arXiv:hep-ph/0204089 v2 10 May 2002

HU-EP-02/14

Radiative M1-decays of heavy-light mesons in the relativistic quark model

D. Ebert^a, R. N. Faustov^{a,b}, V. O. Galkin^{a,b}

aInstitut für Physik, Humboldt–Universität zu Berlin, Invalidenstr.110, D-10115 Berlin, Germany bRussian Academy of Sciences, Scientific Council for Cybernetics, Vavilov Street 40, Moscow 117333, Russia

Abstract

Radiative magnetic dipole decays of heavy-light vector mesons into pseudoscalar mesons V → P γ are considered within the relativistic quark model. The light quark is treated completely relativistically, while for the heavy quark the 1/m_Q expansion is used. It is found that relativistic effects result in a significant reduction of decay rates. Comparison with previous predictions and recent experimental data is presented.

Key words: radiative decays, bottom and charmed mesons, relativistic bound state dynamics, heavy quarks PACS: 13.40.Hq, 13.20.He, 13.20.Fc, 12.39.Ki

In this letter we consider radiative magnetic dipole (M1) transitions of the ground state vector (V ) heavy-light mesons to the pseudoscalar (P ) ones, V → P γ (in quark model notations, 1^3S_1 → 1^1S_0 + γ). For this purpose, we use the relativistic quark model based on the quasipotential approach in quantum field theory. Recently, this model has been successfully applied for the description of different properties of the heavy-light mesons, such as their mass spectra [1] and rare radiative decays [2]. Our analysis showed that the light quark in the heavy-light mesons should be treated completely relativistically, while for the heavy quark it is useful to apply the expansion in powers of the inverse heavy quark mass 1/m_Q, which considerably simplifies calculations. The first and sometimes second order corrections in 1/m_Q are also important for the heavy-light meson decay description. Analogously, for the radiative decay calculations considered here, the 1/m_Q expansion is carried out up to

Preprint submitted to Elsevier Preprint 13 May 2002 the second order, and the light quark is treated completely relativistically (i. e. without the unjustified expansion in inverse powers of the light quark mass). It follows from the obtained results that the relativistic effects give substantial contributions to the calculated decay rates.

The radiative V → P γ decay rate is given by [3] Γ = ω^3 3π |M|^2 , where ω =

M^2_V − M^2_P 2M_V , (1)

M_V and M_P are the vector and pseudoscalar meson masses. The matrix element of the magnetic moment M is defined by M = − i 2 [ ∂ ∂Δ × ⟨P |J(0)| V ⟩ ] Δ=0 , Δ = P − Q, (2)

where ⟨P |J_μ(0)| V ⟩ is the matrix element of the electromagnetic current between initial vector (V ) and final pseudoscalar (P ) meson states with momenta Q and P respectively.

We use the relativistic quark model for the calculation of the matrix element of the magnetic moment M (2). In our model a meson is described by the wave function of the bound quark-antiquark state, which satisfies the quasipotential equation of the Schrödinger type in the center-of-mass frame [1]: ( b^2(M) 2μ_R − p^2 2μ_R ) Ψ_M (p) = ∫ d^3q (2π)^3

V (p, q; M)Ψ_M (q), (3)

where the relativistic reduced mass is

μ_R =

M^4 − (m^2_1 − m^2)^2 4M^3

, (4)

and b^2(M) denotes the on-mass-shell relative momentum squared

b^2(M) =

[M^2 − (m_1 + m_2)^2][M^2 − (m_1 − m_2)^2] 4M^2

. (5)

Here m_{1,2} and M are quark masses and a heavy-light meson mass, respectively.

