arXiv:hep-ph/0111006 v2 28 Nov 2001

Tensor susceptibility of the QCD vacuum from an effective quark-quark interaction

Hongting Yang^a, Hongshi Zong^a, Jialun Ping^b, Fan Wang^a

a Department of Physics, Nanjing University, Nanjing 210093, P.R. China b Department of Physics, Nanjing Normal University, Nanjing 210097, P.R. China

Abstract Treating the bilocal quark-quark interaction kernel as an input parameter, the self-energy functions can be determined from the “rainbow” Dyson-Schwinger equation, which is obtained in the global color symmetry model. The tensor susceptibility of QCD vacuum can be calculated directly from these self-energy functions. The values we obtained are much smaller than the estimations from QCD sum rules and from chiral constituent quark model.

PACS: 11.15.Tk; 12.38.Aw; 12.38.Lg; 12.39.-x Keywords: QCD vacuum; Tensor susceptibility; Global color symmetry model; Dyson-Schwinger equation; Self-energy functions; Bilocal quark-quark interaction

The tensor susceptibility of QCD vacuum is relevant for the determination of nucleon tensor charge ([1],[2]), which is related to the first moment of the transversity distribution h_1(x) [3], where h_1(x) is chiral-odd spindependent structure function and can be measured in the polarized Drell-Yan process [4]. The previous estimations for the value of tensor susceptibility were obtained by QCD sum rules techniques ([5]-[8]) or from chiral constituent quark model [9]. In this letter, we report the different results of tensor susceptibility from the global color symmetry model (GCM) approximation ([10]-[19]) to QCD.

GCM based upon an effective quark-quark interaction can be defined through a truncation of QCD as follows. The QCD partition function for massless quarks in Euclidean space can be written as Z = ∫ DqDq̄e^− ∫_{dxq̄∂̸q} e^{W [J]} (1)

with W [J] given by

e^{W [J]} = ∫ DAe ∫_{dx(− 1}

4 G^a_{μν} G^a_{μν} +J^a_μ A^a_μ), (2)

where J^a_μ (x) = igq̄(x)γ_μ^{λa}_2 q(x). The functional W [J] can be formally expanded in terms of the current J^a_μ :

W [J] = 1 2 ∫ dxdyJ^a_μ (x)D^{ab}_{μν} (x, y)J^b_ν (y) + 1 3! ∫ J^a_μ J^b_ν J^c_ρ D^{abc}_{μνρ} + · · · . (3) The GCM is defined through the truncation of the functional W [J] in which the higher order n(≥ 3)-point functions are neglected, and only the gluon 2-point function D^{ab}_{μν} (x, y) is retained. This is an effective model based on the bilocal quark-quark interaction D^{ab}_{μν} (x, y) = D^{ab}_{μν} (x − y). This model maintains global color symmetry of QCD. The primary loss by this truncation is local SU(3) gauge invariance.

By the functional integration approach, the partition function of this truncation can be given by

Z_{GCM} = ∫ DqDq̄ exp ( − ∫ dxq̄ ̸∂q − g^2 2 ∫ dxdyj^a_μ(x)D^{ab}_{μν} (x − y)j^b_ν (y) ) , (4) where j^a_μ(x) = q̄(x)γ_μ^{λa}_2 q(x) is the quark color current. In [19], the gluon 2- point function D^{ab}_{μν} (x − y) is treated as the model input parameter, which is chosen to reproduce the pion decay constant in the chiral limit f_π = 87 MeV and moreover reproduce values for the chiral low energy coefficients. For simplicity we use a Feynman-like gauge D^{ab}_{μν} (x − y) = δ_{μν} δ^{ab}D(x − y). By the standard bosonization procedure, the resulting expression for the partition function in terms of the bilocal field integration is Z_{GCM} = ∫ DBe^{−S[B]}, where the action is given by S[B] = −TrLn[G^{−1}] + ∫ dxdy B^θ(x, y)B^θ(y, x) 2g^2D(x − y) , (5) and the quark inverse Green’s function G^{−1} is defined as G^{−1}(x, y) = ̸∂δ(x − y) + Λ^θB^θ(x, y). (6) Here the quantity Λ^θ arises from Fierz reordering of the current-current interaction term in (4) Λ^θ_{ji}Λ^θ_{lk} = (γ_μ λ^a 2 )_{jk} (γ_μ λ^a 2 )_{li} (7) and is the direct product of Dirac, flavor SU(3) and color matrices:

Λ^θ = 1 2 (1_D, iγ_5, i √ 2 γ_μ, i √ 2 γ_μγ_5) ⊗ ( 1 √ 3 1_F , 1 √ 2 λ^a_F ) ⊗ ( 4 3 1_c, i √ 3 λ^a_c ). (8)

The vacuum configurations are defined by minimizing the bilocal action: δS[B] δB | | |_{B0} = 0, which gives

B^θ_0(x − y) = g^2D(x − y)tr[Λ^θG_0(x − y)]. (9)

These configurations provide self-energy dressing of the quarks through the definition Σ(p) ≡ Λ^θB^θ_0(p) = i ̸p[A(p^2)−1]+B(p^2). The self-energy functions A and B satisfy the so-called “rainbow” Dyson-Schwinger equation,

[A(p^2) − 1]p^2 = 8 3 ∫ d^4q (2π)^4 g^2D(p − q) A(q^2)q · p q^2A^2(q^2) + B^2(q^2) B(p^2) = 16 3 ∫ d^4q

(2π)^4 g^2D(p − q) B(q^2) q^2A^2(q^2) + B^2(q^2)

. (10)

In terms of A and B, the quark Green’s function at B^θ_0 is given by

G_0(x, y) = G_0(x − y) =

∫ d^4p (2π)^4

−i ̸pA(p^2) + B(p^2) p^2A^2(p^2) + B^2(p^2) e^{ip·(x−y)}. (11) The vacuum expectation value of any operator of the form

Q_n ≡ (q̄_{j1} Λ^{(1)}_{j1 i1} q_{i1} )(q̄_{j2} Λ^{(2)}_{j2 i2} q_{i2} ) · · · (q̄_{jn} Λ^{(n)}_{jnin} q_{in} ) (12) is ⟨Q_n⟩ = (−1)^n ∑ p (−1)^p { Λ^{(1)}_{j1i1} · · · Λ^{(n)}_{jn in} (G_0)_{i1 jp1} · · · (G_0)_{injpn} } , (13)

where Λ^{(i)} represents an operator in Dirac, flavor and color space and p stands for a permutation of n indices ([19],[20]).

With the above preparation, we are now able to calculate the QCD vacuum tensor susceptibility readily. Through the 2-point correlator of tensor current j_{μν} (x) = q̄(x)σ_{μν} q(x),

Π_{μν;αβ} (p) = ∫ d^4xe^{ip·x}⟨0|T [j_{μν} (x)j_{αβ}(0)]|0⟩, (14) the tensor susceptibility χ is defined as [5] χ ≡ Π_χ(0) 6⟨q̄q⟩ , Π_χ(q^2) ≡ Π_{μν;μν} (q^2). (15)

Using eq. (13), we get ⟨0|q̄(x)σ_{μν} q(x)q̄(0)σ_{μν} q(0)|0⟩ = tr_{γc}

∫ d^4p (2π)^4 σ_{μν} −i ̸pA(p^2) + B(p^2) X(p^2) tr_{γc} ∫ d^4q (2π)^4 σ_{μν} −i ̸qA(q^2) + B(q^2) X(q^2) − ∫ ∫ d^4p (2π)^4 d^4q (2π)^4 e^{i(p−q)·x}tr_{γc} [ σ_{μν} −i ̸pA(p^2) + B(p^2) X(p^2) σ_{μν} −i ̸qA(q^2) + B(q^2) X(q^2) ]

= −48N_c ∫ ∫ d^4p (2π)^4 d^4q (2π)^4 e^{i(p−q)·x} B(p^2) X(p^2)

B(q^2) X(q^2)

, (16)

Π_{μν;μν} (k) = −48N_c ∫ ∫ d^4p (2π)^4 d^4q (2π)^4

B(p^2) X(p^2)

B(q^2) X(q^2) δ(p − q + k), (17) where N_c = 3 is the number of colors, X(s) = sA^2(s) + B^2(s). So we have the quantity 1 12 Π_χ(0) = − 3 4π^2 ∫_μ 0 dss [ B(s) X(s) ]_2

, (18)

where μ is the renormalization scale which we chose to be 1 GeV^2.

