arXiv:nucl-th/0110073 v1 26 Oct 2001

N^∗ Masses from QCD Sum Rules

Xinyu Liu^a and Frank X. Lee^{a,b}

aCenter for Nuclear Studies, Department of Physics, The George Washington University, Washington, DC 20052, U.S.A.

bJefferson Lab, 12000 Jefferson Avenue, Newport News, VA 23606, USA

(Received: October 26, 2001) We report N^∗ masses in the spin-1/2 and spin-3/2 sectors using the method of QCD Sum Rules. They are based on three independent sets derived from generalized interpolating fields. The predictive ability of each sum rule is examined by a Monte-Carlo based analysis procedure in which all three phenomenological parameters (mass, coupling, threshold) are extracted simultaneously. A parity projection technique is also studied.

The QCD Sum Rule method [1] is a time-honored method that has proven useful in revealing a connection between hadron phenomenology and the non-perturbative nature of the QCD vacuum via only a few parameters (the vacuum condensates). It has been successfully applied to a variety of observables in hadron phenomenology, providing valuable insights from a unique, QCD-based perspective, and continues an active field (try a keyword search with ’QCD Sum Rule’). The method is analytical (no path integrals!), is physically transparent (one can trace back term by term which operators are responsible for what), and has minimal model dependence (Borel transform, and a continuum threshold). The accuracy of the approach is limited due to limitations inherent in the operator-product-expansion (OPE), but well understood.

Our goal is to explore the possibility of using the method to understand the N* spectrum. The calculation of baryon masses in the approach is not new [2, 3, 4, 5, 6]. Here we focus on the excited states and emphasize the predictive ability of the method for N* properties based on careful analysis, using a rigorous Monte Carlo-based [7] numerical analysis procedure that treats all three phenomenological parameters (mass, coupling, threshold) as free parameters and extracts them simultaneously with error bars. In particular, we study the low-lying states in the spin-1/2 and spin-3/2 sectors with both positive and negative parity. A similar analysis for the baryon decuplet has been done [8].

The starting point is the time-ordered, two-point correlation function in the QCD vacuum:

Π(p) = i ∫ d^4x e^{ip·x}⟨0 | T { η(x) η̄(0) } | 0⟩, (1) where η is the interpolating field that has the quantum numbers of the baryon under consideration. We consider the most general current for the nucleon with I(J^P ) =^1_2

(_1 2 +) , η^N_{1/2}(x) = −2 [ ϵ_{abc} ( u^{aT} (x)Cγ_5d^b(x) ) u^c(x) + β ϵ_{abc} ( u^{aT} (x)Cd^b(x) ) γ_5u^c(x) ] . (2)

Here C is the charge conjugation operator, the superscript T means transpose, and ϵ_{abc} makes it color-singlet. The real parameter β can be varied to achieve maximal overlap with the state in question. The choice advocated by Ioffe [2] and often used in QCD sum rules studies corresponds to β = −1.0. It is well-known that a baryon interpolating field couples to states of both parities, despite having an explicit parity by construction. The results below will show that β can be varied to saturate a sum rule with either positive or negative parity states. For states with I(J^P ) =^1_2

(_3 2 +) , we consider η^N_{3/2,μ}(x) = ϵ_{abc} [( u^{aT} (x)Cσ_{ρλ}d^b(x) ) σ^{ρλ}γ_μu^c(x) − ( u^{aT} (x)Cσ_{ρλ}u^b(x) ) σ^{ρλ}γ_μd^c(x) ] . (3)

The interpolating fields for Σ, Λ and Ξ can be obtained by appropriate substitutions of quark fields under SU(3) color symmetry or flavor symmetry.

With two kinds of interpolating fields, three possible correlation functions can be constructed: the correlator of generalized spin-1/2 currents η_{1/2} and η̄_{1/2}, the mixed correlator of generalized spin-1/2 current η_{1/2,μ} = γ_μγ_5 η_{1/2} and the spin-3/2 current η̄_{3/2,ν}, and the correlator of spin-3/2 currents η_{3/2,μ} and η̄_{3/2,ν}. From them, 11 independent sum rules emerge which can be used to study 1/2± and 3/2± states.

Table 1 shows the predictions for 1/2+ states from the chiral-odd sum rules at the tenser structure γ_μp_νp̂, using the Monte-Carlo analysis. Sum rules fall into two categories: one with odddimension operators (chiral-odd) and the other with even-dimension operators (chiral-even). The predictions compare favorably with the observed values, with an accuracy of about 100 MeV. The couplings come as by-products which are useful in the calculation of matrix elements because they enter as normalization. Table 2 shows the predictions for 3/2− states.

