arXiv:hep-ph/0611132v2 18 Dec 2006

Strong decay amplitudes using the Talmi-Moshinsky transformation and the suppressed production of the 1^{−+} hybrid

T. J. Burns^∗ Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Keble Rd., Oxford, OX1 3NP, United Kingdom

The Talmi-Moshinsky transformation is applied to the strong decay and production of mesons. Amplitudes for conventional mesons are obtained in a simple way and are generalised to encompass the production and decay of hybrid states. The selection rule disfavouring hybrid decay into pairs of identical S-wave mesons has a natural explanation and a new class of selection rules is uncovered with implications for production of the exotic 1^{−+} hybrid in e^+e^− experiments, charmonia decays and the lattice.

I. INTRODUCTION

The flux tube model sets a scale for hybrid decays relative to those of conventional mesons [1, 2, 3], a process which the lattice is now able to calculate [4]. The agreement between the two is good in a simple version of the model with equal wavefunction widths and a simplified string overlap term [5]. A decay formalism is developed here which works within the same level of approximation and treats the production and decay of states with arbitrary gluonic excitation. A technique borrowed from nuclear physics – the Talmi-Moshinksy transformation – provides a simple framework for the calculation and uncovers new selection rules sensitive only to the gluonic angular momentum of the initial state. Using the effective quark-flux tube wavefunctions developed elsewhere [6] decays involving hybrid states are a straightforward extension of those involving only conventional mesons.

Within this formalism the amplitude for the decay of any meson into any other pair of mesons is obtained, be they orbitally, radially or gluonically excited (hybrid) states. Previous results for conventional and hybrid meson decays are derived in a simple way and new results obtained for hybrids in the final state. The amplitudes are left in rather general form: simpler polynomial forms will be collated elsewhere and discussed with reference to the phenomenology of hybrids in experiment and on the lattice [7]. The selection rule against the decay of a hybrid meson into pairs of identical S-wave states can be generalised using the symmetry of the Talmi-Moshinsky transformation, giving several new results. A new selection rule forbids the decay of any meson with the gluon field in its ground state to the 1^{−+} hybrid and a 1S meson in the limit of equal width outgoing meson wavefunctions. Within model assumptions developed elsewhere this rule may help discriminate interpretations of the X(3940) and Y (4260) states, and modes such as ψ → π_1ρ and χ → π_1π are forbidden.

The Talmi-Moshinksy transformation and its relevance to quark-pair creation processes is discussed in section II and applied to the decay of a conventional meson to any other pair of conventional mesons in section III. Section IV introduces effective wavefunctions for mesons with flux tubes which and these are applied to the decay and production of hybrids in sections V and VI. In section VII some phenomenology of hybrid production in e^+e^− experiments is discussed.

II. QUARK-PAIR CREATION AND THE TALMI-MOSHINSKY TRANSFORMATION

Central forces in nuclear physics require matrix elements of the form

⟨(n_1l_1 ⊗ n_2l_2)_{l12 m12} |V (|r_1 − r_2|)|(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12 m}′_{12} ⟩ (1)

where the coupled wavefunctions in the nucleon coordinates r_1, r_2 are

⟨r_1, r_2|(n_1l_1 ⊗ n_2l_2)_{l12m12} ⟩ = ∑ m_1m_2

⟨r_1|n_1l_1m_1⟩⟨r_2|n_2l_2m_2⟩⟨l_1m_1, l_2m_2|l_{12}m_{12}⟩. (2)

In the basis of equal width harmonic oscillator wavefunctions there is a convenient procedure for the evaluation of such matrix elements. The wavefuctions in ⟨r_1, r_2| are expanded in a finite sum of wavefunctions in vectors ⟨R, r|

∗ e-mail: burns@thphys.ox.ac.uk

. . ⟨r|nl⟩

⟨r1|n1l1⟩

⟨r2|n2l2⟩ FIG. 1: Strong decay topology.

proportional to the relative and centre of mass coordinates of the nucleons, R = r_1 − r_2 √ 2 , r = r_1 + r_2 √ 2 , (3)

where to match onto later notation the conventions of upper and lower case to denote the relative and centre of mass coordinates are the opposite of those normally used. Denoting by upper case letters the quantum numbers in R and lower case letters the quantum numbers in r, the expansion gives

⟨(n_1l_1 ⊗ n_2l_2)_{l12 m12} |V (|r_1 − r_2|)|(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12 m}′_{12} ⟩ = ∑ NLnl ∑ N^′ L^′n^′l^′ ⟨(n_1l_1 ⊗ n_2l_2)_{l12} |(NL ⊗ nl)_{l12} ⟩⟨(NL ⊗ nl)_{l12m12} |V ( √ 2R)|(N^′L^′ ⊗ n^′l^′)_l′_{12 m}′_{12} ⟩

⟨(N^′L^′ ⊗ n^′l^′)_l′_{12} |(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12} ⟩. (4)

The centre of mass co-ordinates integrate out entirely leaving only a simple one dimensional radial integral, ⟨(NL ⊗ nl)_{l12 m12} |V ( √ 2R)|(N^′L^′ ⊗ n^′l^′)_l′_{12 m}′_{12} ⟩ = ⟨NL||V ( √ 2R)||N^′L^′⟩δ_{nn}′ δ_{ll}′ δ_{l12l}′_{12} δ^′_{m12 m12} δ_{LL}′ . (5) The coefficients in the coordinate transform,

⟨(n_1l_1 ⊗ n_2l_2)_{l12} |(NL ⊗ nl)_{l12} ⟩ = 1 2l_{12} + 1 ∑ m_{12} ∫ d^3r_1d^3r_2⟨(n_1l_1 ⊗ n_2l_2)_{l12 m12} |r_1, r_2⟩⟨ r_1 − r_2 √ 2 , r_1 + r_2 √ 2 |(NL ⊗ nl)_{l12m12} ⟩, (6) are the Talmi-Moshinsky brackets [8, 9] whose values are well known [10]. The essential idea is that the harmonic oscillator Hamiltonian can be written equivalently in either pair of Jacobi coordinates (r_1, r_2) or (r, R): each construction shares common eigenvalues in l_{12}^2, m_{12} and H. The latter demands that the number of energy quanta is conserved,

2n_1 + l_1 + 2n_2 + l_2 = 2N + L + 2n + l, (7)

so the summations in (4) are always finite.

In quark pair-creation processes the dominant topology is that of FIG. 1. Hairpin diagrams are generally suppressed or forbidden on account of colour considerations, or in the flux tube model because the created pair sit at the ends of two broken pieces of string constituting the final state hadrons. The corresponding geometry is show in FIG. 2 where r, r_1, r_2 are the qq coordinates of the initial and final states respectively, and R = r_1 − r_2 2 , r = r_1 + r_2. (8)

The spatial amplitude for such processes has integrals over the wavefunctions of the initial and final states with coordinates r, r_1, r_2 and the relative wavefunction of the outgoing mesons in the relative coordinate r/2. More generally, allowing for a transverse degree of freedom R (such as in a hybrid meson) the integrals are of the form ∫ d^3r_1d^3r_2d^3rd^3Rδ^3(r − r_1 − r_2)δ^3(R − r_1 − r_2 2 ) . . . (9)

r r1 R r2

FIG. 2: Strong decay geometry.

