arXiv:1207.4996v2 [hep-ph] 16 Oct 2012

Isotensor Hadronic Parity Violation

B. C. Tiburzi^∗

Department of Physics, The City College of New York, New York, NY 10031, USA Graduate School and University Center, The City University of New York, New York, NY 10016, USA RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA (Dated: October 17, 2012)

Weak interactions between quarks give rise to hadronic parity violation which can be observed in nuclear and few-nucleon systems. We study the QCD renormalization of the isotensor component of parity violation at next-to-leading order accuracy. The renormalization group is employed to evolve the interaction down to hadronic scales. As the results are renormalization scheme dependent, we compare various schemes, including ’t Hooft–Veltman dimensional regularization, and several regularization independent–momentum subtraction schemes.

PACS numbers: 12.38.Bx,12.15.Mm,12.38.Cy

I. INTRODUCTION

Measurement of parity violation in nuclear and fewnucleon reactions allows one to probe the flavorconserving hadronic weak interaction. Experimentally hadronic parity violation has been observed in a variety of reactions, see [1, 2] for reviews. The interpretation of experimental data has been carried out using various models of the parity-violating nuclear force, the most popular of which is the meson-exchange model of Desplanques, Donoghue, and Holstein [3]. In this model, the parity-violating nuclear force is parametrized in terms of several parity-violating couplings between nucleons and mesons, which then give rise to parity violation in nuclei. Analyzed within this framework, constraints on parity-violating couplings coming from different experiments are not consistent. Such discrepancies could arise from several sources: uncertainty entering nuclear structure computations, model assumptions about the parityviolating nuclear force, dynamical effects due to the nonperturbative nature of QCD, etc. Resolving this situation and connecting parity violation observed in nuclear reactions to parameters in the Standard Model is an ambitious undertaking.

Great progress has been made recently in describing parity-violating few-nucleon reactions in a modelindependent fashion [4–10]. Ever advancing experiments in few-body systems, moreover, seek to better constrain the parity-violating nuclear force. Bounds have now been placed on hadronic parity violation in few-body reactions involving neutrons [11, 12]. With these developments, there is cause to study parity violation theoretically using QCD. Lattice gauge theory computations can determine the parity-violating couplings between hadrons from first principles. Indeed, the first study of hadronic parity violation using lattice QCD has appeared [13], wherein a technique to calculate the isovector parity-violating pion-

∗ btiburzi@ccny.cuny.edu

nucleon coupling was explored. While lattice QCD calculations of parity violation are currently at quite an early stage, we are confident that precision information about hadronic parity violation will come from the lattice as refinements are made. To this end, one must understand the sources of parity violation at hadronic scales. The isovector channel has been studied at next-to-leading order [14]. In this note, we focus on the next-to-leading order corrections in the isotensor channel. In this channel, parity violation gives rise to couplings between two pions and two nucleons, parity odd pion-photon-nucleon interactions [15], and an isotensor parity-violating nucleonnucleon interaction. From a computational perspective, this channel is expected to be statistically clean due to the lack of weak operator self-contractions.

We present our findings as follows. First in Sec. II, we discuss isotensor parity violation at the scale of weak interactions, and determine the four-quark interaction in this channel at next-to-leading order accuracy in the QCD coupling. The renormalization group is then employed in Sec. III to run the isotensor parity-violating interaction down to hadronic scales. As the evolution is renormalization scheme dependent, we present results for isotensor partiy violation using various renormalization schemes. We begin by obtaining results in ’t Hooft- Veltman dimensional regularization. Results for several regularization independent–momentum subtraction schemes are determined and compared in Sec. IV, which concludes this work.

II. ISOTENSOR PARITY VIOLATION

In the Standard Model, isotensor parity violation arises from the exchange of W and Z bosons between quarks. At scales below the W mass, M_W , we can integrate out the weak vector bosons to arrive at an effective theory of the form

L^{ΔI=2} P V = G_F √ 2 C(μ)O(μ). (1)

FIG. 1. One-loop QCD renormalization of weak-boson exchanges in the isotensor channel. The straight lines are quarks, while the curly lines are gluons, and the dashed lines represent W and Z bosons. Wave-function renormalization contributes but is not depicted.

There is only one isotensor parity violating four-quark operator [16], namely^1

O = (q τ^3γ_μq)_L(q τ^3γ^μq)_L − 1 3 (q ⃗τγ_μq)_L · (q ⃗τ γ^μq)_L − { L → R } . (2)

The subscripts denote the left-handed and right-handed quark fields, q_{L,R} =^1_2 (1 ∓ γ_5)q, with the isodoublet q = (u, d)^T . In the absence of electromagnetism, the operator O does not mix with other parity violating operators. The corresponding Wilson coefficient, C(μ), evolves with the scale parameter μ so that the effective theory described by L^{ΔI=2}_{P V} is scale independent.

