponds to a large negative scattering length for the meson scattering near the threshold. In this case the scattering of the mesons near the threshold can be analyzed in both isotopic channels with I = 0 and I = 1, and the interplay between the kinematics involving two thresholds for the D^0D̄^{∗0} and D^+D^{∗−} states and the isospin symmetry of the underlying strong interaction produces a distinctive pattern of the dependence of the isospin structure of the scattering states on the energy E relative to the threshold [29]. This pattern can be tested by observing a different behavior of the threshold peaks in the X → π^+π^−J/ψ (I = 1) and the X → π^+π^−π^0J/ψ channels in the processes B → XK as illustrated in Figure 2.

3.2. Y, Z — hadro-charmonium?

The charmonium resonances with mass below the open charm threshold (J/ψ, ψ^′, χ_{cJ} , . . .) are narrow due to suppression of the annihilation of a heavy quark pair into light hadrons. This suppression, known as the Okubo-Zweig-Iizuka (OZI) rule also finds its quantitative explanation in QCD [39]. Conversely, for higher charmonium resonances, i.e. those above the open charm threshold, the decay into pairs of charmed mesons should not be suppressed, and those resonances should be broad. The known charmonium states indeed generally follow this rule, e.g. ψ(3770) is only 30 ÷ 40 MeV above the DD̄ threshold, and its width is about 25 MeV and is essentially all due to the decay into pairs of charmed mesons. However notable exceptions from such pattern have been recently found. The resonance Y (4260) with quantum numbers 1^{−−} has a large width of about 80 MeV, but non of its decays into charmed mesons have ever been seen. Rather the observed decay modes are Y → ππJ/ψ and Y → KK̄J/ψ [40, 41, 42, 43]. Subsequently more 1^{−−} peaks with similar behavior were observed in the range 4.32 - 4.36 MeV, Y (4.32 − 4.36) [44, 45] and near 4.66 MeV, Y (4.66) [45], corresponding to the decay Y → ππψ^′ (but not J/ψ). Finally, a manifest isotopic non-singlet Z(4430) has been reported[46] (but not yet independently confirmed [47]) in B decays, corresponding to a resonance in the π^±ψ^′ channel, followed by an indication [48] of similar peaks Z_1(4.05) and Z_2(4.25) decaying into π^±χ_{c1}.

The apparent existence of resonances that decay into a specific low-mass charmonium state and light hadrons invites an explanation [32] that these resonances in a sense already contain inside them that charmonium specific state. In other words, these high-mass resonances contain charmonium embeded in an excited light hadronic matter, so that in their observed decays the light degrees of freedom are ‘shaken off’. Generally the idea of a binding of charmonium in a light matter is not novel — bound states of J/ψ inside nuclei has been discussed for some time [49, 50]. The novel feature of the structure of the possible new resonances, which we call hadro-charmonium, is that the ligh-matter ‘host’ for the charmonium is an excited (and unstable) state rather than a stable nucleus. The existence of such states can be understood in the limit of heavy quarkonium and of a highly excited light-matter resonance by considering a van der Waals type interaction between the quarkonium and the light matter [32, 51].

The interaction of a compact charmonium state (call it generically ψ) with long wave length gluonic field inside light hadronic matter can be described in terms of the multipole expansion in QCD[52, 53, 54] with the leading term being the E1 interaction with the chromo-electric field ⃗Ea. The effective Hamiltonian arising in the second order in this interaction can then be written as H_{eff} = − 1 2 α^{(ψ)} E^a_i E^a_i , (18)

where α^{(ψ)} is the (diagonal) chromo-electric polarizability of the state ψ having the dimension of volume, and which can be expressed in terms of the Green’s function G of the heavy quark pair in a color octet state:

α^{(ψ)} = 1 16 ⟨ψ|ξ^ar_iGr_iξ^a|ψ⟩ , (19) with ⃗r being the relative position of the quark and the antiquark and ξ^a the difference of the color generators acting on them: ξ^a = t^a_c − t^a_{c̄} (a detailed discussion can be found e.g. in the review [32]). Finally, the QCD coupling g is included in the normalization of the field strength in Eq.(18), so that e.g. the gluon Lagrangian in this normalization takes the form −(1/4g^2)F^2.