Only two of the integrations need to be performed manually on account of the delta function: the only complication that arises is that at least one of the wavefunctions has to be expressed in the coordinates of another. This can be done using bipolar expansions but the presence of operators connecting the initial and final states, particularly in cases involving radially excited wavefunctions, makes the algebra unwieldy and masks underlying symmetries. A more convenient approach is to note that in its nature the problem is essentially the same as the earlier nuclear physics one: the wavefunctions must be translated from one set of Jacobi coordinates to another. Apart from a scale factor of √ 2 the pair of coordinates (8) is that obtained from the orthogonal coordinate transformation on the vectors (r_1, r_2) cf. (3) above. Using the operator formalism of the harmonic oscillator the matrix elements for such processes can be evaluated without having to perform any integration manually apart from simple radial integrals at the final stage.

The approach is to first operate on the wavefunctions of the initial or final state, leaving wavefunctions in the coordinates r_1, r_2 and r (and in more general cases R); those in the former coordinates are translated via the Talmi- Moshinsky transformation into a new set of wavefunctions of the latter coordinates,

⟨(n_1l_1 ⊗ n_2l_2)_{l12 m12} |r_1, r_2⟩ = ∑ NLnl ⟨(n_1l_1 ⊗ n_2l_2)_{l12} |(NL ⊗ nl)_{l12} ⟩⟨(NL ⊗ nl)_{l12m12} | √ 2R, r/ √ 2⟩, (10)

leaving only simple radial integrals. There are a finite number of ways of allocating the degrees of freedom to the transformed state, owing to the energy conservation rule (7) and its corollary,

(−)^{L+l} = (−)^{l1+l2} . (11)

This approach is well suited to the problem of conventional and hybrid meson decay: the translated wavefunction has a unit of orbital angular momentum L in the transverse degree of freedom R, which must correspond to the initial transverse orbital angular momentum – zero for a conventional meson or one for the first excited hybrid state. Along with the symmetries of the Talmi coefficients,

⟨(n_1l_1 ⊗ n_2l_2)_{l12} |(NL ⊗ nl)_{l12} ⟩ = (−)^{l+l12} ⟨(n_2l_2 ⊗ n_1l_1)_{l12} |(NL ⊗ nl)_{l12} ⟩, (12)

this uncovers a new class of selection rules that probe the transverse degrees of freedom of the initial state, of which the simplest example is the suppression of hybrid decays to pairs of identical S-wave mesons.

Most decay models are nonrelativistic in character and assume L, S factorise: the pictures differ in the assumed quantum numbers of the created pair. An early model assigned the emergent pair the quantum numbers of the vaccum, corresponding to qq pair creation in a^3P_0 state [11]. With the arrival of QCD it was proposed that instead the qq should have the^3S_1 quantum numbers of the vector gluon but this was found to be less successful in describing the data [12]. In the strong coupling expansion of lattice QCD the natural degrees of freedom are not quarks and gluons but quarks and flux tubes and it is not a perturbative gluon that triggers decay but the breaking of a gluonic flux tube [1]. The Hamitonian allows for the quarks at the end of the broken pieces of string to carry either^3P_0 or 3S_1 quantum numbers with corresponding operators:

3P_0 : χ_1 · ∇ = χ_1 · (∇_{r1} + ∇_{r2} + ∇_{r/2}) (13)

3S_1 : χ_1 · r̂ (14)

where χ_1 denotes the spin 1 wavefunction of the emergent pair and the vectors r, r_1 and r_2 are those of FIG. 2. In the flux tube model of Isgur and Paton it is argued that the zero point oscillations of the string wash out the^3S_1 operator and that the^3P_0 operator survives, converging on the phenomenologically successful^3P_0 model and embedding it in a more appealing physical picture [13]. An additional feature of the flux tube model is that the amplitude for decay is driven not only by the overlap of the quark wavefunctions but also by those of the flux tubes of each hadron. In the next section the amplitude for the^3P_0 decay of any conventional meson into any other pair of conventional mesons will be formulated, neglecting the string degrees of freedom. For calculations involving hybrids the string degrees of freedom must be included: this is presented in the subsequent sections.

III. CONVENTIONAL MESON DECAY

The relevant degrees of freedom are the colour, flavour, spin, orbital, radial and total angular momentum quantum numbers of each meson. The colour factor is the same for all processes of the type in FIG. 1 and contributes only an overall factor which is absorbed into the normalisation. Flavour overlaps can be handled by standard techniques and will not be discussed here. For the initial meson with its qq axis at r, the wavefunction assumes the form ⟨r|(s ⊗ nl)_{jm}⟩ (15) where s corresponds to a pair of quarks whose labels have been suppressed coupled to spin s and the space part is given by ⟨r|nlm_l⟩ = ⟨r|nl⟩Y^{ml}_l (r̂). (16) The radial wavefunctions are taken as harmonic oscillators governed by a width parameter β, which in the present work is taken to be universal; typically β ∼ 0.4GeV for light quarks. Corrections for wavefunctions of unequal width can be implemented at a later stage by mapping more realistic wavefunctions onto linear combinations of these harmonic oscillator basis states. Taking a universal wavefunction width suggests a system of natural units in which β = 1, so that the normalised radial wavefunction is ⟨r|nl⟩ = N_{nl}r^lL^{l+1/2}_n (r^2)e^{−r2/2}; N_{nl} = √ 2n! Γ(n + l + 3/2)

. (17)

With the quantum numbers as per FIG. 1 and in the rest frame of the initial state, the final state consists of a pair of mesons ⟨(s_1 ⊗ n_1l_1)_{j1} |r_1⟩ and ⟨(s_2 ⊗ n_2l_2)_{j2} |r_2⟩ with relative coordinate r/2 moving apart with (dimensionless) momenta of magnitude p measured in units of the wavefunction width β. The final states are coupled to j_{12} and are in a relative partial wave L, ⟨LM_L|r/2⟩ = ⟨r/2|L⟩Y^{ML}_L (r̂), (18) where in the absence of final state interactions the relative radial wavefunction has the form ⟨L|r/2⟩ = √ 2 π i^Lj_L(pr/2). (19) The final state must be coupled to angular momentum |jm⟩ on account of its being connected to the initial state by a scalar operator, so has the form

⟨(((s_1 ⊗ n_1l_1)_{j1} ⊗ (s_2 ⊗ n_2l_2)_{j2} )_{j12} ⊗ L)_{jm}|r_1, r_2, r/2⟩ (20)

The total width for the decay of a conventional meson into another pair of conventional mesons is the sum over couplings j_{12} and relative partial waves L of the squared amplitudes:

Γ(snlj → s_1n_1l_1j_1 + s_2n_2l_2j_2) = 2πγ^2_0 pM_1M_2 M ∑ j_{12} L

⟨(((s_1 ⊗ n_1l_1)_{j1} ⊗ (s_2 ⊗ n_2l_2)_{j2} )_{j12} ⊗ L)_j ||χ_1 · ∇||(s ⊗ nl)_j ⟩^2 (21)

where here γ_0 is a phenomenological pair creation constant. Details of choice of phase space will not be discussed in this paper, which is concerned only with the evaluation of the matrix element itself. In the matrix element above, and in subsequent manipulations, the state vectors |r_1, r_2, r/2⟩ and ⟨r| have been dropped and an overall integration ∫ d^3r_1d^3r_2d^3rd^3Rδ^3(r − r_1 − r_2)δ^3(R − r_1 − r_2 2 ) . . . (22)

is implied. The first step is to separate the spin and space degrees of freedom; the relevant recoupling is essentially the same as that of [14] but it is useful to manipulate the radial quantum numbers along with the orbital parts,

⟨(((s_1 ⊗ n_1l_1)_{j1} ⊗ (s_2 ⊗ n_2l_2)_{j2} )_{j12} ⊗ L)_j ||χ_1 · ∇||(s ⊗ nl)_j ⟩ = ∑ s_{12} l_{12}l_f