The kernel V (p, q; M) in Eq. (3) is the quasipotential operator of the quarkantiquark interaction. It is constructed with the help of the off-mass-shell scattering amplitude, projected onto the positive energy states. An important role in this construction is played by the Lorentz-structure of the confining quark-antiquark interaction in the meson. In constructing the quasipotential of the quark-antiquark interaction we have assumed that the effective interaction is the sum of the usual one-gluon exchange term and the mixture of vector and scalar linear confining potentials. The quasipotential is then defined by [4] V (p, q; M) = ū_1(p)ū_2(−p)V(p, q; M)u_1(q)u_2(−q), (6)

with

V(p, q; M) = 4 3 α_sD_{μν} (k)γ^μ_1 γ^ν_2 + V^V_{conf}(k)Γ^μ_1 Γ_{2;μ} + V^S_{conf} (k),

where α_s is the QCD coupling constant, D_{μν} is the gluon propagator in the Coulomb gauge and k = p − q; γ_μ and u(p) are the Dirac matrices and spinors. The effective long-range vector vertex is given by

Γ_μ(k) = γ_μ + iκ 2m σ_{μν} k^ν , k^ν = (0, k), (7)

where κ is the Pauli interaction constant characterizing the nonperturbative anomalous chromomagnetic moment of quarks. Vector and scalar confining potentials in the nonrelativistic limit reduce to

V^V_{conf} (r) = (1 − ε)(Ar + B), V^S_{conf} (r) = ε(Ar + B), (8)

reproducing

V_{conf} (r) = V^S_{conf} (r) + V^V_{conf} (r) = Ar + B, (9)

where ε is the mixing coefficient.

The quasipotential for the heavy quarkonia, expanded in p^2/m^2, can be found in Ref. [4] and for heavy-light mesons in [1]. All the parameters of our model, such as quark masses, parameters of the linear confining potential, mixing coefficient ε and anomalous chromomagnetic quark moment κ, were fixed from the analysis of heavy quarkonium spectra [4] and radiative decays [3]. The quark masses m_b = 4.88 GeV, m_c = 1.55 GeV, m_s = 0.50 GeV, m_{u,d} = 0.33 GeV and the parameters of the linear potential A = 0.18 GeV^2 and B = −0.30 GeV have the usual quark model values. In Ref. [5] we have considered the expansion of the matrix elements of weak heavy quark currents between pseudoscalar and vector meson ground states up to the second order in inverse powers of the heavy quark masses. It has been found that the general structure of the leading, first, and second order 1/m_Q corrections in our relativistic model is in accord with the predictions of HQET. The heavy quark symmetry and QCD impose rigid constraints on the parameters of the long-range

Fig. 1. Lowest order vertex function Γ^{(1)} corresponding to Eq. (12). Radiation only from one quark is shown.

Fig. 2. Vertex function Γ^{(2)} corresponding to Eq. (13). Dashed lines represent the interaction operator V in Eq. (6). Bold lines denote the negative-energy part of the quark propagator. As on Fig. 1, radiation only from one quark is shown.

potential in our model. The analysis of the first order corrections [5] fixes the value of the Pauli interaction constant κ = −1. The same value of κ was found previously from the fine splitting of heavy quarkonia^3P_J - states [4]. The value of the parameter characterizing the mixing of vector and scalar confining potentials, ε = −1, was found from the comparison of the second order (1/m^2_Q) corrections in our model [5] with the same order contributions in HQET. This value is very close to the one determined from considering radiative decays of heavy quarkonia [3], especially the M1-decays (e. g. the calculated decay rate of J/Ψ → η_cγ can be brought in accord with the experiment only with the above value of ε).

In the quasipotential approach, the matrix element of the electromagnetic current J_μ between the states of a vector V meson and a pseudoscalar P meson has the form [6] ⟨P |J_μ(0)|V ⟩ = ∫ d^3p d^3q (2π)^6

Ψ̄_{P P}(p)Γ_μ(p, q)Ψ_{V Q}(q), (10)

where Γ_μ(p, q) is the two-particle vertex function and Ψ_{V,P} are the meson wave functions projected onto the positive energy states of quarks and boosted to the moving reference frame. The contributions to Γ come from Figs. 1 and 2.