One drawback in the conventional approach is that states with both parities contribute in the sum rules. Although sometimes one can saturate a sum rule with a certain parity by adjusting β, as done above, it is desirable to separate the two parities exactly. This can be achieved by replacing the time-ordering operator T in the correlation function in Eq. (1) with x_0 > 0, and constructing sum rules in the complex p_0-space in the rest frame (⃗p = 0) [9]. This is equivalent to a parity projection technique used in lattice QCD calculation of N* masses [10]. Table 3 shows the predictions for 1/2− states in this method. The results are much improved, as indicated by the smaller error bars and very wide Borel regions. The agreement with experiment is excellent. To further investigate the origin of splittings between parity partners, we show in Figure 1 the mass splittings between N 1_{2 −} and N 1_{2 +} as a function of the quark condensate (the order parameter of spontaneous chiral symmetry breaking). One can see a clear decrease in the splitting with decreasing quark condensate, in the range that the sum rule does not break down.

In conclusion, we demonstrated the predictive power of QCD sum rules for N* masses in the low-lying 1/2± and 3/2− sectors, with an accuracy on the order of 5 to 10%. The parity separation method is promising. We are extending it to the spin-3/2 sector. More analysis is under way to understand the details of the splitting patterns across particle channels and parities, in terms of explicit and dynamical chiral symmetry breaking.

Acknowledgments: This work is supported in part by U.S. Department of Energy under Grant DE- FG03-93DR-40774.

References

[1] M.A. Shifman, A.I. Vainshtein and Z.I. Zakharov, Nucl. Phys. B147, 385, 448 (1979). [2] B.L. Ioffe, Nucl. Phys. B 188, 317 (1981); Nucl. Phys. B 191, 591(E) (1981); Z. Phys. C 18, 67, (1983) [3] V.M. Belyaev and B.L. Ioffe, Sov. Phys. JETP 56, 493 (1982); Sov. Phys. JETP 57, 716 (1983). [4] Y. Chung, H.G. Dosch, M. Kremer and D. Schall, Z. Phys. C57, 151 (1984). [5] L.J. Reinders, H. Rubinstein and S. Yazaki, Phys. Rep. 127, 1-97 (1985). [6] D.B. Leinweber, Ann. of Phys. (N.Y.) 198, 203 (1990). [7] D.B. Leinweber, Ann. of Phys. (N.Y.) 254, 328 (1997). [8] F.X. Lee, Phys. Rev. C D57, 322 (1998).

[9] D. Jido, N. Kodama, and M. Oka, Phys. Rev. D54, 4532 (1996); hep-ph/9611322. [10] L. Zhou, F.X. Lee, these proceedings.

Table 1: Predictions for 1/2+ states from the chiral-odd sum rules at the structure γ_μp_νp̂.

Sum Rule Region w λ̃_{1/2}α̃_{1/2} Mass Exp. (GeV) (GeV) (GeV^6) (GeV) (GeV) N 1_{2 +} (β = +1.0) 1.06 to 1.46 1.31± .22 1.13± .53 1.06± .11 0.938 Σ 1_{2 +} (β = +1.0) 1.12 to 1.53 1.48± .23 1.62± 0.68 1.16 ± .12 1.193 Ξ 1_{2 +} (β = +1.0) 1.35 to 1.80 1.69± .27 2.61± 1.20 1.32± .14 1.318 Λ 1_{2 +} (β = +1.0) 1.28 to 1.72 1.53± .24 0.66± 0.28 1.23± .12 1.116

Table 2: Predictions for 3/2− states from the chiral-odd sum rules at the structure g_{μν} .

Sum Rule Region w λ̃^2_{3/2} Mass Exp. (GeV) (GeV) (GeV^6) (GeV) (GeV) N 3_{2 −} 0.95 to 1.17 1.65± .24 27.6± 11.8 1.44± .13 1.520 Σ 3_{2 −} 1.29 to 1.36 1.91± .25 46.6± 20.1 1.69 ± .14 1.580 Ξ 3_{2 −} 1.30 to 1.39 2.19± .27 84.8± 42.9 1.84± .16 1.820 Λ 3_{2 −} 1.22 to 1.32 2.01± .25 19.8± 9.3 1.71± .15 1.690

Table 3: Predictions for 1/2− states from the new method where parity is exactly separated.

Sum Rule Region w λ̃^2_{3/2} Mass Exp. (GeV) (GeV) (GeV^6) (GeV) (GeV) N 1_{2 −} (β = +1.1) 0.80 to 1.80 2.26±.08 4.58±.38 1.53±.05 1.535 Σ 1_{2 −} (β = +1.1) 0.80 to 1.90 2.35±.06 5.74±.69 1.63±.07 1.620 Ξ 1_{2 −} (β = +1.1) 0.80 to 1.80 2.38±.06 5.42±.68 1.61±.08 1.620 Λ 1_{2 −} (β = +1.1) 0.90 to 1.80 2.49±.04 7.06±.55 1.67±.05 1.670

Figure 1: Mass splitting between N^∗_{12 −} and N 1_{2 +} as a function of the quark condensate parameter a = −(2π)^2 ⟨q̄q⟩. The physical point corresponds to a = 0.52 GeV^3.