(−)^{s+L+s12 +l12+lf} Π_{lf s12 l12 j1 j2 j12}

s_1 l_1 j_1 s_2 l_2 j_2 s_{12} l_{12} j_{12} { s_{12} l_{12} j_{12} L j l_f } { s_{12} s 1 l l_f j } ⟨(s_1 ⊗ s_2)_{s12} ||χ_1||s⟩⟨((n_1l_1 ⊗ n_2l_2)_{l12} ⊗ L)_{lf} ||∇||nl⟩ (23)

with Π_{ab...} = √ (2a + 1)(2b + 1) . . . (24)

The spin part is a 9-j coefficient,

⟨(s_1 ⊗ s_2)_{s12} ||χ_1||s⟩ = Π_{1ss1 s2 s12} 1 2 1 2 s_1 1 2 1 2 s_2 1 s s_{12}

. (25)

The space part can be evaluated as follows:

⟨((n_1l_1 ⊗ n_2l_2)_{l12} ⊗ L)_{lf} ||∇||nl⟩ = ∑ n^′_1 l^′_1n^′_2l^′_2 l^′_{12}L^′

⟨((n_1l_1 ⊗ n_2l_2)_{l12} ⊗ L)_{lf} ||∇||((n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12} ⊗ L^′)_l⟩ 1 Π_l

(26) × ∑ Nn^′ ⟨(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12} |(N0 ⊗ n^′l^′_{12})_l′_{12} ⟩ (27)

×⟨((N0 ⊗ n^′l^′_{12})_l′_{12} ⊗ L^′)_l||nl⟩. (28)

In the first step (26), the operator ∇ acts on the final state wavefunctions to produce a new set of states which, to match the initial state ket, must be coupled to l. The operator ∇ is the sum of three terms ∇_{r1} , ∇_{r2} , ∇_{r/2} which act on the ⟨n_1l_1|, ⟨n_2l_2| and ⟨L| parts of the wavefunction respectively. The matrix element in (26) is found by recoupling to sandwich the operators between the relevant parts of the wavefunction:

⟨((n_1l_1 ⊗ n_2l_2)_{l12} ⊗ L)_{lf} ||∇||((n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12} ⊗ L^′)_l⟩ = δ^{n′1 l′1n′2 l′2l′12}_{n1 l1n2l2 l12} Π_{lf} (−)^{l12+L′+lf +1} { l_f 1 l L^′ l_{12} L } ⟨L||∇||L^′⟩ + (−)^{l12 +L+l}Π_{lf l12 l}′_{12} { l_f 1 l l^′_{12} L l_{12} } ( δ^{n′2 l′2L′} n_2 l_2L (−) l_1 +l_2+l^′_{12} { l_{12} 1 l^′_{12} l^′_1 l_2 l_1 } ⟨n_1l_1||∇||n^′_1l^′_1⟩ + δ^{n′1 l′1L′} n_1l_1 L (−) l_1 +l^′_2+l_{12} { l_{12} 1 l^′_{12} l^′_2 l_1 l_2 } ⟨n_2l_2||∇||n^′_2l^′_2⟩ ) . (29)

The matrix element ⟨L||∇||L^′⟩ can be found by operating on ⟨L| with the definition (18): ⟨L||∇||L − 1⟩ = ip √ L, (30) ⟨L||∇||L + 1⟩ = −ip √ L + 1. (31)

The matrix elements ⟨n_1l_1||∇||n^′_1l^′_1⟩ and ⟨n_2l_2||∇||n^′_2l^′_2⟩ follow from those of the creation and annihilation operators, a = 1 √ 2 (p − ir), a† = 1 √ 2 (p + ir), (32)

so that ∇ = ip raises or lowers the number of quanta by one [15, 16]. The matrix elements of r are also recorded here for later use, ⟨nl||∇||nl + 1⟩ = ⟨nl||r||nl + 1⟩ = − √ (l + 1)(n + l + 3/2), (33) ⟨nl||∇||n + 1l − 1⟩ = ⟨nl||r||n + 1l − 1⟩ = − √ l(n + 1), (34) and ⟨n^′l^′||∇||nl⟩ = ⟨nl||∇||n^′l^′⟩ (35) ⟨n^′l^′||r||nl⟩ = −⟨nl||r||n^′l^′⟩. (36) In the second step (27), the harmonic oscillator states in |r_1, r_2⟩ are translated into states in | √ 2R, r/ √ 2⟩, as in EQN.

(10),

⟨(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12 m}′_{12} |r_1, r_2⟩ = ∑ Nn^′ ⟨(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12} |(N0 ⊗ n^′l^′_{12})_l′_{12} ⟩⟨(N0 ⊗ n^′l^′_{12})_l′_{12 m}′_{12} | √ 2R, r/ √ 2⟩. (37)

Here the orbital angular momentum in the harmonic oscillator state in √ 2R is forced to be zero on account of the initial state |nl⟩ having zero orbital angular momentum in that direction; this leaves orbital angular momentum l^′_{12} in the direction r. What remains is a sum over radial quantum numbers n^′, N restricted by the energy conservation rule (7). This takes care of the integral ∫ d^3r_1d^3r_2δ^3(r − r_1 − r_2)δ^3(R − r_1 − r_2 2 ) (38)

leaving only an integral over d^3rd^3R, represented by the final line (28); the integral over dR̂ is trivially one, so that ⟨((N0 ⊗ n^′l^′_{12})_l′_{12} ⊗ L^′)_l||nl⟩ = ⟨l^′_{12}L^′||l⟩ ∫_∞ 0 dRR^2⟨N0| √ 2R⟩ ∫_∞ 0 drr^2⟨n^′l^′_{12}|r/ √ 2⟩⟨L^′|r/2⟩⟨r|nl⟩ (39) with ⟨l^′_{12}L^′||l⟩ = Π_l′_{12 L}′ ⟨l^′_{12}0, L^′0|l0⟩ (40) ∫_∞ 0 dRR^2⟨N0| √ 2R⟩ = √ π 4 N∑ K=0 a_{N0K} (1 + 2K)!! (41) ∫_∞ 0 drr^2⟨n^′l^′_{12}|r/ √ 2⟩⟨r/2|L^′⟩⟨r|nl⟩ = i^{L′} √ 2 (p 4 )_L′^{nn′}∑ kk^′ =0 a_{nlk}a_n′_l′_{12k}′ 2^{k′+l′}12^{/2} ( 4 3 ) α_2 Γ(^α_2 ) Γ(L^′ +^3_2 ) M ( α 2 , L^′ + 3 2 , − p^2 12 ) (42)

where the index α = L^′ + l + 2k + l^′_{12} + 2k^′ + 3 and coefficients from the expansion of the Laguerre polynomials are a_{nlk} = N_{nl} (−)^k k! Γ(n + l + 3/2) (n − k)!Γ(k + l + 3/2)

. (43)

The resulting expressions have a centrifugal barrier suppressing higher partial waves at small momentum and a form factor,

p^L × (polynomial in p^2) × e^{− p212} . (44) The polynomial form can be generated by repeated application of the confluent hypergeometric function recursion relation M(a, b, − p^2 12 ) = M(a − 1, b, − p^2 12 ) − p^2 12b M(a, b + 1, − p^2 12 ) (45)

and using M(a, a, −^{p2}_{12} ) = e^{− p212} ; this is always possible because the first two indices in M will differ by an integer as (40) demands l^′_{12} + L^′ + l is even. The expressions so obtained recover the results of REFS. [13] and [17] and extend upon them to consider decays not treated there, including modes that are not relevant the decays of physical mesons but are useful in modelling virtual qq decays [7].