The diagonal chromo-electric polarizability is not yet known for either of the charmonium states, although it can be directly measured for the J/ψ resonance[55]. What is known is the offdiagonal chromo-polarizability α^{(ψψ′ )} describing the strength of the amplitude of the transition ψ(2S) → π^+π^−J/ψ: |α^{(ψψ′ )}| ≈ 2 GeV^{−3} [32, 50]. On general grounds, the diagonal chromopolarizability for each of the J/ψ, ψ(2S) and χ_c states should be real and positive, and for the former two the Schwartz inequality

α^{(J/ψ)} α^{(ψ′ )} ≥ |α^{(ψψ′ )}|^2 (20)

should hold. It can be expected however that each of the discussed diagonal parameters should exceed the off-diagonal one, and also that the chromo-polarizability for the ψ(2S) and χ_c states is larger than that of the J/ψ due to their larger spatial size.

The strength of the van der Waals type interaction between a charmonium state and a hadron (generically denoted here as X) can be evaluated using the effective Hamiltonian (18) and the well known expression for the conformal anomaly in QCD in the chiral limit: θ^μ = − 9 32π^2 F^a_{μν} F^{a μν} = 9 16π^2

(E^a_i E^a_i − B^a_i B^a_i ) , (21)

where ⃗B^a is the chromo-magnetic field, and the (normalization) expression for the static average of the trace of the stress tensor θ^μ over any state X in terms of its mass M_X : ⟨X|θ^μ (⃗q = 0)|X⟩ = M_X , (22) which is written here assuming nonrelativistic normalization for the state X: ⟨X|X⟩ = 1. Averaging the effective Hamiltonian (18) over a hadron X made out of light quarks and/or gluons, one thus finds ⟨X|H_{eff} |X⟩ ≤ − 8π^2 9 α^{(ψ)} M_X , (23)

where the inequality arises from the fact that the average value of the full square operator B^a_i B^a_i over a physical hadron X has to be non-negative. The relation (23) shows an integral strength of the interaction. Namely, if the force between the charmonium (ψ) and the light hadronic matter inside the hadron X is described by a potential V (⃗x), such that V goes to zero at large |⃗x|, this relation gives the bound for the integral ∫ V (⃗x) d^3x ≤ − 8π^2 9 α^{(ψ)} M_X . (24)

The value of the integral in Eq.(24), although undoubtedly corresponding to an attraction, does not by itself automatically imply existence of a bound state, since it does not take into account the kinetic energy, which in a nonrelativistic treatment of the system is p^2/2M̄ ∼ 1/(R^2M̄), with R being a characteristic size of the hadron X and M̄ = M_X M_ψ/(M_X + M_ψ) the reduced mass in the system. The spatial integral of the kinetic energy is then parametrically of order R/M̄ , and, given the relation in Eq.(24), the condition for existence of a bound state can be written as α^{(ψ)} M_X M̄ R ≥ C , (25)

where C is a numerical constant (parametrically of order one) which depends on a model for the distribution of the interaction over the interior of the hadron X and thus on a more precise definition of the “characteristic size” R. Considering the condition (25) for excited light-matter resonances, one can readily see that the appearance of a hadro-charmonium state, possibly at a higher excitation, depends on the behavior of the combination M_X M̄/R with the excitation number of the resonance X. In particular, if the characteristic size R grows slower than the mass M_X a binding of charmonium necessarily occurs in a sufficiently highly excited resonance. Such behavior takes place, e.g. in the once popular bag model[56], where R ∝ M^{1/3}. However in models which reproduce the approximately linear behavior of the Regge trajectories for the resonances, such as string model including its recently discussed[57] implementation in terms of AdS/QCD correspondence with ‘linear’ confinement, one effectively finds R ∝ M, and a more accurate estimate [58] proves that the binding of heavy quarkonium necessarily occurs at sufficiently high excitation of the light hadronic matter. Also one can argue [58] that in the limit of large mass m_Q of the heavy quark the decay of such states into open heavy flavor channels, requiring a reconnection of the heavy-heavy and light-light binding, is suppressed as exp(−const. √ Λ_{QCD}/m_Q). Obviously, the existing idealized theoretical picture can provide only qualitative guidance for the properties of the real-life hadro-quarkonium states. The most straightforward of these qualitative predictions are the following:

• In addition to mesonic hadro-charmonium resonances there should exist bound states of baryo-charmonium, i.e. bound states of J/ψ, ψ^′, χ_c with baryonic excitations at low baryon number. Such states should decay into e.g. a nucleon + J/ψ, possibly with additional pions.

