hep-ph/9607314 15 Jul 96

Heavy baryons in the relativistic quark model

D. Ebert and R. N. Faustov

Institut für Physik, Humboldt–Universität zu Berlin, Invalidenstr.110, D-10115 Berlin

V. O. Galkin

Russian Academy of Sciences, Scientific Council for Cybernetics, Vavilov Street 40, Moscow 117333, Russia

A. P. Martynenko and V. A. Saleev

Samara State University, Samara 443011, Russia

Heavy baryons in the relativistic quark model

D. Ebert and R. N. Faustov^{�y}

Institut für Physik, Humboldt–Universität zu Berlin, Invalidenstr.110, D-10115 Berlin

V. O. Galkin

Russian Academy of Sciences, Scientific Council for Cybernetics, Vavilov Street 40, Moscow 117333, Russia

A. P. Martynenko and V. A. Saleev

Samara State University, Samara 443011, Russia

Abstract

In the framework of the relativistic quasipotential quark model the mass spectrum of baryons with two heavy quarks is calculated. The quasipotentials for interactions of two quarks and of a quark with a scalar and axial vector diquark are evaluated. The bound state masses of baryons with J^P =^1_2^+;^3_2^+ are computed.

1 Introduction

The investigation of properties of hadrons, containing heavy quarks, is of a great interest for understanding the dynamics of quark and gluon interaction. To calculate the meson and baryon mass spectra QCD sum rules [1], potential models [2, 3, 4, 5], lattice QCD [6], heavy quark effective theory (HQET) [7, 8], the method of vacuum correlators [9] and some other approaches are widely used. Presently at the LHC, B-factories and the Tevatron with high luminosity, several experiments have been proposed, in which a detailed study of baryons containing two heavy quarks can be performed. The possible quark composition of such baryons looks as follows: (ccq, cbq, bbq), where c and b are

� Supported by Graduiertenkolleg Elementarteilchenphysik and in part by Russian Foundation for Fundamental Research under Grant No. 96-02-17171.

y On leave of absence from Russian Academy of Sciences, Scientific Council for Cybernetics, Vavilov Street 40, Moscow 117333, Russia.

heavy quarks (Q) and q denotes a light u, d and s quark. In this connection theoretical predictions for heavy baryon masses acquire important significance. The properties of heavy hadrons (containing b and/or c quarks) are essentially different from those of light hadrons composed from u, d and s quarks. This difference originates from the fact that the heavy quark mass strongly exceeds the scale of QCD interaction, Λ_{QCD} ≈ 300−400 MeV, namely m_{c,b} ≫ Λ_{QCD}. Therefore, while investigating processes with heavy quarks one should expect that the limit m_Q → ∞ within QCD yields good quantitative results, which may be further improved in HQET by taking into account 1/m_Q corrections. Baryons, containing two heavy quarks (QQq), may be considered as a localized source (QQ) of the colour field, in which the light quark moves. Interaction forces between heavy quarks then lead to the formation of a two-particle bound state of a QQ-diquark, the scale of which is determined by the quantity 1/m_Q which is small compared to the QCD scale 1/Λ_{QCD}. Thereby it seems justified to treat the heavy diquark as a pointlike object with definite colour, spin and mass and to ignore the configuration with a qQ-diquark which size is of order 1/m_q ∼ 1/Λ_{QCD}. The baryon formation then occurs as a result of a diquark interaction with the light quark. Here in the framework of the quark-diquark approximation we calculate the mass spectrum of heavy baryons on the basis of a local Schrödinger-like quasipotential equation [10]: ( b^2(M) 2μ_R − ⃗p^2 2μ_R ) ψ_M (⃗p) = ∫ d^3q (2π)^3 V (⃗p, ⃗q, M)ψ_M (⃗q), (1) where the relativistic reduced mass is

μ_R =

E_1E_2 E_1 + E_2 = M^4 − (m^2_1 − m^2)^2 4M^3

, (2)

E_1 =

M^2 − m^2 + m^2_1 2M , E_2 =

M^2 − m^2_1 + m^2 2M , E_1 + E_2 = M,

and the center of mass system relative momentum squared on the mass shell reads

b^2(M) =

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

, (3)

with m_{1,2} the masses of the constituent particles. In refs. [11, 12] the operator of quarkantiquark interaction has been constructed and the mass spectra and decay rates of mesons have been investigated. The relativistic quasipotential quark model gives in the meson sector results which nicely agree with experimental data. Relativistic effects play an important role in describing properties of quark bound states and may be consistently taken into account within the quasipotential method [13].