At tree-level, the Wilson coefficient is scale independent and receives contributions from both W and Z exchange. To separate these contributions, we write C^{(0)} = C^{(0)}_Z + C^{(0)}_W , where the tree-level values of these coefficients are C^{(0)}_Z =^1_2 − sin^2 θ_W and C^{(0)}_W = −^1_2 |V_{ud}|^2. At next-to-leading order, the Wilson coefficient of the operator O is determined by comparing the one-loop renormalization in the full and effective theories. For a complete discussion of QCD renormalization beyond leading logarithms, see [17]. The gluon radiation in the full theory is depicted in Fig. 1. After the quark wave-function renormalization has been accounted for, the diagrams shown are finite. In order that the effective theory reproduces the full theory at one-loop, we must determine the matching coefficients by computing the effective theory diagrams shown in Fig. 2. These diagrams require regularization, and we begin by utilizing ’t

1 To minimize statistical noise in lattice calculations, the chiral basis is not optimal because parity violation arises only upon taking the difference of hadronic matrix elements. A practical way to rewrite the isotensor parity-violating operator O for use in lattice calculations is O = − [ (q τ^3q)_A(q τ^3q)_V −^1_3 (q ⃗τ q)_A · (q ⃗τ q)_V ] , where (qq)_A(qq)_V denotes the Lorentz contraction of axial-vector and vector bilinears, (qq)_A(qq)_V = (qγ_μγ_5q)(qγ^μq). Written in this way, each term is parity violating.

FIG. 2. One-loop QCD renormalization of the isotensor interaction in the parity-violating effective theory. Filled circles denote the four-quark operator, while all other diagram elements are as in Fig. 1. Wave-function renormalization contributes but is not depicted.

Hooft–Veltman dimensional regularization with MS subtraction. In this scheme, the axial-current vertex receives a finite renormalization at one loop [18], which indicates a non-vanishing two-loop anomalous dimension. To preserve chirality, we follow [19, 20] and augment the ’t Hooft–Veltman scheme with an additional multiplicative renormalization chosen to force the two-loop anomalous dimension of the axial-vector current to vanish. Additional renormalization schemes are considered in Sec. IV.

We choose to match the full and effective theories of isotensor parity violation at the scale μ = M_W . Diagrams with a W boson exchanged are matched between theories without explicit logarithms in the matching coefficients. To one-loop order, we find

C_W (M_W ) = C^{(0)}_W [ 1 − 3 α_s(M_W ) 4π ] . (3)

On the other hand, diagrams in the full theory with a Z boson exchanged will contribute logarithms of the form log (M_W /M_Z ) = log (cos θ_W ) to the matching coefficients. Computing the matching coefficients for Zexchange diagrams, we find

C_Z (M_W ) = C^{(0)}_Z [ 1 + ( 4 log (cos θ_W ) − 3 ) α_s(M_W ) 4π ] . (4) Finally the desired initial value of the Wilson coefficient C(μ) at the W -boson mass is simply

C(M_W ) = C_Z (M_W ) + C_W (M_W ), (5)

with the individual terms specified above.

III. EVOLUTION

The Wilson coefficient, C(μ), satisfies the renormalization group equation, μ^d_{dμ} C(μ) = Γ(μ)C(μ), where the anomalous dimension Γ(μ) has the expansion to second order Γ = γ_0^{αs}_{4π} + γ_1 (_{αs} 4π )_2

, with the scale dependence of Γ arising from the running coupling, α_s(μ). At next-to-leading order, the running of the QCD coupling is determined by the equation μ^{2 d}_{dμ2}^{αs}_{4π} = −β_0 (_{αs} 4π )_2 − β_1 (_{αs} 4π )_3 , with β_0 = 11 −^2_3 N_f , and β_1 = 102 −^{38}_3 N_f .