• There should exist resonances decaying into pion(s) plus other low-mass states of charmonium, η_c, χ_c. This prediction [32, 51] is in a qualitative agreement with the apparent observation of Z_{1,2} [48].

• In addition to the observed decays into final states with the ‘preferred’ specific charmonium state, e.g. Y (4260) → ππJ/ψ, the hadro-charmonium resonances should also decay, at a smaller rate, to non-preferred states, e.g. Y (4260) → ππψ^′ due to a ‘deformation’ of charmonium in the bound state.

• A similar to hadro-charmonium structure of resonances should exist for the bottomonium in the range around 11 - 11.5 GeV, most likely with the excited low-mass bottomonium states (due to a larger chromo-polarizability of the excited states). A possible hadro-bottomonium structure is in fact hinted by the data [59] on the ππΥ(nS) yield near 10.9 GeV.

Acknowledgments This work is supported in part by the DOE grant DE-FG02-94ER40823.

[1] I. I. Y. Bigi, N. G. Uraltsev and A. I. Vainshtein, Phys. Lett. B 293, 430 (1992) [Erratum-ibid. B 297, 477 (1993)] [arXiv:hep-ph/9207214].

[2] M. A. Shifman and M. B. Voloshin, Sov. J. Nucl. Phys. 41, 120 (1985) [Yad. Fiz. 41, 187 (1985)]. [3] M. A. Shifman and M. B. Voloshin, Sov. Phys. JETP 64, 698 (1986) [Zh. Eksp. Teor. Fiz. 91, 1180 (1986)]. [4] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008).

[5] I. I. Y. Bigi, M. A. Shifman and N. Uraltsev, Ann. Rev. Nucl. Part. Sci. 47, 591 (1997) [arXiv:hep-ph/9703290].

[6] A. H. Hoang, Z. Ligeti and A. V. Manohar, Phys. Rev. D 59, 074017 (1999) [arXiv:hep-ph/9811239]. [7] N. Uraltsev, Int. J. Mod. Phys. A 20, 2099 (2005) [arXiv:hep-ph/0403166].

[8] V. Aquila, P. Gambino, G. Ridolfi and N. Uraltsev, Nucl. Phys. B 719, 77 (2005) [arXiv:hep-ph/0503083]. [9] M. B. Voloshin, Phys. Rev. D 51, 4934 (1995) [arXiv:hep-ph/9411296].

[10] E. Barberio et al. [Heavy Flavor Averaging Group (HFAG) Collaboration], arXiv:0808.1297 [hep-ex]. [11] M. A. Shifman and M. B. Voloshin, Sov. J. Nucl. Phys. 47, 511 (1988) [Yad. Fiz. 47, 801 (1988)]. [12] J. Laiho [Fermilab Lattice and MILC Collaborations and MILC Collaboration], PoS LAT2007, 358 (2007) [arXiv:0710.1111 [hep-lat]].

[13] M. Okamoto et al., Nucl. Phys. Proc. Suppl. 140, 461 (2005) [arXiv:hep-lat/0409116]. [14] M. Ademollo and R. Gatto, Phys. Rev. Lett. 13, 264 (1964). [15] M. B. Voloshin, Mod. Phys. Lett. A 12, 1823 (1997) [arXiv:hep-ph/9704278].

[16] I. I. Y. Bigi, B. Blok, M. A. Shifman and A. I. Vainshtein, Phys. Lett. B 323, 408 (1994) [arXiv:hep-ph/9311339].

[17] A. Czarnecki, M. Slusarczyk and F. V. Tkachov, Phys. Rev. Lett. 96, 171803 (2006) [arXiv:hep-ph/0511004]. [18] K. Anikeev et al., B physics at the Tevatron: Run II and beyond, arXiv:hep-ph/0201071. [19] C. W. Bauer, Z. Ligeti and M. E. Luke, Phys. Lett. B 479, 395 (2000) [arXiv:hep-ph/0002161]. [20] M. B. Voloshin, Phys. Lett. B 515, 74 (2001) [arXiv:hep-ph/0106040]. [21] H. Leutwyler and M. Roos, Z. Phys. C 25, 91 (1984).

[22] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 91, 262001 (2003) [arXiv:hep-ex/0309032]. [23] F. E. Close and P. R. Page, Phys. Lett. B 578, 119 (2004) [arXiv:hep-ph/0309253]. [24] M. B. Voloshin, Phys. Lett. B 579, 316 (2004) [arXiv:hep-ph/0309307]. [25] E. S. Swanson, Phys. Lett. B 588, 189 (2004) [arXiv:hep-ph/0311229]. [26] N. A. Tornqvist, Phys. Lett. B 590, 209 (2004) [arXiv:hep-ph/0402237]. [27] D. V. Bugg, Phys. Lett. B 598, 8 (2004) [arXiv:hep-ph/0406293].

