arXiv:hep-ph/0304231 v2 1 Jul 2003

hep-ph/0304231 LA-UR-03-2566

Using π_2(1670) → b_1(1235) π to constrain hadronic models

Philip R. Page^∗

Theoretical Division, MS B283, Los Alamos National Laboratory, Los Alamos, NM 87545, U.S.A.

Simon Capstick^†

Department of Physics, Florida State University, Tallahassee, FL 32306-4350, U.S.A.

Abstract

We show that current analyses of experimental data indicate that the strong decay mode π_2 → b_1π is anomalously small. Non-relativistic quark models with spin-1 quark pair creation, such as^3P_0,^3S_1 and^3D_1 models, as well as instanton and lowest order one-boson (in this case π) emission models, can accommodate the analyses of experimental data, because of a quark-spin selection rule. Models and effects that violate this selection rule, such as higher order one-boson emission models, as well as mixing with other Fock states, may be constrained by the small π_2 → b_1π decay. This can provide a viability check on newly proposed decay mechanisms. We show that for mesons made up of a heavy quark and anti-quark, the selection rule is exact to all orders of Quantum Chromodynamics (QCD) perturbation theory.

PACS number(s): 13.25.Jx 14.40.Cs 12.39.Ki 12.38.Bx Keywords: π_2(1670),^3P_0 model, gluon exchange, pion exchange, instanton ∗E-mail: prp@lanl.gov †E-mail: capstick@csit.fsu.edu

Table 1: Branching fractions, and ratios R(X) = |M(X)|^2 / |M(f_2π)|^2 and R̃(X) = |M̃(X)|^2 / |M̃(f_2π)|^2 of partial widths with phase space and flavor factors removed to those of the dominant decay mode. M and M̃ are defined in the text. The decay is assumed to proceed via the bold-faced L wave, since in all modes [except for f_2π, where [3] the D wave is (0.18 ± 0.06)^2 = (3.2 ± 2.2)% of the S wave] the contributions from the different partial waves are not known. Although the branching fractions do not add to unity, since Ref. [3] constrained a subset of these modes by unitarity, those outside of this subset were defined relative to the dominant f_2π mode, and so this does not affect the ratios R(X) and R̃(X). The constraint for the ρ(1450)π mode is incorrectly quoted [18] in Refs. [1, 3] and should read Br[π_2(1670) → ρ(1450)π] Br[ρ(1450) → ωπ] < 0.36%. Since Br[ρ(1450) → ωπ] is poorly known, estimates for a branching ratio of a third are provided.

Mode X p (GeV) L f^2 Br(π_2 → X) (%) [3] R(X) R̃(X) f_2π 0.326 S, D, G 2 56.2 ± 3.2 1.00 1.00 σπ 0.634 D 2 13 ± 6 0.73 1.00 ωρ 0.308 P, F 2 2.7 ± 1.1 0.53 0.53 ρ(1450)π 0.143 P, F 4 < 0.36 × 3 < 0.36 × 3 < 0.33 × 3 ρπ 0.649 P, F 4 31 ± 4 0.33 0.46 KK̄^∗ 0.450 P, F 2 4.2 ± 1.4 0.27 0.30 b_1π 0.363 D 4 < 0.19 < 0.09 < 0.09

1 Analyses of experimental data on π_2(1670) → b_1(1235)π

Recently, the VES Collaboration published for the first time an upper bound of 0.0019 on the branching fraction for Br[π_2 → b_1π], at the 97.7% confidence level. This branching fraction is measured in 37 GeV π^− collisions on a nucleus, in the reaction π^−A → ωπ^−π^0A^∗ [1]. This small branching fraction is consistent with a preliminary analysis performed by the E852 Collaboration [2] of data on the reaction π^−p → ωπ^−π^0p, in collisions of an 18 GeV π^− beam with a proton target.

