arXiv:hep-ph/0703020v1 2 Mar 2007

Excited flux tube from qq̄g hybrid mesons

Fabien Buisseret^a,^∗ Vincent Mathieu^a,^† Claude Semay^a,^‡ and Bernard Silvestre-Brac^{b§} aGroupe de Physique Nucléaire Théorique, Université de Mons-Hainaut, Académie universitaire Wallonie-Bruxelles, Place du Parc 20, BE-7000 Mons, Belgium.

bLaboratoire de Physique Subatomique et de Cosmologie, Avenue des Martyrs 53, FR-38026 Grenoble-Cedex, France. (Dated: March 2, 2007)

Abstract

In the framework of quark models, hybrid mesons are either seen as two-body qq̄ systems with an excited flux tube connecting the quark to the antiquark or as three-body qq̄g systems including a constituent gluon. In this work we show that, starting from the three-body wave function of the qq̄g hybrid meson in which the gluonic degrees of freedom are averaged, the excited flux tube picture emerges as an equivalent qq̄ potential. This equivalence between the excited flux tube and the constituent gluon approach is confirmed for heavy hybrid mesons but, for the first time, it is shown to hold in the light sector too, provided the contribution of the quark dynamics is correctly taken into account.

PACS numbers: 12.39.Mk, 12.39.Ki, 12.39.Pn Keywords: Hybrid mesons; Potential models; Relativistic quark model.

Typeset by REVTEX 1

The study of hybrid mesons is an active domain in theoretical and in experimental particle physics. From a theoretical point of view, they are interpreted as mesons in which the color field is in an excited state. Numerous lattice QCD calculations have been devoted to hybrid mesons [1, 2], as well as many studies involving effective models. In particular, within the framework of quark models, there are two main approaches. In the first one, the quark and the antiquark are linked by a string, or flux tube, which is responsible for the confinement. In this stringy picture, it is possible for the flux tube to fluctuate, and thus to be in an excited state [3, 4]. The second approach assumes that the hybrid meson is a three-body system formed of a quark, an antiquark, and a constituent gluon. Two straight strings then link the gluon to the quark and to the antiquark. This picture has been firstly studied in Refs. [5], but also in more recent works [6, 7, 8].

It was suggested in Ref. [8] that, in the static quark limit, the constituent gluon picture is equivalent to the excited flux tube one, the total energy of the constituent gluon being equal to the energy contained in the excited string. These results were extended in Ref. [9], where the dynamics of the quarks has been taken into account. For further developments, it is useful to briefly sum up the key points of this last reference.

Assuming the Casimir scaling hypothesis, it can be shown that the flux tubes in a qq̄g system are two straight strings linking the gluon to the quark and to the antiquark [7], in agreement with Refs. [5]. In this case, taking only the confining interaction into account, we can write a spinless Salpeter Hamiltonian for the system,

H_{3b} = ∑ i=q,q̄,g √ p^2_i + m^2_i + ∑ j=q,q̄ a|x_j − x_g|, (1) with m_g = 0. The three-body eigenequation

H_{3b}Ψ_{3b}(r, y) = M_{3b}Ψ_{3b}(r, y) (2)

can be analytically solved by using the auxiliary field technique if the quark and the antiquark are of the same mass. We will only focus on this case in the following. It is worth noting that r = x_q − x_{q̄} is the quark-antiquark separation, and that y is the second relative variable, directly linked to the gluon position. Various approximations are necessary to perform this resolution, and lead to eigenfunctions which are separable, i.e.

Ψ_{3b}(r, y) = A(r)B(y). (3)

We stress that this exact separability is only an artifact of the auxiliary field technique.

It can be shown that, by dropping the “gluonic” part B(y), the quark-antiquark wave function A(r) ≡ Ψ_{2b}(r) satisfies the eigenequation

H_{2b}Ψ_{2b}(r) = M_{3b}Ψ_{2b}(r), (4a)

where H_{2b} is the two-body spinless Salpeter Hamiltonian

H_{2b} = ∑ i=q,q̄ √ p^2_i + m^2_i + V_{qq̄}(r), (4b)

with V_{qq̄} the equivalent two-body potential.