2 Diquarks in the relativistic quasipotential model

The concept of diquarks was introduced at the very beginning of the development of the quark model of hadrons in order to describe baryon properties [5]. Diquarks represent by themselves two-particle clusters, which are produced inside the three-quark systems as a result of quark interactions in which the spin-dependent forces play an important role [14, 15]. The attractive forces between two quarks act if the quarks are in the antisymmetric colour state. The interaction potential at large distances in the quarkquark system is similar to that in the quark-antiquark system since the baryon size is practically the same as the meson size. In the ground state the diquarks are two-particle bound states of quarks in an antisymmetric colour state with zero angular momentum and definite flavour and spin. In the case of indentical quarks the diquark has spin S = 1, whereas for quarks of different flavours the state with spin S = 0 is also possible.

Now we construct the interaction quasipotential for two heavy quarks Q, which enters in eq. (1). The interaction operator in the QQ system contains a perturbative part, which is defined at small distances in the quasipotential approach by the one-gluon exchange amplitude and can be evaluated within QCD. Moreover there is a nonperturbative term in the operator V (⃗p, ⃗q, M), which cannot be obtained consistently within QCD and leads to the quark confinement at large distances.

The quasipotential V (⃗p, ⃗q, M) of eq. (1) is constructed with the help of the off-mass-shell scattering amplitude, projected onto the positive energy states. Then the perturbative part of the quasipotential can be represented in the form: V^{pert.}_{QQ} (⃗p, ⃗q) = ū_1(⃗p)ū_2(−⃗p) 2 3 α_s 4 √ ϵ_1(⃗p)ϵ_1(⃗q)ϵ_2(⃗p)ϵ_2(⃗q)

D_{μν} (k)γ^μ_1 γ^ν_2 u_1(⃗q)u_2(−⃗q), (4)

where D_{μν} (k) is the gluon propagator conveniently taken in the Coulomb gauge

D^{00}(k) = − 1 ⃗k2 , D ij (k) = − 1 k^2 ( δ^{ij} − k^ik^j ⃗k2 ) , D^{0i} = D^{i0} = 0, (5)

⃗k = ⃗p − ⃗q, and u(⃗p) is the Dirac spinor, u^λ(⃗p) = √ ε(⃗p) + m ( 1_{⃗σ⃗p} ε(⃗p)+m ) χ^λ. (6)

In this case the colour factor, which includes the colour part of the baryon wave function ε_{ijk}/ √ 6 (i, j, k = 1, 2, 3) has the value: 1 √ 6 ε_{ijk}δ_{nk} 1 √ 6 ε_{lmn}T^a_{li}T^a_{mj} = − 2 3 , (7)

where T^a are the generators of the colour SU_c(3) group. It means, that in the twoquark system the exchange of a nonabelian gauge boson results in an attractive Coulomb potential at small distances which differs only by a factor 1/2 from the similar potential in the quark-antiquark system. Substituting the spinor (6) into eq.(4) and carrying out some manipulations with spinor convolutions, we obtain, in the same way as in [12], the one-gluon exchange quasipotential including relativistic corrections. Since we consider the ground state of diquarks, the angular momentum of the QQ system is zero. As it has been remarked in ref. [16], the quark spin interaction can result in the existence of short-range correlations in the quark-quark subsystem. Therefore, neglecting corrections O(p^2/m^2_Q), we can represent the perturbative part of the quasipotential in the configuration space in the form: V^{pert.}_{QQ} (r) = − 2 3 α_s r + 4πα_s 9m_1m_2

(⃗σ_1⃗σ_2)δ(⃗r), (8)

where α_s(r) is the running coupling constant and σ_{1,2} are the quark spin matrices. The colour hyperfine interaction is attractive if the total spin of two quarks S = 0, and repulsive in the case S = 1.