The contribution Γ^{(2)} is the consequence of the projection onto the positiveenergy states. Note that the form of the relativistic corrections resulting from the vertex function Γ^{(2)} explicitly depends on the Lorentz structure of the qq̄-interaction. Thus the vertex function is given by

Γ_μ(p, q) = Γ^{(1)}_μ (p, q) + Γ^{(2)}_μ (p, q) + · · · , (11)

where

Γ^{(1)}_μ (p, q) = e_1ū_1(p_1)γ_μu_1(q_1)(2π)^3δ(p_2 − q_2) + (1 ↔ 2), (12) and

Γ^{(2)}_μ (p, q) = e_1ū_1(p_1)ū_2(p_2) { V(p_2 − q_2)

Λ^{(−)}_1 (k^′_1) ϵ_1(k^′_1) + ϵ_1(q_1) γ^0_1 γ_{1μ} +γ_{1μ} Λ^{(−)}_1 (k_1) ϵ_1(k_1) + ϵ_1(p_1) γ^0_1 V(p_2 − q_2) } u_1(q_1)u_2(q_2) + (1 ↔ 2). (13)

Here e_{1,2} are the quark charges, k_1 = p_1 − Δ; k^′_1 = q_1 + Δ; Δ = P − Q;

Λ^{(−)}(p) = ϵ(p) − (mγ^0 + γ^0(γp)) 2ϵ(p) , ϵ(p) = √ p^2 + m^2.

It is important to note that the wave functions entering the current matrix element (10) cannot be both in the rest frame. In the initial V meson rest frame, the final P meson is moving with the recoil momentum Δ. The wave function of the moving P meson Ψ_{P Δ} is connected with the wave function in the rest frame Ψ_{P 0} ≡ Ψ_P by the transformation [6]

Ψ_{P Δ}(p) = D^{1/2}_1 (R^W_{LΔ} )D^{1/2}_2 (R^W_{LΔ} )Ψ_{P 0}(p), (14)

where R^W is the Wigner rotation, L_Δ is the Lorentz boost from the rest frame to a moving one, and D^{1/2}(R) is the rotation matrix in the spinor representation.

We substitute the vertex functions Γ^{(1)} and Γ^{(2)} given by Eqs. (12) and (13) in the decay matrix element (10) and take into account the wave function transformation (14). To simplify calculations we note that the mass of the heavy-light mesons M_{V,P} is large (due to presence of the heavy quark M_{V,P} ∼ m_Q) and carry out the expansion in inverse powers of this mass up to the second order. Then we calculate the matrix element of the magnetic moment operator (2) and get (a) for the vector potential

M_V = ∫ d^3p (2π)^3

Ψ̄_P (p) e^1

2ϵ_1(p) { σ_1 +

(1 − ε)(1 + 2κ)[p × [σ_1 × p]] 2ϵ_1(p)[ϵ_1(p) + m_1] + (1 − ε)(1 + κ)[p × [σ_2 × p]] ϵ_1(p)[ϵ_2(p) + m_2] − ϵ_2(p) M_V ( 1 + (1 − ε)

M_V − ϵ_1(p) − ϵ_2(p) ϵ_1(p) ) i [ p × ∂ ∂p ]

+ 1 2M_V [ p × [ p × ( σ_1 ϵ_1(p) + m_1 − σ_2 ϵ_2(p) + m_2 )]]} Ψ_V (p) + (1 ↔ 2),

(15)

(b) for the scalar potential

M_S = ∫ d^3p (2π)^3

Ψ̄_P (p) e^1

2ϵ_1(p) {( 1 + ε ϵ_1(p) + ϵ_2(p) − M_V ϵ_1(p) )

× ( σ_1 − ϵ_2(p) M_V i [ p × ∂ ∂p ]) − ε [p × [σ_1 × p]] 2ϵ_1(p)[ϵ_1(p) + m_1] + 1 2M_V [ p × [ p × ( σ_1 ϵ_1(p) + m_1 − σ_2 ϵ_2(p) + m_2 )]]} Ψ_V (p) + (1 ↔ 2).

(16)

Note that the last terms in Eqs. (15), (16) result from the wave function transformation (14) from the moving reference frame to the rest one. It is easy to see that in the limit p/m → 0 the usual nonrelativistic expression for the magnetic moment follows.