IV. MESONS WITH FLUX TUBES

In the flux tube model the state of the gluon field is manifest: a meson with angular momentum l is built from the quark (l^′) and flux tube (l_s) angular momentum l = l^′ + l_s. (46) Because of the axial symmetry of the flux tube part of the wavefunction, the full wavefunction is not in general an eigenstate of l^{′2} or l^2_s and there are no associated quantum numbers l^′, l_s. On the other hand, the projection of the angular momentum along the molecular axis is conserved quantity: for a state with qq axis at r̂ the relevant operator is l ·r̂ = l_s ·r̂ and the associated eigenvalue is Λ. The states with nonzero Λ are gluonic hybrids and the ±Λ states are degenerate left- and right-moving phonons, the interference of which gives parity doublets. The spatial wavefunctions can be described by kets of the form |nΛl^P m_l⟩ (47) where here n is the quark radial quantum number, Λ = |Λ|, l is the total orbital angular momentum restricted to l ≥ Λ, and P is a parity label relevant only to the Λ ≠ 0 states. In the parlance of molecular physics, states with Λ = 0, 1, 2 . . . are labeled Σ, Π, Δ . . . in analogy with S,P,D. . . , the latter being used to label the quantum number l. The Σ states are the conventional quark model states; combining with spin gives the J^{P C} quantum numbers: |n^1ΣS_0⟩ 0^{−+} |n^3ΣS_1⟩ 1^{−−} (48) |n^1ΣP_1⟩ 1^{+−} |n^3ΣP_{0,1,2}⟩ 0, 1, 2^{++} (49) |n^1ΣD_2⟩ 2^{−+} |n^3ΣD_{1,2,3}⟩ 1, 2, 3^{−−} &c. (50)

The lowest lying orbital configurations for hybrid states are the ΠP^± states, with a single phonon in the lowest mode of excitation of the flux tube and total orbital angular momentum l = 1. Combining with spin this set includes the manifestly exotic 0^{+−}, 1^{−+}, 2^{+−} states:

|n^1ΠP^+_1 ⟩ 1^{++} |n^3ΠP^+_{0,1,2}⟩ 0, 1, 2^{+−} (51) |n^1ΠP^−_1 ⟩ 1^{−−} |n^3ΠP^−_{0,1,2}⟩ 0, 1, 2^{−+} (52)

Those of most phenomenological interest are the quark radial ground states denoted |1ΠP^±⟩ where here the prefix “1” stands for n + 1 as in the usual chemical notation. These are the family of hybrids which for light quarks are expected to lie at around 1.8–2.0GeV and are discussed in REFS. [2, 3]. As well as radial excitations |2ΠP^±⟩&c., there exist in principle orbital excitations such as those with l = 2,

|n^1ΠD^+_2 ⟩ 2^{++} |n^3ΠD^+_{1,2,3}⟩ 1, 2, 3^{+−} (53)

|n^1ΠD^+_2 ⟩ 2^{−−} |n^3ΠD^−_{1,2,3}⟩ 1, 2, 3^{−+} (54)

and then again a sequence of states with two phonons in the flux-tube |nΔD^±⟩, |nΔF^±⟩&c.[21] With the flux-tube degrees of freedom manifest the amplitude for a decay depends not only on the overlap of the quark wavefunctions but also on those of the flux tubes of the initial and final hadrons. Dowrick, Paton and Perantonis[18] obtain the flux tube overlap for decays of the type

Σ → Σ + Σ, and (55) Π → Σ + Σ (56)

for a harmonic flux tube connecting a fixed quark and antiquark. These factors provide a parameter-free scale for processes involving hybrids relative to those involving only conventional mesons, driven by calculable terms κ and the ratio √ σ/β where σ is the string tension. For a wide range of other decay processes, including

Σ → Π + Σ, (57) Σ → Π + Π, and (58) Δ → Σ + Σ (59)

the string overlap factors share the same generic form[22]: string breaking is suppressed exponentially according to the perpendicular distance ρ away from the qq axis, localising pair creation to a region of order 1/ √ σ, and there are solid harmonic factors in ρ associated with the gluonic excitations Π, Δ, &c.

In the adiabatic approach the string overlap factors are used as a spatial weight for the full decay amplitude [2, 13]. The subsequent calculations in this paper, which follow the prescription of REF. [6], work in the approximation that the exponential localisation of string breaking is discarded. In this limit decay amplitudes involving only Σ states are those of the naive^3P_0 model in which the amplitude for pair creation is equal everywhere in space; this is known to be a good approximation, essentially because the quark wavefunctions mimick this asymptotic form [13]. This is the level of approximation within which the amplitudes presented in [5] were calculated, and the agreement with the lattice was found to be good.

What remains of each string overlap is a solid harmonic associated with each gluonic excitation: in this sense the string overlaps are factorisable. In the approach of REF. [6] the appropriate factor is combined with the quark wavefunction of REF. [1] to give an effective quark-flux tube wavefunction for each state; the overall decay amplitude is then driven by the factors κ which are also calculated there. It is found that the combined quark-flux tube wavefunction can be expressed as a linear combination of tensors of rank l, ⟨ρ, r|(Λ ⊗ n^′l^′)_{lml} ⟩ = ∑ μm^′ ⟨ρ|Λμ⟩⟨r|n^′l^′m^′⟩⟨Λμ, l^′m^′|lm_l⟩. (60) where the qq degree of freedom is a harmonic oscillator as before ⟨r|n^′l^′m^′⟩ = ⟨r|n^′l^′⟩Y^{m′}_l′ (r̂) (61) and the flux-tube part of the wavefunction is ⟨ρ|Λμ⟩ = √ 4π 2Λ + 1 ρ^ΛY^μ_Λ (ρ̂). (62)

The translation between the full wavefunction and the effective wavefunction, |nΛl^P m_l⟩ → ∑ n^′ l^′ |(Λ ⊗ n^′l^′)_{lml} ⟩⟨(Λ ⊗ n^′l^′)_l|nΛl^P ⟩, (63) is discussed in detail in REF. [6]: here only the final results are quoted for the cases of most interest. For conventional mesons (Λ = Σ) the translation is trivial, |nΣlm_l⟩ → |(Σ ⊗ nl)_{lml} ⟩ (64) = |nlm_l⟩ (65) where in the second step, which follows from the definition (60), there appears a harmonic oscillator ket defined in EQN. (16). Amplitudes involving only conventional mesons are then the amplitudes of the old^3P_0 model with no string degrees of freedom, corresponding to pair creation with equal amplitude everywhere in space.