In the approximation of one-gluon exchange the quark-quark potential in a baryon is equal to one half of the quark-antiquark potential in a meson. Calculations based on the baryon Wilson loop area law in QCD [17] show that this relation holds even true for nonperturbative interactions. Thus, while constructing the long-range nonperturbative part of the quark interaction operator we used the known “1/2 rule”, i. e. V_{qq} =^1_2 V_{qq̄} [5] and chose this part of the quasipotential in the standard linearly rising in r form. As a result in this approximation the complete interaction operator in the quark-quark system is chosen in the form: V_{QQ}(r) = − 2 3 α_s r + 1 2 (Ar + B) + 4πα_s 9m_1m_2

(⃗σ_1⃗σ_2)δ(⃗r), (9)

where the parameters A = 0.18 GeV^2 and B = −0.3 GeV had been fixed previously [11, 12] in calculating the meson mass spectrum. The numerical solution of the quasipotential equation (1) with interaction operator (9) yields the mass spectrum of the s-wave axial vector and scalar diquarks. The results are presented^1 in Table 1. Here the usual values of quark masses (the same as for mesons) were used [11, 12]:

m_u = m_d = 0.33 GeV, m_s = 0.5 GeV, m_c = 1.55 GeV, m_b = 4.88 GeV.

Table 1: Masses of s-wave scalar and axial vector diquarks

Diquark qq qs qc qb ss sc sb cc cb bb M(GeV) 0.85 1.04 2.08 5.39 - 2.27 5.57 - 6.52 - (scalar diquark)

M(GeV) 1.02 1.15 2.12 5.41 1.32 2.29 5.58 3.26 6.52 9.79 (axial vector diquark)

1 The masses of light diquarks are presented for completeness where q = u, d.

3 Quasipotential for the interaction of a quark with a scalar diquark

Now to calculate the baryon mass spectrum in the quark-diquark approximation it is necessary to construct the quark-diquark interaction operator. In the case of a scalar diquark the perturbative part of the quasipotential is described by the Feynman diagram in Fig. 1.

y

p_1 = (E_1, ⃗p) q_1 = (E_1, ⃗q)

q_2 = (E_2, −⃗q) p_2 = (E_2, −⃗p)

⃗k = ⃗p − ⃗q

Figure 1: Feynman diagram of the one-gluon interaction in the quark-diquark system.

The corresponding expression for the interaction operator has the form: V^{pert.}_{q+SD}(⃗p, ⃗q) = 4 3 g^2_s 4 √ ϵ_1(⃗p)ϵ_1(⃗q)ϵ_2(⃗p)ϵ_2(⃗q)

(p_2 + q_2)^μD_{μν} (⃗k)ū(⃗q)γ^νu(⃗p), (10)

where the interaction vertex of a scalar diquark with a gluon is given by the factor ig_sT^a_{ij}(p_2 + q_2)^μ. Using the standard representation of the Dirac spinors (6), we get for V^{pert.}_{q+SD} up to terms O(⃗p^2/m^2) the following expression: V^{pert.}_{q+SD}(⃗p, ⃗q) = − 4 3 g^2_s 4π ⃗k2 {[ 1 + b^2 E_1E_2 ] + ⃗p^2 − b^2 4m^2_1 + ⃗p^2 − b^2 4m^2 + ⃗p^2 − b^2 m_1m_2

− (11)

−(⃗p⃗k) ( 1 4m^2_1 + 1 4m^2 + 1 m_1m_2 ) + ⃗k2 4m_1m_2 + i⃗S_1[⃗p × ⃗q] 1 2m_1 ( 1 m_1 + 2 m_2 )} . Then we add to this expression in the configuration space the confining potential V^{nonpert.} q+SD (r) = Ar + B, (12) which is the same as in the quark-antiquark system. Thus the complete quasipotential, which is used to calculate the mass spectrum of baryons with J^P =^1_2^+ can be represented as follows: V^{tot.}_{q+SD}(r) = Ar + B − 4α_s 3r ( 1 + b^2 E_1E_2 ) − 4πα_s 3m_1m_2 δ(⃗r) + 4α_s 3m_1m_2 ( m_2 2m_1 + 1 ) ⃗L⃗S_1 r^3

− (13)

− 2μα^2_s 3r^2 ( 1 m^2_1 + 1 m^2 + 4 m_1m_2 ) − 4α_s 3r^3 (⃗r∇) ( 1 4m^2_1 + 1 4m^2 + 1 m_1m_2 ) , where m_2 is the scalar diquark mass, m_1 is the light quark mass and μ is their reduced mass. The numerical results for the mass spectrum of the ground states of baryons with J^P =^1_2^+ on the basis of eqs. (1) and (13) are given in Table 2.