The decay π_2 → b_1π is allowed by conservation of parity, angular momentum, isospin and G-parity, and so its strength should be comparable with that of other decays which are

Figure 1: Ratios (|M(X)|^2 / |M(f_2π)|^2 ) plotted logarithmically.

allowed by the same quantum numbers, which are conserved to an extraordinary degree by the strong interactions. In order to show that the branching ratio is small for dynamical reasons, independent of any model, factors due to phase space and flavor should be removed. The standard expression for the partial width is [3] Γ = p 8π (2J_{π2} + 1) m^2_{π2}

|p^LfM|^2 (1)

where m_{π2} and J_{π2} are the mass and total angular momentum of the decaying π_2, the decay momentum p is measured in the rest frame of the π_2, the relative orbital angular momentum of the decay products is L, and p^LfM is the decay amplitude. The amplitude with the phase space (p^L) and flavor (f) factors removed is M. In Table 1 we show the ratios of |M|^2 for the observed decay modes of the π_2 to that of the dominant decay mode (f_2π). A further refinement is to remove the dependence on the kinematics of the decays from the form factors of the initial and final mesons. With universal Gaussian wave functions for the mesons, this can be accomplished by defining M = exp(−p^2/[12β^2]) M̃, where β = 0.4 GeV [4].

The ratios of the squares of these amplitudes with the flavor, phase space, and kinematic factors removed is also shown in Table 1. It is evident that the b_1π decay is a factor of between 3 and 11 weaker than the other decay modes for dynamical reasons, making it anomalously small. This is emphasized by Fig. 1, which shows the |M|^2 ratios plotted logarithmically. Since there is only an experimental upper bound on the b_1π mode, this suppression factor could be even larger. There is also evidence from recent analyses of E852 data [5] of a π_2(1670) signal in the f_1π and a_2η final states. The discovery of additional final states will have the effect of further reducing the b_1π branching fraction. We urge future experiments to put more restrictive bounds on the π_2 → b_1π decay mode.

Figure 2: OZI forbidden decays of an isovector meson to a pair of isovector mesons.

2 Models that can accommodate π_2(1670) → b_1(1235) π

The decay π_2 → b_1π is particularly clean in the sense that it is only sensitive to OZI allowed decays. This is because OZI-forbidden decay processes, which allow the creation of either the isovector π_2, b_1 or π out of isoscalar gluons, are forbidden by isospin symmetry (see Fig. 2). The suppression of isospin symmetry breaking amplitudes is much greater than that of OZI forbidden amplitudes, the latter being about a factor of 10.

In non-relativistic quark-pair-creation models, where OZI-allowed meson decay processes are modeled by an initial qq̄^′ pair decaying to the two pairs qq̄^{′′} and q^{′′}q̄^′ (see Fig. 3), a simple selection rule arises when all the mesons have quark-spin S = 0. If the q^{′′}q̄^{′′} pair is created with quark-spin Spair = 1, then conservation of quark-spin implies that the amplitude is zero [6, 7]. In the quark model, conventional mesons with S = 0 have J^{P C} = 0^{−+}, 1^{+−}, 2^{−+} , 3^{+−} , 4^{−+}, 5^{+−}, . . ., of which only states corresponding to the first three J^{P C} have been established experimentally [3]. The isovector resonances with these three J^{P C} and in their radial ground states are π, b_1 and π_2, respectively. The only kinematically allowed decay involving these three S = 0 resonances is π_2 → b_1π. Moreover, all other kinematically allowed decays involving π, b_1, π_2, and their isoscalar partners, are forbidden by the quantum numbers conserved by the strong interaction. The first explicit mention of the quark-spin selection rule or its application to π_2 → b_1π was in Refs. [6], although it is implicit in Ref. [8].