For hybrid states (Λ = Π, Δ, . . .) the effective wavefunctions are, unlike the full quark-flux tube wavefunctions, eigenstates of both l^{′2} and l^2_s:

l^{′2}|(Λ ⊗ n^′l^′)_{lml} ⟩ = l^′(l^′ + 1)|(Λ ⊗ n^′l^′)_{lml} ⟩, (66) l^2_s|(Λ ⊗ n^′l^′)_{lml} ⟩ = Λ(Λ + 1)|(Λ ⊗ n^′l^′)_{lml} ⟩. (67)

This is a consequence of having discarded the axially symmetric exponential localisation of string breaking. Thus Σ, Π, Δ . . . states have string angular momentum equal to the magnitude of its projection along the molecular axis, l_s = Λ = 0, 1, 2, . . . The quark orbital angular momentum l^′ can take values |Λ − l| ≤ l^′ ≤ Λ + l and the parity of a state is (−)^{Λ+l′ +1}, so that the parity doublets correspond to l^′ even/odd. The quark radial wavefunctions for hybrids are subject to a modified centrifugal barrier, but decay calculations appear to be fairly insensitive to this [3]. In the approximation that the radial wavefunction is a 1P harmonic oscillator state, the effective wavefunctions for the lowest lying hybrids are found to be

|1ΠP^−⟩ → |(Π ⊗ 1P)_1⟩ (68)

|1ΠP^+⟩ → √ 2 3 ( 2 √ 2 3π |(Π ⊗ 1S)_1⟩ + . . . ) + √ 1 3 ( 8 3 √ 2 5π |(Π ⊗ 1D)_1⟩ + . . . ) (69)

The ellipsis indicate contributions from higher radial excitations in the quantum number n^′, owing to the mismatch between the orbital and radial characters of the quark part of the wavefunctions. For the orbitally excited states it is those with negative parity that pick up correction terms for the radial wavefunctions, which is assumed to be 1D: |1ΠD^−⟩ → √ 3 5 ( 8 3 √ 2 5π |(Π ⊗ 1P)_2⟩ + . . . ) + √ 2 5 ( 16 5 √ 2 7π |(Π ⊗ 1F)_2⟩ + . . . ) (70)

|1ΠD^+⟩ → |(Π ⊗ 1D)_2⟩ (71)

In a similar way it is possible to write down wavefunctions for Δ-type hybrids and so forth.

Working in this basis, the decay amplitude that appears in equation (21) has the form

⟨(((s_1 ⊗ (Λ_1 ⊗ n^′_1l^′_1)_{l1} )_{j1} ⊗ (s_2 ⊗ (Λ_2 ⊗ n^′_2l^′_2)_{l2} )_{j2} )_{j12} ⊗ L)_j ||χ_1 · ∇||(s ⊗ (Λ ⊗ n^′l^′)_l)_j ⟩. (72)

The spatial parts of the meson wavefunctions are still tensors of rank l, l_1, l_2 so the recoupling in equation (23) to separate the spin and space degrees of freedom is the same and the task is to evaluate matrix elements of the form

⟨(((Λ_1 ⊗ n^′_1l^′_1)_{l1} ⊗ (Λ_2 ⊗ n^′_2l^′_2)_{l2} )_{l12} ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩. (73)

In formulating the full decay amplitude it is useful to associate ρ with one of the vectors appearing in FIG. 2. As discussed elsewhere [6], the purely transverse oscillations of the string allows the replacement

ρ → R (74)

for the flux tube vector of the initial state whose qq axis is at r. Within the harmonic approximation the same replacement can be made for flux tube excitations in the final state, and because the flux tube has only transverse oscillations this is equivalent to

ρ → r_2/2, (75) ρ → r_1/2, (76)

for the final state mesons whose qq axes are at r_1, r_2 respectively. The quantum numbers and dynamical variables associated with each state are summarised in FIG. 3. The expansion (60) need never be done explicitly, and it is more useful to work in the coupled form ⟨ρ, r|(Λ ⊗ n^′l^′)_{lm}⟩. The solid harmonic (62) describes the elements of a tensor of rank Λ, so that for

Σ, Π, Δ . . . (77)

states the tensor Λ corresponds to 1, ρ, {ρ ⊗ ρ}_2, . . . (78) Thus apart from a scale factor the tensors associated with each gluonic excitation are:

. . ⟨R, r|(Λ ⊗ n^′l^′)_{lm}⟩

⟨r2, r1|(Λ1 ⊗ n^′_1l^′_1)_{l1m1} ⟩

⟨r1, r2|(Λ2 ⊗ n^′_2l^′_2)_{l2 m2} ⟩

FIG. 3: State vectors and quantum numbers.

Λ Λ_1 Λ_2 Σ 1 1 1 Π R r_2 r_1 Δ {R ⊗ R}_2 {r_2 ⊗ r_2}_2 {r_1 ⊗ r_1}_2

For the final states Λ_1, Λ_2 correspond respectively to tensors in r_2, r_1 which can be treated as operators on the |n^′_2l^′_2⟩ and |n^′_1l^′_1⟩ harmonic oscillator degrees of freedom that appear in (73); this case is discussed in the next but one section. For an initial state hybrid Λ excitations are treated as operators on a harmonic oscillator degree of freedom in R that appears in the Talmi-Moshinsky transformation; this is discussed in the next section. For Σ states the matrix elements are just those of the unit operator, ⟨nl||Σ||n^′l^′⟩ = δ_{nn}′ δ_{ll}′ Π_l. (79) For the Π states the requisite matrix elements are those of the vector ρ, already given in (33)–(36): ⟨nl||Π||nl + 1⟩ = − √ (l + 1)(n + l + 3/2), (80) ⟨nl||Π||n + 1l − 1⟩ = − √ l(n + 1), and (81) ⟨n^′l^′||Π||nl⟩ = −⟨nl||Π||n^′l^′⟩. (82) For Λ > 1 hybrids the reduced matrix elements of the corresponding solid harmonic are required; these are known but such cases will not be discussed any further here.

V. HYBRID MESON DECAY

In this section the spatial part of the amplitude for the decay of a state of arbitrary gluonic angular momentum into a pair of conventional mesons

Λ → Σ + Σ, (83)

will be formulated, recovering the results of the previous section if the initial meson has Λ = Σ. The amplitude can be expressed in a form analagous to that of the conventional mesons case (26)–(28):

⟨(((n_1l_1 ⊗ n_2l_2)_{l12} ) ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩ = ∑ n^′_1 l^′_1n^′_2 l^′_2l^′_{12} L^′

⟨((n_1l_1 ⊗ n_2l_2)_{l12} ⊗ L)_{lf} ||∇||((n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12} ⊗ L^′)_l⟩ 1 Π_l

(84) × ∑ Nn^{′′}l^{′′} ⟨(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12} |(NΛ ⊗ n^{′′}l^{′′})_l′_{12} ⟩ (85)

×⟨((NΛ ⊗ n^{′′}l^{′′})_l′_{12} ⊗ L)_l||(Λ ⊗ n^′l^′)_l⟩. (86)

Here the first step (84) is the same as for the conventional meson case (26). In the second step the harmonic oscillator states in |r_1, r_2⟩ are translated into states in | √ 2R, r/ √ 2⟩, as before, but now the translated states must have angular momentum Λ in the direction R to match the initial state |(Λ ⊗ n^′l^′)_l⟩:

⟨(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12 m}′_{12} |r_1, r_2⟩ = ∑ Nn^{′′} l^{′′} ⟨(n^′_1l^′_1 ⊗ n^′_2l^′_2)_l′_{12} |(NΛ ⊗ n^{′′}l^{′′})_l′_{12} ⟩⟨(NΛ ⊗ n^{′′}l^{′′})_l′_{12 m}′_{12} | √ 2R, r/ √ 2⟩. (87)

The matrix element in the final step can be integrated directly, but it is more convenient to treat Λ as an operator on the R degree of freedom and make use of the integrations already performed, ⟨((NΛ ⊗ n^{′′}l^{′′})_{l12} ⊗ L)_l||(Λ ⊗ n^′l^′)_l⟩ = (−)^{L+l′+l′′} Π_{ll12} Π_Λ { l Λ l^′ l^{′′} L l_{12} } ∑ N^′ ⟨NΛ||Λ||N^′0⟩⟨((N^′0 ⊗ n^{′′}l^{′′})_l′′ ⊗ L)_l′ ||n^′l^′⟩ (88) where the harmonic oscillator matrix element is given by EQNS. (79)–(82) and the final term is given by EQN. (39). It is easily checked that if the initial state is a conventional meson then the expressions (84)–(86) collapse to the results of the previous section (26)–(28).