Since we are interested in radiative transitions of the vector mesons to the pseudoscalar mesons it is possible to evaluate spin matrix elements using the relation ⟨σ_1⟩ = − ⟨σ_2⟩. Then assuming one quark to be light q and the other one Q to be heavy and further expanding Eqs. (15), (16) in the inverse powers of the heavy quark mass m_Q up to the second order corrections to the leading contribution we get (a) for the purely vector potential (ε = 0)

M_V = e_q 2m_q {⟨ m_q ϵ_q(p) ⟩ − m_q 3 ⟨ p^2 ϵ_q(p)[ϵ_q(p) + m_q] ( 1 ϵ_q(p) + 1 M_V )⟩

+ (1 + κ)m_q 3 ⟨ p^2 ϵ^2_q (p) ( 2 ϵ_q(p) + m_q − 1 m_Q )⟩ − m_q 6M_V m_Q ⟨ p^2 ϵ_q(p) ⟩}

− e_Q 2m_Q { 1 − 2 ⟨p^2⟩ 3m^2_Q + 1 + κ 3 ⟨ p^2 m_Q ( 1 m_Q − 2 ϵ_q(p) + m_q )⟩

− ⟨ p^2 6M_V ( 1 m_Q + 2 ϵ_q(p) + m_q )⟩} , (17)

(b) for the purely scalar potential (ε = 1)

M_S = e_q 2m_q { 2 ⟨ m_q ϵ_q(p) ⟩ − ⟨ m_q(M_V − m_Q) ϵ^2_q (p) ⟩ − m_q 6M_V m_Q ⟨ p^2 ϵ_q(p) ⟩

+ m_q 2 ⟨ p^2 ϵ^2_q(p) ( 1 m_Q − 2 3[ϵ_q(p) + m_q] − 2ϵ_q(p) 3M_V [ϵ_q(p) + m_q] )⟩}

− e_Q 2m_Q { 2 − M_V − ⟨ϵ_q(p)⟩ m_Q − ⟨p^2⟩ 6m_Q ( 1 m_Q + 1 M_V )

− 1 3M_V ⟨ p^2 ϵ_q(p) + m_q ⟩} . (18)

Here ⟨· · ·⟩ denotes the matrix element between radial meson wave functions. For these matrix element calculations we use the wave functions of heavylight mesons obtained in Ref. [1]. It is important to note that in this reference while calculating the heavy-light meson mass spectra only the heavy quark was treated using the 1/m_Q expansion but the light quark was treated completely relativistically.

The values of decay rates of mesons with open flavour calculated on the basis of Eqs. (1), (17), (18) are displayed in Table 1. In the second column (Γ^{NR}) we give predictions for decay rates obtained in the nonrelativistic approximation (p/m → 0) for both heavy and light quarks. In the third (Γ^V ) and fourth (Γ^S ) columns we show the results obtained for the purely vector and scalar confining potentials, respectively. And in the last column (Γ) we present predictions for the mixture of vector and scalar confining potentials (8) with the mixing parameter ε = −1. As seen from this Table relativistic effects significantly influence the predictions. Their inclusion results in a significant reduction of decay rates (Γ^{NR}/Γ = 2÷4.5). Both relativistic corrections to the heavy quark and the relativistic treatment of the light quark play an important role. The dominant decay modes of D^∗ mesons are the strong decay D^∗ → Dπ, which is considerably suppressed by the phase space, and the electromagnetic decay D^∗ → Dγ. The corresponding branching ratios are known already for a long time and listed in PDG tables [7]. However, the total decay rates of D^∗ mesons were not measured until recently. In Ref. [8] CLEO collaboration reported the first measurement of the D^{∗+} decay width Γ(D^{∗+} ) = 96 ± 4 ± 22 keV. Combining this value with the measured BR(D^{∗+} → D^+γ) = (1.6 ± 0.4)% [7], the following experimental value of the decay rate can be obtained: Γ(D^{∗+} → D^+γ) = (1.5 ± 0.6) keV. Our model prediction is in agreement with this experimental value. However, the experimental errors are still large in order to discriminate the relativistic and nonrelativistic results. In the case of B mesons the pion emission is kinematically forbidden, so the dominant decay mode is electromagnetic decay B^∗ → Bγ. None of B^∗ widths has been measured yet. We also present our predictions for the radiative decay rate of B^∗_c meson,

Table 1 Radiative decay rates of mesons with an open flavour (in keV).