No other strong decay involving conventional mesons composed of quarks other than u, d quarks currently appears to be able to test the selection rule. Decays qq̄ → qq̄ + qq̄ with q ∈ {s, c, b}, where each meson is in its radial ground state with the S = 0 quantum numbers J^{P C} = 0^{−+}, 1^{+−} or 2^{−+}, are forbidden for the same reasons as decays between the

Figure 3: The OZI allowed decay of an initial meson to two final mesons in various models.

isoscalar resonances above. With the exception of the pseudoscalars, quark-model mesons with the open flavor structure K, D, D_s, B, B_s or B_c, and lying on the un-natural parity sequence J^P = 0^−, 1^+, 2^−, 3^+, 4^−, 5^+, . . . are mixtures of S = 0 and S = 1 states, since S = 1 components are no longer excluded by charge conjugation symmetry. In QCD, if one of the initial or final mesons in the decay has this open flavor structure, a second meson must also. This implies that the selection rule can only be tested in decays involving open flavor mesons if there are two open flavor pseudoscalar mesons involved. Since two pseudoscalars with an arbitrary relative angular momentum couple to the natural-parity sequence J^P = 0^+, 1^−, 2^+, 3^−, 4^+, 5^−, . . ., the S = 0 selection rule cannot be tested with decays involving open flavor mesons. It is, therefore, evident how central and unique the decay mode π_2 → b_1π is for testing this selection rule.

The selection rule obtains when the π_2, b_1 and π are treated non-relativistically as S = 0 mesons in the quark model. Remarkably, relativistic interactions cannot introduce S = 1 components in the π_2, b_1 and π wave functions, so that the selection rule remains valid after relativistic interaction corrections to the quark model. This is because the qq̄^′ Fock state wave function of the π_2 can only have^1D_2 quantum numbers before relativistic interactions, and the interactions cannot change that. The analogous argument holds for b_1 and π. Even in the fully relativistic equal-time Bethe-Salpeter equation the selection rule is exact [9]. It remains an open question whether a selection rule would be found in field theoretic calculations of π_2 → b_1π, e.g. in the lattice QCD, QCD sum rule, and Dyson-Schwinger equation approaches.

It has been pointed out that a success of the non-relativistic^3P_0 pair-creation model (Fig. 3), where Spair = 1, is the fact that the decay π_2 → b_1π is predicted to vanish [7]. Other decay models where Spair = 1, such as the non-relativistic chromo-electric string-breaking model where the pair has^3S_1 or^3D_1 quantum numbers [10] (Fig. 3), will also have this suppression.

Both the^3P_0 and^3S_1 models involve a decay operator proportional to σ · p, where the σ is the spin of the created quark anti-quark pair, and p is a momentum operator. It is not surprising that the^3P_0,^3S_1 and^3D_1 models obey the selection rule, since these all treat the quarks non-relativistically, as though they are heavy. This is a special case of a result that is shown in Appendix A: when each of the mesons participating in the decay is composed of a very heavy quark and anti-quark, the selection rule is exact to all orders of QCD perturbation theory.

Since ’t Hooft’s instanton-induced six-quark vertices only affects strong decays where all participating mesons have J=0, and their singlet flavor structure requires the presence of a strange quark (and anti-quark), decay models based on these vertices also predict vanishing π_2 → b_1π decay [11].

3 One-boson emission models

The one-boson exchange (OBE) model describes the coarse features of the baryon spectrum as being due to confinement and the exchange of pseudoscalar [12] and scalar and vector [13] bosons between the quarks. For light-quark baryons an important pseudoscalar exchange potential comes from pion exchange. This model is not applied to meson spectroscopy. Two reasons are often given for this. The first is that if the light pseudoscalar bosons are the pseudo-Goldstone bosons of spontaneously-broken chiral symmetry, then it is inconsistent to also treat them as quark-anti-quark bound states and allow OBE to act between the quark and anti-quark. This argument would not appear to be applicable to heavier quarkanti-quark bound states such as the π_2(1670) and b_1(1235).