4 Quasipotential for the interaction of a quark with an axial vector diquark

As in the previous section, the perturbative part of the interaction operator for spin 1/2 and spin 1 particles is given by the diagram in Fig. 1. It includes the matrix element of the chromomagnetic current operator between states of the axial vector diquark. This matrix element is defined by three chromomagnetic form factors. Neglecting the chromoquadrupole moment of the axial vector particle, we can represent the four vector of the chromomagnetic current in the form [18]: j^μ(⃗p, ⃗q) = igT^a_{ij}ξ^� { G_1(k^2)(p_2 + q_2)^μ +

G_2(k^2)

m_2

[W^μ(⃗p_2)(⃗S_2 ⃗Δ_2) − (⃗S_2 ⃗Δ_2)W^μ(⃗p_2)] } ξ, (14) ⃗Δ_2 = −⃗q + ⃗p m_2 ( E_2 − ⃗q⃗p E_2 + m_2 ) , where ⃗S_2 is the spin operator of a vector particle, W^μ is the four vector of the relativistic spin (the Pauli-Lubansky vector) with the components:

W^0(⃗p_2) = −⃗S_2⃗p, ⃗W (⃗p_2) = m_2 ⃗S_2 + ⃗p(⃗S_2⃗p) E_2 + m_2

, (15)

and ξ is the axial vector particle wave function (polarization vector) in its rest frame. Then the one-gluon exchange quasipotential takes the form: V^{pert.}_{q+AD}(⃗p, ⃗q) = 4 3 g^2_s 4 √ ϵ_1(⃗p)ϵ_1(⃗q)ϵ_2(⃗p)ϵ_2(⃗q) D_{μν} (⃗k)ū(⃗q)γ^νu(⃗p) (16)

× [ G_1(k^2)(p_2 + q_2)^μ + G_2(k^2)[ 1 m_2

W^μ(⃗p_2)(⃗S_2 ⃗Δ_2) − 1 m_2

(⃗S_2 ⃗Δ_2)W^μ(⃗p_2)] ] . Now we expand eq. (16) with an accuracy up to terms O(⃗p^2/m^2). The zeroth and spacial vector components of the current (14) contain the following terms: 1 m_2

W^0(⃗p_2)(⃗S_2 ⃗Δ_2) − 1 m_2

(⃗S_2 ⃗Δ_2)W^0(⃗p_2) ∼= i m_2 ⃗S_2[⃗p × ⃗q], (17) 1 m_2

⃗W (⃗p_2)(⃗S_2 ⃗Δ_2) − 1 m_2

(⃗S_2 ⃗Δ_2) ⃗W (⃗p_2) ∼= i[(⃗p − ⃗q) × ⃗S_2], (18) which produce fine and hyperfine splittings of energy levels. The chromomagnetic form factor of the axial vector particle G_2(k^2) at k^2 = 0 defines its total chromomagnetic moment: G_2(0) = μ_V = 1 + ζ. Setting here the anomalous chromomagnetic moment of the axial vector diquark ζ = 1 and G_1(0) = 1, we obtain the following expression for V^{pert.}_{q+AD}: V^{pert.}_{q+AD} (⃗p, ⃗q) = − 4 3 g^2_s 4π ⃗k2 {( 1 + b^2 E_1E_2 ) + ⃗p^2 − b^2 4m^2_1 + ⃗p^2 − b^2 4m^2 + ⃗p^2 − b^2 m_1m_2

− (19)

−(⃗p⃗k)( 1 4m^2_1 + 1 4m^2 + 1 m_1m_2 ) + ⃗k2 4m_1m_2 + i⃗S_1[⃗p × ⃗q] 1 2m_1 ( 1 m_1 + 2 m_2 ) + +i⃗S_2[⃗p × ⃗q] 1 2m_2 ( 1 m_2 + 2 m_1 ) − 1 m_1m_2