The amplitudes so obtained encompass many modes not yet discussed in the literature: these are too numerous to record here in their final polynomial form and so will be collated and discussed elsewhere. These hybrid decay amplitudes have the same generic functional form (44) as the conventional meson amplitudes. The decays

1ΠP^± → 1P +^1 S_0, (89)

reproduce the results of REF. [3][23], where here and in what follows the label Σ for conventional mesons is omitted. The overall scale for these decays is set by the string overlap term; that scale factor is now being tested on the lattice and the agreement is good [4, 5]. The authors of REF. [3] found closed forms for decays of the negative parity states 1ΠP^− but not for those with positive parity 1ΠP^+. This arises from the mismatch between the orbital and radial characters of the wavefunctions, explicit in the wavefunctions (68) and (69): the amplitudes derived here for 1ΠP^− states are finite polynomials in p whereas those for 1ΠP^+ states are a (rapidly decreasing) power series in p.

The amplitudes derived here extend upon previous results in several different directions. The results are for arbitrary radial quantum number n^′ and so can be applied to more realistic radial wavefunctions that take account of the modified centrifugal barrier for hybrid states: any such wavefunction can be expressed as a linear combination of radial harmonic oscillator states. For the 1ΠP^± states modes such as

1ΠP^± → 1P +^3 S_1, and (90) 1ΠP^± → 1D +^1 S_0 (91)

have not previously been considered and have implications for hybrid width if hybrid mass is sufficient to allow decay [6]; it may also be possible to test these on the lattice where masses can be adjusted to allow decay. The amplitudes derived here also include more exotic classes of decays that may be testable on the lattice, such as the decay of orbitally excited Π hybrids or Δ hybrids:

1ΠD^± → Σ + Σ, (92) 1ΔD^± → Σ + Σ &c., (93)

where here Σ stands generically for any conventional meson. Returning to the lightest 1ΠP^± states, the operator formalism admits a simple proof of the selection rule of Close and Page [3] forbidding their decay to pairs of 1S mesons,

1ΠP^± ↛ 1S + 1S. (94)

Acting on a final state pair of identical 1S mesons the decay operator is proportional to r, using EQN. (33):

⟨((1S ⊗ 1S)_0 ⊗ L)_L||∇||(Λ ⊗ n^′l^′)_l⟩ = ⟨((1S ⊗ 1S)_0 ⊗ L)_L||∇_{r1} + ∇_{r2} + ∇_{r/2}||(Λ ⊗ n^′l^′)_l⟩ (95) = ⟨((1S ⊗ 1S)_0 ⊗ L)_L||r_1 + r_2 + ∇_{r/2}||(Λ ⊗ n^′l^′)_l⟩ (96)

= ⟨((1S ⊗ 1S)_0 ⊗ L)_L||r + ∇_{r/2}||(Λ ⊗ n^′l^′)_l⟩ (97)

Since neither the final state nor the operator have angular momentum about R, the initial state can only have zero angular momentum about R, corresponding to a Σ state: thus the decay of any Λ ≠ 0 state to a pair of 1S mesons is forbidden:

⟨(1S ⊗ 1S)_0 ⊗ L)_L||∇||(Λ ⊗ n^′l^′)_l⟩ = 0 for Λ ≠ 0. (98)

The analogue of (94) can now be expressed in a more general form which is independent of the radial wavefunction and the total angular momentum l of the initial state:

⟨(1S ⊗ 1S)_0 ⊗ L)_L||∇||(Π ⊗ n^′l^′)_l⟩ = 0, (99)

Since the zero appears for any n^′ it holds for any linear combination of n^′ such as a more realistic wavefunction which takes account of the modified centrifugal barrier for gluonic excitations. The result is also independent of the total orbital angular momentum l, forbidding the decay of not just ΠP^± states but also their orbitally excited counterparts ΠD^± &c. As noted in REFS. [2, 3], the rule is broken by outgoing mesons with different spatial wavefunctions: this can be understood by returning to physical units with different wavefunction widths β_1 ≠ β_2, in which case the decay operator has a part which is proportion to (β^2_1 − β^2 )R and the decay from a Π state is allowed. A new result is that the rule also forbids such decays for hybrids with two phonons, ⟨(1S ⊗ 1S)_0 ⊗ L)_L||∇||(Δ ⊗ n^′l^′)_l⟩ = 0, (100) and so forth.

Isgur, Kokoski and Paton [2] observed a more general rule forbidding the decay of ΠP^± hybrids to any pair of S-wave mesons with identical spatial wavefunctions, ΠP^± ↛ S + S, (101) where here neither the initial nor final states are harmonic oscillator eigenstates. The present formalism admits a general proof of this rule, which turns out to be a special case of a more general rule: a state with Λ odd (even) is forbidden to decay to a pair of final states with the same spatial wavefunction coupled to l_{12} even (odd). The spatial wavefunction of any state |X⟩ can be expressed as a linear combination of harmonic oscillator basis states |X⟩ = ∑ i c_i|n_il_i⟩ (102)

The spatial part of the decay amplitude to any identical pair of states |X⟩ is then ⟨((X ⊗ X)_{l12} ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩ = ∑ ij c_ic_j A_{ij} (103)

where A_{ij} is the amplitude (84) with n_il_i and n_j l_j in place of n_1l_1 and n_2l_2. The terms A_{ij} contain Talmi coefficients ⟨(n^′_il^′_i ⊗ n^′_j l^′_j )_l′_{12} |(NΛ ⊗ n^{′′}l^{′′})_l′_{12} ⟩ (104) which pick up (−)^{l′′ +l12} under i ↔ j and are nonzero only for (−)^{l′i +l′j} = (−)^{Λ+l′′} , using (11) and (12). Together with the constraint (−)^{li+lj} = 1 it is easy to show that A_{ji} = (−)^{Λ+l12} A_{ij} and with the expansion (102) above the selection rule follows:

⟨((X ⊗ X)_{l12} ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩ = 0 if (−)^{l12 +Λ} = −1. (105) So the decay of any Π-state to a pair of S-wave mesons is forbidden, as they must be coupled to l_{12} = 0 ⟨((X ⊗ X)_{l12 =0,2,...} ⊗ L)_{lf} ||∇||(Π ⊗ n^′l^′)_l⟩ = 0. (106) A new result is that the decay of any conventional meson to an identical pair coupled to l_{12} = 1 is forbidden, ⟨((X ⊗ X)_{l12 =1,3,...} ⊗ L)_{lf} ||∇||(Σ ⊗ n^′l^′)_l⟩ = 0. (107) Few decay modes are entirely at the mercy of this rule since the recoupling (23) maps a final state of definite j_{12} onto a linear combination of l_{12}. The rule does, however, have implications for hybrid production, and so will be drawn upon in subsequent sections.