Decay Γ^{NR} Γ^V Γ^S Γ

D^{∗±} → D^±γ 2.08 0.60 0.28 1.04

D^{∗0} → D^0γ 37.0 14.3 17.4 11.5

D^∗_s → D_sγ 0.36 0.13 0.08 0.19

B^{∗±} → B^±γ 0.89 0.24 0.29 0.19

B^{∗0} → B^0γ 0.27 0.087 0.101 0.070

B^∗_s → B_sγ 0.132 0.064 0.074 0.054

B^∗_c → B_cγ 0.073 0.048 0.066 0.033

which consists of two heavy quarks (b and c). Therefore the expressions (17) and (18) can be further expanded in inverse powers of both quark masses up to the second order.

In Table 2 we compare our predictions for radiative decay rates of vector heavy-light mesons with other theoretical results. We show the predictions obtained in quark models [9–11], in the framework of heavy quark effective theory (HQET) combined with vector meson dominance (VMD) hypothesis [12] and in QCD sum rules [13–15]. These predictions vary quite significantly from each other. Our predictions are in rough agreement with the quark model calculations of Ref. [10], with HQET+VMD results of Ref. [12] and with some of the predictions of the QCD sum rules.^1 It is important to note that in our calculations we do not need to introduce the anomalous electromagnetic moment of the light quark as it is done in Ref. [11], where it was found that its value should be rather large (∼ 0.5) in order to get agreement with the experimental (CLEO) value for D^{∗+} → D^+γ decay rate.^2 The large value of the anomalous electromagnetic moment is not justified phenomenologically (see e. g. Refs. [16,3]). The other differences of our calculations from those of Ref. [11] are the Lorentz structure of the confining potential and a more comprehensive account of relativistic effects. In particular, the relativistic transformation of the meson wave function from the rest frame to a moving one given by Eq. (14) is missing in Ref. [11].

In Table 3 we present the comparison of our results with the predictions of different quark models [17–19] for the rates of the radiative M1-transitions (1^3S_1 → 1^1S_0 + γ) in the heavy-heavy B_c meson. There we also give the predicted values of the photon energy, which is determined by the mass splitting

1 The QCD sum rule results [13] for the D^∗ decays were obtained using the 1/m_c expansion, which could be inaccurate due to the large value of the 1/m_c corrections. 2 In Table 2 we show predictions of Ref. [11] for the value of anomalous electromagnetic quark moment equal to zero.

Table 2. Comparison of different theoretical predictions for radiative decays of heavy-light mesons (in keV). Quark models HQET+VMD QCD sum rules Decay our [9] [10] [11] [12] [13] [14] [15] D^{∗±} → D^±γ 1.04 0.36 1.72 0.050 0.51 ± 0.18 0.09^{+0.40}_{−0.07} 1.5 0.23 ± 0.1 D^{∗0} → D^0γ 11.5 17.9 7.18 7.3 16.0 ± 7.5 3.7 ± 1.2 14.4 12.9 ± 2 D^∗_s → D_sγ 0.19 0.118 0.101 0.24 ± 0.24 0.13 ± 0.05 B^{∗±} → B^±γ 0.19 0.261 0.272 0.084 0.22 ± 0.09 0.10 ± 0.03 0.63 0.38 ± 0.06 B^{∗0} → B^0γ 0.070 0.092 0.064 0.037 0.075 ± 0.027 0.04 ± 0.02 0.16 0.13 ± 0.03 B^∗_s → B_sγ 0.054 0.051 0.035 0.22 ± 0.04

Table 3 Comparison of theoretical predictions for the radiative B^∗_c → B_cγ decay.

our [17] [18] [19]

Photon Energy (MeV) 61 72 64 55

Γ(B^∗_c → B_cγ) (eV) 33 135 60 59

of the vector and pseudoscalar ground states. In previous calculations [17–19] the nonrelativistic expression for the matrix element of the magnetic moment was used. We see that even in the heavy-heavy B_c meson inclusion of the relativistic effects results in considerable reduction of the radiative M1-decay rate. As can be seen from Table 1, this reduction is evoked by significant contributions of relativistic effects for the c quark, since it is not heavy enough, as well as by the special choice of the mixture of vector and scalar confining potentials in our model (8).