[(⃗S_1 ⃗S_2)⃗k^2 − (⃗S_1⃗k)(⃗S_2⃗k)] } . The nonperturbative part of the interaction potential for a quark and an axial vector diquark is taken in the form (12). Transforming (19) into configuration space, we get the complete expression of the interaction operator for the system q + AD: V^{tot.}_{q+AD}(r) = Ar + B − 4α_s 3r ( 1 + b^2 E_1E_2 ) − 4πα_s 3m_1m_2 δ(⃗r) + 4α_s 3m_1m_2 ( m_2 2m_1 + 1 ) ⃗L⃗S_1 r^3

− (20)

− 2μα^2_s 3r^2 ( 1 m^2_1 + 1 m^2 + 4 m_1m_2 ) − 4α_s 3r^3 (⃗r∇) ( 1 4m^2_1 + 1 4m^2 + 1 m_1m_2 ) +

+ 4α_s 3m_1m_2 ( m_1 2m_2 + 1 ) ⃗L⃗S_2 r^3 + 32πα_s 9m_1m_2

(⃗S_1 ⃗S_2)δ(⃗r) + 4α_s 3m_1m_2r^3

[(⃗S_1 ⃗S_2) − 3 r^2 (⃗S_1⃗r)(⃗S_2⃗r)]. The potential (20) has been used for calculating the mass spectrum of baryons with J^P = 1 2 +,^3_2^+ on the basis of the local quasipotential equation (1). Corresponding numerical results are presented in Table 2.

5 Conclusions

In this paper we have carried out the calculation of the mass spectrum of baryons with two heavy quarks in the quark-diquark approximation on the basis of a local quasipotential equation. As it follows from Table 2, our results are in good agreement with calculations made within other approaches. One can see from Table 2 that our predictions are especially close to those obtained in [19]. The approach used in [19, 20] is based on some semiempirical regularities of the baryon mass spectrum following from experimental data and the constituent quark model. The authors of [19, 20] found a successful parametrization of the interpolating curves which describe the known meson and baryon masses, and give predictions for some yet unobserved mesons and baryons. Our results for the B_c meson mass spectrum [12] are also rather close to those of [20]. Our only remark is that one should take into account the mixing of^3P_1 and^1P_1 B_c states. The quoted authors use in

Table 2: Masses of baryons (in GeV) containing two heavy quarks. [QQ] denotes the diquark subsystem with the antisymmetric spin wave function, {QQ} denotes the diquark subsystem with the symmetric spin wave function (q = u, d).

Notation Quark J^P M_B M_B M_B content (our results) [19] [8] Ξ_{cc} {cc}q^1_2^+ 3.66 3.66 3.61 Ξ^�_{cc} {cc}q^3_2^+ 3.81 3.74 3.68 Ω_{cc} {cc}s^1_2^+ 3.76 3.74 3.71 Ω^�_{cc} {cc}s^3_2^+ 3.89 3.82 3.76 Ξ_{bb} {bb}q^1_2^+ 10.23 10.34 - Ξ^�_{bb} {bb}q^3_2^+ 10.28 10.37 - Ω_{bb} {bb}s^1_2^+ 10.32 10.37 - Ω^�_{bb} {bb}s^3_2^+ 10.36 10.40 - Ξ_{cb} {cb}q^1_2^+ 6.95 7.04 - Ξ^0_{cb} [cb]q^1_2^+ 7.00 6.99 - Ξ^�_{cb} {cb}q^3_2^+ 7.02 7.06 - Ω_{cb} {cb}s^1_2^+ 7.05 7.09 - Ω^0_{cb} [cb]s^1_2^+ 7.09 7.06 - Ω^�_{cb} {cb}s^3_2^+ 7.11 7.12 -

particular the Feynman-Hellmann theorem in order to obtain the monotonic decrease of the hadron mass spectrum with respect to quark masses. Here they use an oversimplified assumption about the interquark potential, namely the complete neglection of the spinindependent part of the Breit-Fermi potential as being unimportant. This assumption leads finally to some inequalities between quark masses and meson masses. These inequalities are violated in many constituent quark models (including ours) in which widely adopted quark masses are used. From our point of view there is nothing serious in these contradictions and the recovery of the appropriate spin-independent (flavour-dependent) part of the quark potential [12] will eliminate them. Thus we may conclude that our model correctly describes some important features of the baryon mass spectrum.