For heavy quarks, this potential has the form [9]

V^h_{qq̄}(r) = √ σ^2r^2 + 2πσ(N + 3/2), (5)

where σ is a new string tension. In this potential, N = 2n_y + ℓ_y, with n_y and ℓ_y the radial quantum number and the orbital angular momentum with respect to the variable y. Consequently, N defines the gluon state, and the equivalent potential depends on this quantum number. Actually, formula (5) is nothing but the energy of an excited string of length r [10], whose square zero point energy is given by 3πσ (for N = 0). It is different of the generally accepted value in string theory, which is −2πa(D − 2)/24, with D the dimension of space (see for example Ref. [11, p. 231]). Together with D = 26, it ensures that the Lorentz invariance is still present at the quantum level. However, the string we are dealing with is an effective one at D = 4, simulating the confining interaction for an excited color field. In that sense, our nonstandard value is more relevant for the study of hybrid mesons, since 3πσ is actually equal to the square zero point energy of the gluon and the two strings in the qq̄g system [9]. It is also important to notice that the string tension σ is not necessarily equal to the string tension a, since the excited string is an effective object emerging from the gluon-plus-string system.

In the limit where the quarks are massless, computations are more complex, and only an asymptotic approximate form can be computed for the equivalent two-body potential, that is [9] V^l_{qq̄}(r ≫ σ^{−1/2}) ≈ σr + 4 r (N + 3/2). (6) The purpose of this work is to extend the results of Refs. [8, 9] by performing an accurate numerical resolution of the eigenequation (2) followed by an accurate numerical inversion of the eigenequation (4). It is then possible to compute the equivalent potential V_{qq̄} for the qq̄ pair contained in the qq̄g system from the corresponding internal qq̄ wave function. These results, obtained without the approximations of the auxiliary field method, will be computed for hybrid mesons formed of heavy as well as for light quarks of the same flavor, and then compared to Eqs. (5) and (6). The procedure is the following:

Firstly, the mass M_{3b} and the three-body wave function Ψ_{3b}(r, y) have to be computed. For the lowest lying state, the wave function reads Ψ_{3b}(r, y) = [ [3, ¯3]^8 , 8

]_1 ⊗ [ [i, i]^I , 0 ]_I

⊗ [ [1/2, 1/2]^{Sqq̄} , 1 ]_S ⊗ Φ_{L=0}(r, y), (7) where the color, isospin, spin, and space functions have been explicitly written. The color function is unique since the hybrid meson is in a color singlet, and the isospin function is trivial. The spin functions are unambiguously given when S = 0 or 2 since S_{qq̄} = 1. Furthermore, as the C-parity, C = (−)^{Sqq̄ +1}, is a good quantum number [5], there is no coupling between S = 1 states with either S_{qq̄} = 0 or 1. The spin function is thus always unique. As we deal with the ground state of Hamiltonian (1), only the L = 0 spatial wave function has to be computed. It means that the parity P of the state is always positive [5]. For this space wave function, Gaussian trial functions of the following form are used

Φ_{L=0}(r, y) = N∑ i=1 α_i exp ( −a_i r^2 − b_i y^2 − 2 c_i r · y ) , (8)

where the variational parameters a_i, b_i, and c_i have to be determined by a minimization on the mass M_{3b} (see Ref. [12] for more details on this method). Calculations are simplified if we set c_i = 0 in Eq. (8), which means that the orbital angular momenta relative to the Jacobi coordinates r and y are both equal to zero. It can be checked that this has a little influence – around 1% – on the ground state mass M_{3b}. As Hamiltonian H_{3b} is spin- and isospin-independent, the states with S = 0, 1, 2 and I = 0, 1 (for light quarks) are degenerate. Consequently, the 0^{++}, 1^{++}, 1^{+−}, and 2^{++} states are degenerate ground states of our model.

Secondly, the two-body wave function Ψ_{2b}(r) has to be computed from Ψ_{3b}(r, y) (up to an irrelevant normalization factor). Due to good C and P quantum numbers, the color, isospin, and spin functions of the qq̄ pair are uniquely determined from Ψ_{3b}(r, y). A general way of averaging the space gluonic degrees of freedom is to solve the following equation Ψ^n_{2b}(r) = ∫ f(y)Φ^n_{L=0}(r, y)dy, (9) where n is an arbitrary exponent, and f(y) an arbitrary weight function. If Φ^n_{L=0}(r, y) were separable as in Eq. (3), any choice of f(y) and n would give identical results. This is not a priori the case for the trial wave function (8). We use in the following the two simplest prescriptions, both characterized by f(y) = 1. We call the first one the linear prescription, with n = 1 and Ψ_{2b}(r) = N∑ i=1 α_i ( π b_i )_{3/2} exp(−a_ir^2), (10)

where r is the quark-antiquark distance. This prescription is the most straightforward way to remove the space gluonic part from the three-body wave function. The second prescription we suggest is called the quadratic prescription, for which n = 2,

Ψ^2_b(r) = N∑ i,j=1 α_i α_j ( π b_i + b_j )_{3/2} exp [ −(a_i + a_j )r^2 ] . (11)

It has the interesting feature that ∫ Ψ^2_b(r) dr = 1 is a priori satisfied when Ψ_{3b} has a unit normalization. In general, when taking the square root, the sign has to be chosen such that Ψ_{2b}(r) is smooth, but no such choice has to be done here since we deal with the ground state wave function. The regularized qq̄ wave function is then given by u(r) = r Ψ_{2b}(r).