A second reason for not applying this model to the meson spectrum is that if one-boson-exchange in baryons is viewed microscopically, with the pion treated as a qq̄ pair, an exchange of quarks in the process qq^′ → q^′q can be viewed in one time ordering as an exchange of qq̄^′, which can be identified with a meson. In a meson the exchange of quarks occurs in the process qq̄^′ → q̄^′q, which in one time ordering is the exchange of a di-quark qq^′ and not a meson. Exchange of mesons like the pion between quarks is, therefore, not expected to be important to the structure of mesons, even if it is important for baryons. Once one admits a quark-pseudoscalar meson vertex as employed in baryon spectroscopy, this vertex naturally leads baryons to decay to a baryon plus a pseudoscalar meson, and mesons to decay to a meson and a pseudoscalar meson. For this reason the OBE model of baryon spectroscopy implies a one-boson emission decay model in baryons and in spatially excited mesons. This model should, therefore, be confronted with π_2 → b_1π. In the^3P_0,^3S_1 and^3D_1 models, pionic decay of mesons proceeds via qq̄^′ pair decaying to the two final meson pairs qq̄^{′′} and q^{′′}q̄^′, one of which is identified with the pseudoscalar boson. As shown in Fig. 3, the one-pion emission model has either q → q^{′′}π, or q̄^′ → q̄^{′′}π. The lowest order one-pion coupling to the quark or anti-quark is given by the Lagrangian density [14, 15, 16] L_π = i g^q_A 2f_π ψ̄(x)γ_5γ_μ∂^μ⃗π(x) · ⃗τ ψ(x) + H.c. (2)

An expansion of this axial current gives a decay operator of the form σ_q · k (Eqs. 2 and 28 of Ref. [15]), where σ_q is the spin of the quark emitting the pion, and k is the pion momentum. This means that the operator creating the boson is a vector operator in the space of the spin of the decaying meson, and so cannot link an initial S = 0 meson to a final S = 0 meson, so the selection rule is also valid for lowest order one-boson emission. We conclude that the phenomenologically successful pair-creation model for light-light mesons (the^3P_0 model) [7], the chromo-electric string-breaking model (^3S_1 or^3D_1 model), instantons [11], and the lowest order one-boson emission model, which has successfully been applied to the decay of heavy-light mesons [15, 16], are consistent with the experimental decay width of π_2 → b_1π.

4 Models possibly constrained by π_2(1670) → b_1(1235) π

Higher order contributions in one-boson emission models contain terms that are not of the form σ_q · p, which violate the selection rule. An example is interactions where both a pseudoscalar boson is emitted, and a particle is exchanged between the quark and anti-quark in the initial meson (Eqs. 13, 38 and 39 of Ref. [15]). The amplitudes corresponding to the higher order contributions can be similar in size to those corresponding to the lowest order contribution^1. This suggests that consistency with the small decay branch for π_2 → b_1π can constrain models which do not obey the selection rule, such as the higher order contributions introduced in one-pseudoscalar-boson emission models [15] to cure problems with the

1See Table 4 of Ref. [15]. Note that the size of the part of the higher-order interaction that is not of the form σ · p is not evaluated in Ref. [15].

lowest order contribution [15, 16]. It can also provide a viability check on proposed decay mechanisms. An example, depicted in Fig. 3, is where there is a single gluon exchanged between a quark in the decaying hadron and the vertex at which the quark pair is created. Although this one-gluon exchange quark pair creation decay mechanism violates the selection rule^2, it is found to be sub-dominant relative to the^3P_0 model [17], so that it is not expected to be constrained by π_2 → b_1π. If appreciable strength for π_2 → b_1π, inconsistent with experiment, is predicted by either higher order terms present in the one-boson emission decay mechanism, or by the one-gluon exchange pair creation decay mechanism, one of these decay models could be ruled out. This could distinguish between the OBE and one-gluon exchange models of the coarse features of the light baryon spectrum. Even though the main models commonly applied to strong decays have been discussed, a comprehensive discussion of all proposed decay mechanisms has not been given. Such mechanisms should be confronted with the experimental data on π_2 → b_1π.

5 Further constraints due to π_2(1670) → b_1(1235) π

In addition to aspects of the decay models discussed in the previous section, further breaking of the selection rule can arise from mixing with other Fock states. The mixing of mesons participating in the decay with non-qq̄^′ Fock states is constrained by the experimentally measured π_2 → b_1π width. Examples of such mixing are mixing between the S = 0 meson π_2 and the S = 1 hybrid π_2 meson expected nearby in mass, and non-mesonic Fock states in the pseudo-Goldstone boson π.