VI. HYBRID MESON PRODUCTION Consider the most general case in which the final state can also include gluonic excitations with nonzero Λ_1, Λ_2: Λ → Λ_1 + Λ_2. (108) Recall that the flux tube quantum numbers Λ_1, Λ_2 correspond to operators in the vectors r_2, r_1 respectively. Acting with these operators on the final states ⟨n^′_2l^′_2|, ⟨n^′_1l^′_1| gives a new pair of harmonic oscillators ⟨n^{′′}_2 l^{′′}_2 |, ⟨n^{′′}_1 l^{′′}_1 |. In this way, any amplitude involving gluonic excitations in the final state can be expressed as a linear combination of amplitudes involving only conventional mesons:

⟨(((Λ_1 ⊗ n^′_1l^′_1)_{l1} ⊗ (Λ_2 ⊗ n^′_2l^′_2)_{l2} )_{l12} ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩ = ∑ n^{′′}_1 l^{′′}_1 n^{′′}_2 l^{′′}_2

⟨((Λ_1 ⊗ n^′_1l^′_1)_{l1} ⊗ (Λ_2 ⊗ n^′_2l^′_2)_{l2} )_{l12} |(n^{′′}_1 l^{′′}_1 ⊗ n^{′′}_2 l^{′′}_2 )_{l12} ⟩

⟨(((n^{′′}_1 l^{′′}_1 ⊗ n^{′′}_2 l^{′′}_2 )_{l12} ) ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩, (109) where the second term is that calculated in the previous section and summarised in (84)–(86). The requisite transformation is found by recoupling the Λ_1, Λ_2 operators so as to interchange their positions, and using |(Λ ⊗ n^′l^′)_n′′_l′′ ⟩ = |n^{′′}l^{′′}⟩ 1 Π_l′′ ⟨n^{′′}l^{′′}||Λ||n^′l^′⟩. (110) For the general case the recoupling is

⟨((Λ_1 ⊗ n^′_1l^′_1)_{l1} ⊗ (Λ_2 ⊗ n^′_2l^′_2)_{l2} )_{l12} |(n^{′′}_1 l^{′′}_1 ⊗ n^{′′}_2 l^{′′}_2 )_{l12} ⟩

= (−)^{Λ1 +Λ2+l1} Π_{l1 l2} (−)^{l′′1} l^′_1 Λ_1 l_1 Λ_2 l^′_2 l_2 l^{′′}_1 l^{′′}_2 l_{12}

⟨n^{′′}_1 l^{′′}_1 ||Λ_2||n^′_1l^′_1⟩⟨n^{′′}_2 l^{′′}_2 ||Λ_1||n^′_2l^′_2⟩. (111)

If one of the final state mesons is a conventional meson,

⟨((Λ_1 ⊗ n^′_1l^′_1)_{l1} ⊗ (Σ ⊗ n^′_2l^′_2)_{l2} )_{l12} |(n^{′′}_1 l^{′′}_1 ⊗ n^{′′}_2 l^{′′}_2 )_{l12} ⟩ = (−)^{l1+l12 +l2} Π_{l1} { l^{′′}_2 Λ_1 l^′_2 l^′_1 l_{12} l^′_1 } ⟨n^{′′}_2 l^{′′}_2 ||Λ_1||n^′_2l^′_2⟩δ_n′_{1n}′′_1 δ_l′_{1 l}′′_1 , (112)

and if both final state mesons are conventional mesons the recoupling is trivial: ⟨((Σ ⊗ n^′_1l^′_1)_{l1} ⊗ (Σ ⊗ n^′_2l^′_2)_{l2} )_{l12} |(n^{′′}_1 l^{′′}_1 ⊗ n^{′′}_2 l^{′′}_2 )_{l12} ⟩ = δ_n′_{1 n}′′_1 δ_l′_{1l}′′_1 δ_n′_{2 n}′′_2 δ_l′_{2l}′′_2 . (113) It follows immediately that these more general amplitudes recover the results of the previous section if both outgoing mesons are of the conventional type.

The results so obtained are the first calculation of hybrid production amplitudes. Processes such as Σ → Π + Σ, and (114) Σ → Π + Π (115) will be discussed elsewhere in the context of e^+e^− B-factories [7]. The next section considers a special case of such processes in which a 1ΠP^− hybrid is produced along with a 1S state. In this case the recoupling (112) is straightforward, mapping onto a pair of 1P states coupled to l_{12} = 1:

⟨(((Π ⊗ 1P)_1 ⊗ (Σ ⊗ 1S)_0)_1 ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩ ∝ ⟨((1P ⊗ 1P)_1 ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩, (116) so that, using (105), a new selection rule arises Σ ↛ 1ΠP^− + 1S. (117) Another way of seeing this is to replace Π by the operator r_2 and for the harmonic oscillator in r_1 that |1P⟩ ∝ r_1|1S⟩, thus

⟨(((Π ⊗ 1P)_1 ⊗ (Σ ⊗ 1S)_0)_1 ⊗ L)_{lf} ||∇||(Λ ⊗ n^′l^′)_l⟩ ∝ ⟨(((r_2 ⊗ r_1)_1 ⊗ (1S ⊗ 1S)_0)_1 ⊗ L)_{lf} ||∇_{r1} + ∇_{r2} + ∇_{r/2}||(Λ ⊗ n^′l^′)_l⟩ (118) The decay operator then gives two terms, one proportional to ⟨((R ⊗ (1S ⊗ 1S)_0)_1 ⊗ L)_{lf} ||(Λ ⊗ n^′l^′)_l⟩ (119) and another proportional to ⟨(((R ⊗ r)_1 ⊗ (1S ⊗ 1S)_0)_1 ⊗ L)_{lf} ||r + ∇_{r/2}||(Λ ⊗ n^′l^′)_l⟩, (120) both of which are zero for an initial Σ state on the account of the vector R in the final state.

. . . .

e^+e^− → γ^∗ → cc → cc + cc bb̄ → gluons, γ^∗→ cc → cc + cc cc → gluons, γ^∗→ qq → qq + qq

FIG. 4: Some possible sources of hybrid states in e^+e^− B-factories.

VII. THE SUPPRESSED PRODUCTION OF THE 1^{−+} HYBRID

There has been speculation that the surprisingly large double cc̄ cross sections in e^+e^− B-factories could prove a copious source of charmonia hybrids, or likewise the decay of physical bb̄ states. Analogously, it is possible that light quark hybrids could be buried in the wealth of data anticipated on charmonia decays. Such processes will be considered in more detail in REF. [7]; in this section it will be shown that within the framework developed there the production of the 1ΠP^− hybrid along with a conventional 1S meson is forbidden.

The processes under consideration share common features as depicted in FIG. 4: annihilation into a virtual photon or gluons and the creation of a virtual quark pair which then decays via pair creation. In the approach of REF. [7] only the second part of the process is calculated – the strong decay of a virtual quark-antiquark pair into the final state pair. In a non-relativistic potential picture, the pair that emerge from the black box can be any admixture of orbital, radial or gluonic excitations consistent with the initial state quantum numbers, and a priori the heirachy of mixing angles between such states is unknown. Arguments given in REF. [7] suggest that gluonically excited modes are suppressed relative to Σ modes. As an example consider the 1^{−−} channel, whose intermediate states could be admixtures of |n^3ΣS_1⟩, |n^3ΣD_1⟩ and |n^1ΠP^−_1 ⟩. Any significant Π admixture would be in conflict with known prevalence of experimental modes such as

e^+e^− → η_cψ, (121) ψ → ρπ, (122) ψ → b_1π, (123)

the first two on account of the selection rule (101) and last because of the spin-singlet selection rule, a zero in the 9-j coefficient in (25) for s = s_1 = s_2 = 0. This suppression may be expected because inside the black box of FIG. 4 will be factors sensitive to the wavefunction at the origin, suggesting |n^3ΣS_1⟩ states will dominate. For channels with quantum numbers other than 1^{−−} and 0^{−+} both the Σ and glue-excited states have nodes at the origin so equivalent arguments do not apply, but there is phenomenological evidence suggesting the Σ states dominate. For χ_2 decay, for instance, the intermediate state could be populated by |n^3ΣP_2⟩ and |n^1ΠD^+_2 ⟩ but the prevalence of modes such as χ_2 → ϕϕ, ωω, ππ, ηη (124) would argue against the importance of the latter, for here the selection rule (106) is expected to be exact. Deferring further arguments to REF. [7], suppose that the gluonically-excited modes can be neglected, in which case the spatial wavefunction of the pair emerging from the black box can be any admixture of Σ states consistent with the quantum numbers of the initial state. All such processes as depicted in FIG. 4 are then be subject to the selection rule (117),