Thirdly, knowing the two-body wave function u(r), the mass M_{3b}, and the quark masses (same values as in Hamiltonian H_{3b}), the equivalent potential V_{qq̄}(r) satisfying Eqs. (4) can be computed. We gave in Ref. [13] a procedure, relying on the Lagrange mesh method [14, 15], to make such computations with a semirelativistic kinematics. This procedure has been shown to be accurate up to 3% in the computation of the equivalent potential, and has already been applied to study the effective potential between two gluons [16].

The procedure we have described can now be applied to a physical system. Let us begin with the cc̄g hybrid, for which we use the parameters of Ref. [7]: m_c = 1.3 GeV and a = 0.175 GeV^2. These values are fitted so that the mass of the J/Ψ meson is correctly reproduced as well as the Regge slope of the ρ meson family. We begin by showing the evolution of the equivalent potential with the number of Gaussian functions in Fig. 1. It appears that the shape of the potential does not change anymore when N ≥ 6. Moreover for N = 7, the error on the cc̄g mass is less than 1 MeV, which is a very satisfactory precision. Although we only plotted the effective potential computed with the linear prescription, we checked that the same conclusions hold for the quadratic one but also for other choices.

The equivalent cc̄ potential is then computed with N = 7, with the linear and quadratic

FIG. 1: Evolution of the equivalent cc̄ potential for different values of N. The linear prescription and the parameters of Table I are used.

TABLE I: Numerical values for the different parameters involved in our computations of qq̄g systems. a = 0.175 GeV^2, m_g = 0, m_n and m_c are taken from Ref. [7, Table 2]. The symbol n is used for both the u and d quarks.

Quark b c s n m_q (GeV) 4.567 1.300 0.180 0.000 M_{3b} (GeV) 10.665 4.323 2.516 2.421 σ (GeV^2) 0.200 0.200 0.207 0.207 W_q (GeV^2) 0.000 0.160 0.460 0.530 μ_q (GeV) 4.757 1.409 0.435 0.374

prescriptions, and plotted in Fig. 2. It can be seen that both prescriptions roughly lead to the same potential. Furthermore, we actually checked that the equivalent potential is nearly independent of the prescription which is used. This means that the dynamics of the gluon is quasi-decoupled from the quark-antiquark pair in the cc̄g system, and more generally in qq̄g systems. The equivalent potential can be fitted by the following generalization of potential (5) V_{qq̄}(r) = √ σ^2r^2 + 2πσ(N + 3/2) + W_q, (12)

FIG. 2: Effective potentials and regularized wave functions (with an arbitrary normalization) computed with N = 7 for the cc̄g system with the quadratic prescription (solid line) and the linear one (dotted line). Potential (12) is plotted for N = 0 (dashed line); it is practically indistinguishable from the result of the linear prescription on this figure. The various parameters are summed up in Table I.

where N = 0. It is checked that the introduction of a constant W_q ≠ 0 in potential (12) is necessary to recover the numerical data (see Table I).

Very good descriptions of mesons and baryons, even light ones, are obtained within the framework of potential models. It has been recently shown that such models give gg and ggg glueball spectra very similar to results predicted by lattice QCD works [17]. So we can assume that the procedure developed in this paper to study hybrid mesons remains valid for light quarks. We thus computed the effective potential V_{qq̄} for all ground state qq̄g systems. Results are presented in Fig. 3. Let us note that the masses of the s and b quarks were fitted on the masses of the ϕ(1020) and of the Υ(1S) by using the model of Ref. [7]. It appears from a fit that the equivalent potentials are all compatible with the form (12), with σ ≈ 0.200 ± 0.010 GeV^2, and a value of W_q which increases as the quarks become lighter (see Table I).