In summary we calculated radiative M1-decay rates of mesons with open flavour in the framework of the relativistic quark model. In our analysis the light quark was treated relativistically, while for the heavy quark the 1/m_Q expansion was carried out up to the second order. Relativistic consideration of the light quark, relativistic heavy quark corrections as well as Lorentzstructure of the confining potential considerably influence the predictions. We find that only the mixture of vector and scalar confining potentials (8), with the mixing coefficient fixed previously from quarkonium radiative decays [3] and weak decays of heavy-light mesons [5], is in agreement with recent CLEO data for the D^{∗+} → D^+ γ decay rate. More precise measurement of this decay rate and the measurement of radiative M1-decays of other heavy-light mesons will be crucial for testing the relativistic quark dynamics.

The authors express their gratitude to M. Müller-Preussker and V. Savrin for support and discussions. We are grateful to S. Narison for the useful comment on the QCD sum rule results. Two of us (R.N.F and V.O.G.) were supported in part by the Deutsche Forschungsgemeinschaft under contract Eb 139/2-1, Russian Foundation for Fundamental Research under Grant No. 00-02-17768 and Russian Ministry of Education under Grant No. E00-3.3-45.

References

[1] D. Ebert, V. O. Galkin and R. N. Faustov, Phys. Rev. D 57 (1998) 5663; 59 (1999) 019902 (Erratum).

[2] D. Ebert, R. N. Faustov, V. O. Galkin and H. Toki, Phys. Lett. B 495 (2000) 309; Phys. Rev. D 64 (2001) 054001.

[3] V. O. Galkin and R. N. Faustov, Yad. Fiz. 44 (1986) 1575 [Sov. J. Nucl. Phys.

44 (1986) 1023].

[4] D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Rev. D 62 (2000) 034014. [5] R. N. Faustov and V. O. Galkin, Z. Phys. C 66 (1995) 119. [6] R. N. Faustov, Phys. Lett. B 33 (1970) 422; Nuovo Cimento A 69 (1970) 37. [7] Paticle Data Group, D. E. Gromm et al., Eur. Phys. J. C 15 (2000) 1. [8] CLEO Collaboration, A. Anastassov et al., Phys. Rev. D 65 (2002) 032003. [9] M. A. Ivanov and Yu. M. Valit, Z. Phys. C 67 (1995) 633. [10] A. Hiorth Örsland and H. Högaasen, Eur. Phys. J. C 9 (1999) 503. [11] J. L. Goity and W. Roberts, Phys. Rev. D 64 (2001) 094007. [12] P. Colangelo, F. De Fazio and G. Nardulli, Phys. Lett. B 316 (1993) 555. [13] H. G. Dosch and S. Narison, Phys. Lett. B 368 (1996) 163. [14] T. M. Aliev, D. A. Demir, E. Iltan and N. K. Pak, Phys. Rev. D 54 (1996) 857. [15] S.-L. Zhu, Z.-S. Yan and W.-Y. P. Hwang, Mod. Phys. Lett. A 12 (1997) 3027. [16] V. A. Khoze and M. A. Shifman, Sov. Phys. Usp. 26 (1983) 387. [17] E. J. Eichten and C. Quigg, Phys. Rev. D 49 (1994) 5845. [18] S. S. Gershtein, V. V. Kiselev, A. K. Likhoded and A. V. Tkabladze, Phys. Rev.

D 51 (1995) 3613.

[19] L. P. Fulcher, Phys. Rev. D 60 (1999) 074006.