Σ ↛ 1ΠP^− + 1S, (125)

valid in the limit of equal width wavefunctions for the final states but independent of the radial wavefunction of the intial state. This has implications for the lightest hybrid states |1^1ΠP^−_1 ⟩ with 1^{−−} quantum numbers and the |1^3ΠP^−_{0,1,2}⟩ with (0, 1, 2)^{−+} quantum numbers. In charmonia decay, for instance, some channels whose quantum numbers are ripe for the production of the exotic 1^{−+} should be forbidden in this limit:

ψ ↛ π_1ρ in P-, F-wave, and (126) χ_1 ↛ π_1π in S-, D-wave. (127)

Strong observation of such modes in the π_1(1400), π_1(1600) channels would argue against a hybrid interpretation for them, although the different spatial wavefunctions of the π and π_1 may lead to significant breaking of the selection rule [7]. For charmonia states the rule would be expected to hold more strongly: this would argue against a hybrid interpretation for the X(3940) observed in

e^+e^− → J/ψX(3940), (128)

if it is found to have J^{−+} quantum numbers, but not neccessarily if it has 1^{++}. A hybrid interpretation is thought to be untenable in any case, on account of the low mass. On the other hand if the 1^{−−} Y (4260) is a |1^1ΠP^−_1 ⟩ hybrid then it should have (0, 1, 2)^{−+} partners |1^3ΠP^−_{0,1,2}⟩ in the same mass region; because of the selection rule, the absence of such peaks in the data is understandable. The selection rule may help discriminate between hybrid and other exotic or non-exotic interpretations of heavy or light-quark states, include those with non-exotic quantum numbers. For instance, searching for forbidden modes such as

Υ, e^+e^− ↛ Y (4260)η_c (129)

may help discriminate intepretations of the Y (4260).

VIII. CONCLUSION

The Talmi-Moshinsky transformation has been applied to the strong decay problem and several new results derived. The method allows easy derivation of previous results for conventional mesons and extends upon those to encompass decays involving any orbital and radial excitations. By factorising the string degrees of freedom amplitudes for decays involving gluonic excitations are a simple generalisation of those involving only conventional mesons. Many of the amplitudes so obtained have not previously been considered; their final polynomial forms will be collated elsewhere and applied to conventional and hybrid meson production in charmonia decays [7].

Within this formalism the well-known selection rule against the decay of a hybrid to a pair of identical 1S mesons has a natural explanation. Using the Talmi-Moshinsky transformation it is possible to generalise this rule to the case of identical wavefunction that need not be harmonic oscillators, in agreement with numerical calculations with realistic wavefunctions. There appears a new class of selection rules which have implications for the production of 1^{−+} exotic hybrids and may help discriminate interpretations of states with non-exotic quantum numbers. Owing to its being purely geometrical in nature, the Talmi-Moshinksy transformation may find application to other quark model processes with the geometry of FIG. 2. There are generalisations of the Talmi-Moshinksy transformation for systems described by more than two Jacobi coordinates and these may be useful in, for instance, meson rescattering amplitudes or processes involving baryons.

The flux-tube model naturally suggests a decay operator with pair creation in spin 1 and provides a parameter-free scale for processes involving hybrids relative to those involving only conventional mesons. Lattice QCD is now able to calculate strong decays and these two features of the model appear to be confirmed [5]. Comparing to the lattice allows models to be tested and refined; at the same time models can shed light on the dynamics of the underlying QCD of the lattice. Further comparisons of the type [5] can be made easily using the results of the present work. The formalism developed here could also be applied to decay amplitudes via the^3S_1 operator and to more general processes allowing for spin- or orbital-flips at the pair creation vertex.

Generalisations of the operator approach employed here may be of use to the problem of rescattering between hybrid and conventional meson states, using the ideas of [19]. Likewise it may be possible to employ similar techniques to model flux-tube de-excitation decay modes, predicted in lattice calculations to be significant for hybrid states [20]; this could help in the interpretation of the Y(4260) state.

The recoupling (109) that relates the spatial wavefunction of outgoing hybrid states to those of conventional mesons can also be performed in the |(s ⊗ nl)_j ⟩ basis. In this way, final states involving hybrids can be expressed as a superposition of conventional meson states and their production amplitudes relative to conventional mesons is independent of the initial state; this is applied to hybrid pair production elsewhere [7].

That the wavefunctions in one set of Jacobi coordinates translate into a finite number of wavefunctions in the other is a feature peculiar to harmonic oscillator wavefunctions. The calculations presented here could be used as a basis for calculations with more realistic wavefunctions: the coefficients in the translation from these to the harmonic oscillator basis are well-known. It is straightforward to generalise these calculations to allow for different wavefunction width in the initial state or to include a localised pair creation region with spherical symmetry: these would appear only in the final integrals (41) and (42). Those integrals could also be performed numerically to incorporate the cigar-shaped pair creation region of [13].

This work is supported by a Clarendon Fund Bursary. For many useful discussions the author is indebted to Jack Paton, Jo Dudek and particularly Frank Close.

[1] N. Isgur and J. E. Paton. Phys.Rev., D31:2910, 1985. [2] R. Kokoski N. Isgur and J. Paton. Phys.Rev.Lett., 54:869, 1985. [3] F.E.Close and P.R.Page. Nucl.Phys., B443:233, 1995. [4] C. Michael and C. McNeile. Phys.Rev., D73:74506, 2006. [5] F. E. Close T. J. Burns. Phys.Rev., D74:34003, 2006. [6] T. J. Burns. Unpublished.

[7] F. E. Close T. J. Burns. In preparation. [8] I. Talmi. Helv.Phys.Acta, 25:185, 1952. [9] M. Moshinsky. Nucl.Phys., 13:104, 1959.

[10] B. Buck and A. C. Merchant. Nucl.Phys., A600:387, 1996. [11] O. Pene J. C. Raynal A. Le Yaouanc, L. Oliver. Phys.Rev., D8:2223, 1972. [12] P. Geiger and E. S. Swanson. Phys.Rev., D50:6855, 1994. [13] R. Kokoski and N. Isgur. Phys. Rev., D35:907, 1987.

[14] W. Roberts and B. Silvestre-Brac. Acta Phys. Austriaca, 11:171–193, 1992. [15] S. Gartenhaus and C. Schwartz. Phys.Rev., 108:482, 1957. [16] T. G. Haskell and B. G. Wybourne. Proc.R.Soc.Lond., A334:541, 1973. [17] P. R. Page T. Barnes, F. E. Close and E. S. Swanson. Phys.Rev., D55:4157, 1997. [18] J. Paton N. Dowrick and S. Perantonis. J.Phys., G13:2223, 1972. [19] A. M. Green and J. E. Paton. Nucl. Phys., A492:595–606, 1989.

[20] C. McNeile, C. Michael, and P. Pennanen. Hybrid meson decay from the lattice. Phys. Rev., D65:094505, 2002. [21] Degenerate with these Δ-type hybrids are a set of Σ^′ states with two phonons coupled to Λ = 0; these will not be discussed further here.

[22] The flux tube overlap factors relevant to decays with hybrids in both the initial and final states contain additional terms to those described and will not be discussed in any detail here.

[23] The expression for 1^{−+} → 1P + 1S quoted in [5] corrects a numerical error in [3].