Acknowledgments

Helpful discussions with P. Eugenio and V.A. Dorofeev are gratefully acknowledged. This research is supported by the U.S. Department of Energy under contracts DE-FG02-86ER40273

2One-gluon exchange involves both Coulomb and transverse interactions. The former has a simple σ · p pair creation operator, but the latter involves both spin vector pair creation, and an additional term at the vertex where the quark or anti-quark emits a gluon (See Eqs. B5-B7 of Ref. [17]). This additional term includes a σ · p/m contribution [17], so that the overall transverse gluon interaction has spin vector operators at both interaction vertices of the gluon, giving rise to a violation of the selection rule.

(SC), and W-7405-ENG-36 (PRP).

A Appendix: The quark-spin selection rule is exact for heavy quarks

The quark-gluon interaction in the QCD Lagrangian density (suppressing flavor and color) is L = gψ̄(x)γ_μA^μ(x)ψ(x) + H.c. (3) Second quantize the free quark fields in the usual way, ψ(x) = ∫ d^3p √ (2π)^32E(p) ∑ ν [ a^ν (p)u^ν (p)e^{ip·x} + b^{ν†}(p)v^ν (p)e^{−ip·x} ] , (4)

where a^ν (p) and b^ν (p) are the quark and anti-quark annihilation operators. Substituting Eq. 4 into Eq. 3 yields L = g ∫ d^3pd^3p^′

(2π)^3 √ (2E(p))(2E(p^′)) ∑ νν^′ [ u^{ν†}(p)γ_0γ_μu^{ν′} (p^′) A^μ(x)e^{i(p′−p)·x} a^{ν†}(p)a^{ν′} (p^′) + v^{ν†}(p)γ_0γ_μv^{ν′} (p^′) A^μ(x)e^{i(p−p′)·x} b^ν (p)b^{ν′ †}(p^′) + u^{ν†}(p)γ_0γ_μv^{ν′} (p^′) A^μ(x)e^{−i(p+p′)·x} a^{ν†}(p)b^{ν′ †}(p^′) + v^{ν†}(p)γ_0γ_μu^{ν′} (p^′) A^μ(x)e^{i(p+p′)·x} b^ν (p)a^{ν′} (p^′) ] + H.c. (5) The first and second terms describe the quark and anti-quark interactions with the gluon field, respectively, the third term describes creation of a quark-anti-quark pair, and the fourth term annihilation of a quark-anti-quark pair. In the limit of very heavy quarks

u^ν (p) = √ 2m_Q χ^ν 0 v^ν (p) = √ 2m_Q 0 χ^ν , (6) where the χ^ν are the usual Pauli spinors. Then the first and second terms in Eq. 5 contain u^{ν†}(p)γ_0γ_μu^{ν′} (p^′) = v^{ν†}(p)γ_0γ_μv^{ν′} (p^′) = 2m_Q χ^{ν†}χ^{ν′} δ_{μ0} = 2m_Qδ_{νν}′ δ_{μ0}, (7) so quark-gluon and anti-quark-gluon interactions do not change the spin of heavy quarks or anti-quarks. The third and fourth terms in Eq. 5 contain u^{ν†}(p)γ_0γ_μv^{ν′} (p^′) = v^{ν†}(p)γ_0γ_μu^{ν′} (p^′) = 2m_Q χ^{ν†}σ_iχ^{ν′} δ_{μi} (8) where i ∈ {1, 2, 3}. Hence quark-anti-quark pair creation and annihilation involve a spin change described by the Pauli matrices σ_i.

The spin of a propagating heavy quark remains unchanged by quark-gluon interactions, according to the first and second terms of the interaction in Eq. 5, and Eq. 7. The exception to this is when the the quark travels in a Z-graph, which corresponds to quark-anti-quark pair creation and then annihilation via the third and fourth terms of the interaction in Eq. 5. However, these Z-graphs are suppressed by powers of 1/m_Q, so that for very heavy quarks they do not contribute. The spin of a propagating heavy quark remains unchanged to all orders in QCD perturbation theory.