There exists yet another type of baryons with one heavy and two light quarks for which the quark-diquark approximation gives reasonable results. Thus, in Ref. [21] Qqq baryons were treated by considering the interaction of the diquark system with the third quark on the basis of additional quark exchange forces [22, 23, 24]. The resulting effective lagrangian, which incorporates heavy quark and chiral symmetry, describes interactions of heavy baryons with Goldstone bosons in the low energy region. As an interesting application, the Isgur-Wise form factors have been calculated.

References

[1] M.A.Shifman, A.I.Vainshtein and V.I.Zakharov, Nucl. Phys. B 147 (1979) 385. [2] S.Godfrey and N.Isgur, Phys. Rev. D 32 (1985) 189. [3] E.Bagan, et al., Preprint CERN-TH.7141/94.

[4] V.V.Kiselev, A.K.Likhoded and A.V.Tkabladze, Yad. Fiz. 58 (1995) 1045. [5] J.-M.Richard, Phys. Rep. 212 (1992) 1.

[6] C.Alexandrou et.al., Phys. Lett. B 337 (1994) 340; UKQCD Collaboration, (K.C.Bowler et al.), hep-lat/9601022.

[7] J.Savage and M.B.Wise, Phys. Lett. B 248 (1990) 177. [8] J.G.Körner, M.Krämer and D.Pirjol, Prog.Part.Nucl.Phys. 33 (1994) 787. [9] M.Fabre de la Ripelle and Yu.A.Simonov, Ann. Phys.(N.Y.) 212 (1991) 235. [10] A.P.Martynenko and R.N.Faustov, Teor. Mat. Fiz. 64 (1985) 179. [11] V.O.Galkin and R.N.Faustov, Yad. Fiz. 44 (1986) 1575; V.O.Galkin, A.Yu.Mishurov and R.N.Faustov, Yad. Fiz. 51 (1990) 1101; R.N.Faustov and V.O.Galkin, Z. Phys. C 66 (1995) 119; Phys. Rev. D 52 (1995) 5131; R.N.Faustov, V.O.Galkin and A.Yu.Mishurov, Phys. Lett. B 356 (1995) 516; Phys. Rev. D 53 (1996) 1391; ibid 6302.

[12] V.O.Galkin, A.Yu.Mishurov and R.N.Faustov, Yad. Fiz. 55 (1992) 2175. [13] R.N.Faustov, A.P.Martynenko and V.A.Saleev, Phys. Rev. A 51 (1995) 4520. [14] S.Fleck, B.Silvestre-Brac and J.-M.Richard, Phys. Rev. D 38 (1988) 1519. [15] M.Anselmino, et al., Rev. Mod. Phys. 65 (1993) 1199. [16] I.M.Narodetskii, Yu.A.Simonov and V.P.Yurov, Yad. Fiz. 55 (1992) 2818. [17] J.M.Cornwall, preprint UCLA/96/TEP/15 (May 1996), hep-th/9605116. [18] V.V.Dvoeglazov, et al., Preprint IFUNAM FT-93-024.

[19] R.Roncaglia, D.B.Lichtenberg and E.Predazzi, Phys. Rev. D 52 (1995) 1722. [20] R.Roncaglia, A.Dzierba, D.B.Lichtenberg and E.Predazzi, Phys. Rev. D 51 (1995) 1248.

[21] D.Ebert, T.Feldmann, C.Kettner and H.Reinhardt, Prepr. DESY-9-154 (1995), to appear in Z.Phys.C; Prepr. DESY-96-010 (1996).

[22] R.T.Cahill, C.D.Roberts and J.Praschifka, Aust. J. Phys. 42 (1989) 129. [23] H.Reinhardt, Phys.Lett. B 244 (1990) 316. [24] D.Ebert and L.Kaschluhn, Phys. Lett. B 297 (1992) 367.