As we mentioned before, σ ≠ a since the emergent excited string has not to share the same string tension than the two initial strings in the qq̄g system. Such a feature could not be found in the previous study of Ref. [9] due to the approximate method used. It has been shown in Ref. [18] that the energy of a string in its ground state is affected by the

FIG. 3: Effective potentials computed with N = 7 and the linear prescription for the different qq̄g systems (symbols). Potential (12) is plotted for N = 0 (solid lines). The various parameters are summed up in Table I.

presence of dynamical particles at its ends. In the same way, we argue that W_q could be a modification of the square zero point energy of the two strings because of quark dynamics. A first hint is that W_b = 0 is compatible with the data. This corresponds to the static limit of potential (5), in agreement with lattice QCD [2]. For the first time however, we are able to show that the excited string picture also holds for light quarks, but with a nonzero value for W_q. A comparison of potential (12) with the approximate result (6) for r ≫ σ^{−1/2} leads, for N = 0, to W_n ≈ (4 − π) 3 σ ≈ 0.52 GeV^2 in the limit of massless quarks, in agreement with the fitted value. Moreover, defining the dynamical mass of the quark as μ_q = ⟨Ψ_{3b}| √ p^2_q + m^2_q |Ψ_{3b}⟩ [17], it can be checked that W_q ≈ 0.2/μ_q reproduces very well the fitted values given in Table I. Consequently, W_q is directly related to the quark dynamics at the end of the strings.

In conclusion, we have shown that, in the framework of a potential model with spinless constituent quarks and gluons, it is possible to compute the dominant interaction between a quark and an antiquark in a hybrid meson from a qq̄g system. The potential obtained is in good agreement with results predicted by lattice QCD calculations for heavy quarks [2], provided the string tension is slightly greater in hybrid mesons than in ordinary mesons. Moreover, up to our knowledge, we predict, for the first time, that the dominant quarkantiquark interaction in a hybrid meson depends on the quark flavor just by a square shift in energy, due to the quark dynamics.

Since our method can easily be generalized to spin-dependent Hamiltonians, we think that these results open the way for a deeper understanding of the fine structure of the QCD string spectrum: By adding proper short-range interactions [19], the equivalent potentials will also depend on S_{qq̄} through spin-orbit or spin-spin couplings. These couplings could explain the short-range splittings of the potentials as they are observed in lattice QCD [2]. We leave such studies for future works.

C. S. and F. B. thank the FNRS for financial support. V. M. thanks the IISN for financial support.

∗ E-mail: fabien.buisseret@umh.ac.be † E-mail: vincent.mathieu@umh.ac.be ‡ E-mail: claude.semay@umh.ac.be § E-mail: silvestre@lpsc.in2p3.fr [1] C. Mc Neile, Nucl. Phys. A 711, 303 (2002).

[2] K. J. Juge, J. Kuti, and C. Morningstar, Phys. Rev. Lett. 90, 161601 (2003). [3] T. J. Allen, M. G. Olsson, and S. Veseli, Phys. Lett. B 434, 110 (1998). [4] M. Lüscher, K. Symanzik, and P. Weisz, Nucl. Phys. B 173, 365 (1980). [5] D. Horn and J. Mandula, Phys. Rev. D 17, 898 (1978); A. Le Yaouanc, L. Oliver, O. Pène, J.-C. Raynal, and S. Ono, Z. Phys. C 28, 309 (1985).

[6] Y. S. Kalashnikova and D. S. Kuzmenko, Phys. Atom. Nucl. 66, 955 (2003)(Yad. Fiz. 66, 988 (2003)); E. Abreu and P. Bicudo, J. Phys. G 34, 195207 (2007).

[7] V. Mathieu, C. Semay, and F. Brau, Eur. Phys. J. A 27, 225 (2006). [8] F. Buisseret and V. Mathieu, Eur. Phys. J. A 29, 343 (2006). [9] F. Buisseret and C. Semay, Phys. Rev. D 74, 114018 (2006). [10] J. F. Arvis, Phys. Lett. B 127, 106 (1983).

[11] B. Zwiebach, A first course in string theory (Cambridge University Press, 2004). [12] Y. Suzuki and K. Varga, Stochastic Variational Approach to Quantum-Mechanical Few-Body Problems (Springer Verlag, Berlin, Heidelberg, 1998).

[13] F. Buisseret and C. Semay, Phys. Rev. E 75, 026705 (2007).

[14] D. Baye and P.-H. Heenen, J. Phys. A 19, 2041 (1986); M. Vincke, L. Malegat, and D. Baye, J. Phys. B 26, 811 (1993).

[15] C. Semay, D. Baye, M. Hesse, and B. Silvestre-Brac, Phys. Rev. E 64, 016703 (2001). [16] F. Buisseret and C. Semay, [hep-ph/0611216].

[17] V. Mathieu, C. Semay, and B. Silvestre-Brac, Phys. Rev. D 74, 054002 (2006). [18] G. Lambiase and V. V. Nesterenko, Phys. Rev. D 54, 6387 (1996). [19] V. Mathieu and F. Buisseret, [hep-ph/0702226].