This implies that the spin of a quark or anti-quark is changed only when a quark-anti-quark pair is created or annihilated, through an operator of the form σ · A (Eqs. 5 and 8). When an initial heavy-quark meson QQ̄^′ pair undergoes an OZI allowed decay to the two final heavy-quark meson pairs QQ̄^{′′} and Q^{′′}Q̄^′, the spin is only changed when the Q^{′′}Q̄^{′′} pair is created^3. Also, since the individual mesons are composed of very heavy quarks, moving non-relativistically, they have a specific quark-spin (assuming no accidental mixing with states nearby in mass). It follows that the spin selection rule is exact to all orders in QCD perturbation theory when the mesons participating in the decay are built from very heavy quarks and anti-quarks. Light quark loops do not change these conclusions. For very heavy quarks, 1/m_Q corrections are negligible compared to higher order corrections in α_s, because α_s(m_Q) depends only logarithmically on m_Q.

References

[1] D.V. Amelin et al. (VES Collab.), Phys. At. Nucl. 62, 445 (1999).

[2] A. Popov (E852 Collab.), Proc. of 9^{th} Int. Conf. on Hadron Spectroscopy (HADRON 2001) (Protvino, Russia, 25 Aug. – 1 Sep. 2001); M. Lu et al., Bull. Am. Phys. Soc. 47, 33 (2002).

[3] K. Hagiwara et al. (Particle Data Group), Phys. Rev. D 66, 010001 (2002).

3According to Eqs. 5, 7 and 8, only the time-like component of the gluon field couples to the propagating quark or anti-quark, while only the space-like component couples in the case of quark-anti-quark pair creation or annihilation. The time-like component can change into the space-like component via gluon-loop diagrams in both covariant and Coulomb gauge, and also via ghost-loop diagrams in covariant gauge.

[4] See discussion in P.R. Page, Phys. Rev. D 60, 057501 (1999).

[5] J. Kuhn (E852 Collab.), Proc. of HADRON 2001 [2], p. 569; P. Eugenio, ibid., p. 573. [6] F.E. Close and P.R. Page, Nucl. Phys. B 443, 233 (1995); ibid. Phys. Rev. D 52, 1706 (1995).

[7] T. Barnes, Proc. of 3^{rd} Workshop on Physics and Detectors for DAPHNE (DAPHNE 99) (Frascati, Italy, 16-19 Nov 1999), eds. S. Bianco et al. (Frascati Physics Series Vol. 16, 1999), p. 503.

[8] A. Le Yaouanc, L. Oliver, O. Pène and J.-C. Raynal, Phys. Rev. D 11, 1272 (1975) gave the equations for the conservation of quark-spin in Eq. (2.10).

[9] R. Ricken, M. Koll, D. Merten, B.C. Metsch, hep-ph/0302124.

[10] J.W. Alcock, M.J. Burfitt and W.N. Cottingham, Zeit. Phys. C 25 (1984) 161; P.

Geiger and E.S. Swanson, Phys. Rev. D 50, 6855 (1994).

[11] C. Ritter, B.C. Metsch, C.R. Münz, H.R. Petry, Phys. Lett. B380, 431 (1996). [12] L.Y. Glozman and D.O. Riska, Phys. Rept. 268, 263 (1996); L.Y. Glozman, W. Plessas, K. Varga and R.F. Wagenbrunn, Phys. Rev. D 58, 094030 (1998);

[13] R.F. Wagenbrunn, L.Y. Glozman, W. Plessas and K. Varga, Nucl. Phys. A 663, 703 (2000); Nucl. Phys. A 666, 29 (2000).

[14] C. Becchi and G. Morpurgo, Phys. Rev. 149, 1284 (1966).

[15] K.O.E. Henriksson, T.A. Lähde, C.J. Nyfält and D.O. Riska, Nucl. Phys. A 686, 355 (2001).

[16] J.L. Goity and W. Roberts, Phys. Rev. D 60, 034001 (1999). [17] E.S. Ackleh, T. Barnes and E.S. Swanson, Phys. Rev. D 54, 6811 (1996). [18] V.A. Dorofeev (VES Collab.), Priv. Comm.