As a typical example, we let g^2D(s) = 4π^2d^{λ2}_{s2+Δ} , d =^{12}_{27} and choose three sets of different parameters for λ and Δ by fixing the pion decay constant in the chiral limit to f_π = 87 MeV [19]. In Table 1 we display the values for^{Πχ(0)}_{12} , and the corresponding values for quark condensate ⟨q̄q⟩ and the mixed quark-gluon condensate g⟨q̄σGq⟩ are also displayed [19]. The values of quantity^{Πχ (0)}_{12} vary with different input parameters for a specific gluon 2-point function.

Our results Π_χ(0) 12 = −(0.0013–0.0016) GeV^2 (19)

Table 1: The values of^{Πχ(0)}_{12} at μ = 1 GeV^2 for g^2D(s) = (4π^2d)^{λ2}_{s2 +Δ} , d =^{12}_{27} with three sets of different parameters. The quark condensate ⟨q̄q⟩ and the mixed quark-gluon condensate g⟨q̄σGq⟩ are also presented. Δ λ −⟨q̄q⟩^13 −g⟨q̄σGq⟩^15 Π_χ(0)/12 [GeV^4] [GeV] [MeV] [MeV] [GeV^2] 10^{−1} 1.77 183 460 -0.0016 10^{−2} 1.33 178 456 -0.0014 10^{−4} 0.95 175 458 -0.0013

are much smaller than the estimations which were obtained recently [8] from QCD sum rules with nonlocal condensates Π_χ(0) 12 = −0.0055 ± 0.0008 GeV^2 (20)

and from the standard sum rules Π_χ(0) 12 = −0.0053 ± 0.0021 GeV^2. (21)

Their results are similar to the estimations^{Πχ(0)}_{12} = −0.008 GeV^2 given by Belyaev and Oganesian from QCD sum rules [6] and^{Πχ(0)}_{12} = −(0.0083–0.0104) GeV^2 from the chiral constituent quark model [9]. The earliest estimation obtained by He and Ji [1, 5] has opposite sign. The tensor susceptibility given by Kisslinger from the QCD sum rules for three-point functions is large in magnitude and also has opposite sign.

In conclusion, the QCD vacuum tensor susceptibility can be calculated from GCM other than QCD sum rules. The value of tensor susceptibility is uniquely determined by the self-energy functions A and B for a given quarkquark interaction, which is chosen to reproduce f_π. The values of tensor susceptibility obtained in GCM are smaller than all the previous estimations.

Acknowledgements

One of us (Yang) would like to thank Dr. Weimin Sun for helpful discussions.

References

[1] H. He and X. Ji, Phys. Rev. D52(1995)2960. [2] X. Jin and J. Tang, Phys. Rev. D56(1997)5618.

[3] R.L. Jaffe and X. Ji, Phys. Rev. Lett. 67(1991)552; Nucl. Phys.

B375(1992)527.

[4] J.P. Ralston and D.E. Soper, Nucl. Phys. B152(1979)109. [5] H. He and X. Ji, Phys. Rev. D54(1996)6897.

[6] V.M. Belyaev and A. Oganesian, Phys. Lett. B395(1997)307. [7] L.S. Kisslinger, Phys. Rev. C59(1999)3377.

[8] A.P. Bakulev and S.V. Mikhailov, Eur. Phys. J. C17(2000)129. [9] W. Broniowski, M. Polyakov, H.-C. Kim and K. Goeke, Phys. Lett.

B438(1998)242.

[10] R.T. Cahill and C.D. Roberts, Phys. Rev. D32(1985)2419.

[11] C.D. Roberts, R.T. Cahill and J. Praschifka, Ann. Phys.

(NY)188(1988)20.

[12] R.T. Cahill, Nucl. Phys. A543(1992)63.

[13] C.D. Roberts, R.T. Cahill, M.E. Sevior and N. Iannella, Phys. Rev.

D49(1994)125.

[14] R.T. Cahill and S. Gunner, Phys. Lett. B359(1995)281. [15] M.R. Frank, P.C. Tandy and G. Fai, Phys. Rev. C43(1991)2808. [16] M.R. Frank and P.C. Tandy, Phys. Rev. C46(1992)338; C49(1994)478. [17] D. Kekez and D. Klabucar, Phys. Lett. B387(1996)14. [18] C.D. Roberts and A.G. Williams, Prog. Part. Nucl. Phys. 33(1994)477. [19] T. Meissner, Phys. Lett. B405(1997)8.

[20] J. Negele and H. Orland, Quantum Many-Particle Systems (Addison- Wesley, 1988)