[28] C. Hanhart, Yu. S. Kalashnikova, A. E. Kudryavtsev and A. V. Nefediev, Phys. Rev. D 76, 034007 (2007) [arXiv:0704.0605 [hep-ph]].

[29] M. B. Voloshin, Phys. Rev. D 76, 014007 (2007) [arXiv:0704.3029 [hep-ph]].

[30] M. B. Voloshin and L. B. Okun, JETP Lett. 23, 333 (1976) [Pisma Zh. Eksp. Teor. Fiz. 23, 369 (1976)]. [31] A. De Rujula, H. Georgi and S. L. Glashow, Phys. Rev. Lett. 38, 317 (1977). [32] M. B. Voloshin, Prog. Part. Nucl. Phys. 61, 455 (2008) [arXiv:0711.4556 [hep-ph]].

[33] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 71, 071103 (2005) [arXiv:hep-ex/0406022]. [34] D. E. Acosta et al. [CDF II Collaboration], Phys. Rev. Lett. 93, 072001 (2004) [arXiv:hep-ex/0312021]. [35] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett. 93, 162002 (2004) [arXiv:hep-ex/0405004]. [36] M. B. Voloshin, Int. J. Mod. Phys. A 21, 1239 (2006) [arXiv:hep-ph/0509192]. [37] G. Gokhroo et al., Phys. Rev. Lett. 97, 162002 (2006) [arXiv:hep-ex/0606055]. [38] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 77, 011102 (2008) [arXiv:0708.1565 [hep-ex]]. [39] T. Appelquist and H. D. Politzer, Phys. Rev. Lett. 34, 43 (1975).

[40] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 95, 142001 (2005) [arXiv:hep-ex/0506081]. [41] K. Abe et al. [Belle Collaboration], arXiv:hep-ex/0612006.

[42] Q. He et al. [CLEO Collaboration], Phys. Rev. D 74, 091104 (2006) [arXiv:hep-ex/0611021]. [43] T. E. Coan et al. [CLEO Collaboration], Phys. Rev. Lett. 96, 162003 (2006) [arXiv:hep-ex/0602034]. [44] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 98, 212001 (2007) [arXiv:hep-ex/0610057]. [45] X. L. Wang et al. [Belle Collaboration], Phys. Rev. Lett. 99, 142002 (2007) [arXiv:0707.3699 [hep-ex]]. [46] S. K. Choi et al. [BELLE Collaboration], Phys. Rev. Lett. 100, 142001 (2008) [arXiv:0708.1790 [hep-ex]]. [47] B. Aubert et al. [BABAR Collaboration], arXiv:0811.0564 [hep-ex].

[48] R. Mizuk et al. [Belle Collaboration], Phys. Rev. D 78, 072004 (2008) [arXiv:0806.4098 [hep-ex]]. [49] S. J. Brodsky, I. A. Schmidt and G. F. de Teramond, Phys. Rev. Lett. 64, 1011 (1990). [50] A. Sibirtsev and M. B. Voloshin, Phys. Rev. D 71, 076005 (2005) [arXiv:hep-ph/0502068]. [51] S. Dubynskiy and M. B. Voloshin, Phys. Lett. B 666, 344 (2008) [arXiv:0803.2224 [hep-ph]]. [52] K. Gottfried, Phys. Rev. Lett. 40, 598 (1978). [53] M. B. Voloshin, Nucl. Phys. B 154, 365 (1979).

[54] M. E. Peskin, Nucl. Phys. B 156, 365 (1979); G. Bhanot and M. E. Peskin, Nucl. Phys. B 156, 391 (1979). [55] M. B. Voloshin, Mod. Phys. Lett. A 19, 665 (2004) [56] A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn and V. F. Weisskopf, Phys. Rev. D 9, 3471 (1974). [57] A. Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. D 74, 015005 (2006) [arXiv:hep-ph/0602229]. [58] S. Dubynskiy, A. Gorsky and M. B. Voloshin, Phys. Lett. B 671, 82 (2009) [arXiv:0804.2244 [hep-th]]. [59] I. Adachi et al. [Belle Collaboration], arXiv:0808.2445 [hep-ex].