The anomalous dimension Γ of the isotensor parityviolating operator, O, can be deduced from known results concerning the QCD renormalization of |ΔS| = 1 operators. Following [14], we observe that parity invariance of QCD and of the renormalization scheme allows us to determine the anomalous dimension of O in Eq. (2) by considering the V_L ⊗ V_L combination of quark bilinears. Due to the isotensor nature of the operator, moreover, there are no penguin contractions to consider in the QCD renormalization. The anomalous dimensions arising from current-current contractions of V_L ⊗ V_L operators have been determined in [21] up to next-to-leading order. A closed basis of V_L ⊗ V_L operators with only current-current contractions is

O_1 = (ψ_1γ_μψ_2)_L(ψ_3γ^μψ_4)_L

O_2 = (ψ_1γ_μψ_2 ]_L[ ψ_3γ^μψ_4)_L, (6)

where the ψ_i are each distinguishable quark fields, and the mixed brackets denote the color contraction (ψ_1ψ_2 ] [ ψ_3ψ_4) = ∑ ab ψ^a_1 ψ^b_2 ψ^b_3ψ^a_4 . For the isotensor operator O, the analogous color rearranged operator Õ is identical to O after a Fierz transformation. Because the ’t Hooft–Veltman scheme respects Fierz transformations [19], mixing of O into Õ is simply equivalent to a renormalization of O. With the anomalous dimension matrix Γ_{QVLL} of the two operators in Eq. (6), the desired anomalous dimension Γ of O is merely the sum of the first row of Γ_{QVLL} . Hence we find γ_0 = 4, and γ_1 =^{419}_3 −^{76}_9 N_f .

At next-to-leading order, the solution to the renormalization group equation is C(μ^′) = U(μ^′, μ)C(μ), with U(μ^′, μ) = [ α_s(μ^′) α_s(μ) ]_−^γ0_{2β0} [ 1 + α_s(μ^′) − α_s(μ) 4π J ] , (7)

where J =^{γ0 β1}_{2β20} −^{γ1}_{2β0} . Each of the quantities, β_0, β_1, and γ_1, depends on the number of active flavors, N_f . This number changes as we cross heavy quark thresholds. As a result, the Wilson coefficient at hadronic scales, Λ_{QCD} < μ < m_c, is given by

C(μ) = U^{(3)}(μ, m_c)U^{(4)}(m_c, m_b)U^{(5)}(m_b, M_W )C(M_W ). (8) There are no one-loop matching conditions required as we cross heavy quark thresholds. To this order, it is sufficient to account for these thresholds via the scale parameters Λ^{(Nf )} entering the definition of the two-loop running coupling, α^{(Nf )}_s (μ, Λ^{(Nf )}). The scale parameters are determined by enforcing continuity of the coupling at the heavy quark threshold, m_Q, namely α^{(Nf )}_s (m_Q, Λ^{(Nf )}) = α^{(Nf −1)} s (m_Q, Λ^{(Nf −1)}). Consequently the Wilson coefficient is described by a piece-wise continuous function, C(μ), of the renormalization scale μ.

IV. SUMMARY OF RESULTS

Above we discuss parity violation in the isotensor channel at the scale of weak interactions, and the QCD renormalization group evolution to lower scales. Now we determine the strength of the parity-violating isotensor operator at hadronic scales in ’t Hooft-Veltman dimensional regularization. Further schemes are discussed, and the corresponding results for isotensor parity violation are also determined in these schemes.

With the value of the Wilson coefficient at the weak scale in ’t Hooft-Veltman regularization, i.e. C(M_W ) in Eq. (5), we can run down to hadronic scales using the solution to the renormalization group equation, Eq. (8). This result is presented in Table I, and requires the MS masses of heavy quarks, and the value of α_s(M_Z ), as described in [14]. In this scheme, the next-to-leading order corrections are ∼ 20% at the scale μ = 1 GeV.^2 The conversion to other renormalization schemes can be achieved through one-loop matching. For example, the value of C_X (μ) in scheme X is found from that calculated in the ’t Hooft-Veltman scheme, C_{HV} (μ), via the relation C_X (μ) = [ 1 + Δr^{αs (μ)}_{4π} ] C_{HV} (μ), where Δr is the difference of finite contributions to one-loop diagrams between schemes, Δr = r_X − r_{HV} . For the isotensor parity violating operator, these differences are known for all renormalization schemes we consider. It is common to quote results in naïve dimensional regularization, in which γ_5 remains anti-commuting in d-dimensions. At two-loop order, consistent results for the renormalization of four-quark operators can be obtained in this scheme, see, for example, [21]. From one-loop matching, the Wilson coefficient of isotensor parity violation using naïve dimensional regularization is determined in Table I, and differs by ∼ 20% from that in ’t Hooft- Veltman dimensional regularization. This is due to a relatively large matching coefficient compounded with the low scale μ = 1 GeV. The next-to-leading correction in naïve dimensional regularization is ∼ 5% of the leadingorder value.

While dimensional regularization schemes are ideal for perturbative calculations, schemes that can be defined non-perturbatively are efficacious for lattice calculations, such as the regularization independent–momentum scheme (RI/MOM) [23]. In this scheme, each external leg of the four-quark operator is taken with an identical off-shell momentum. Results in the RI/MOM scheme

2 Our leading-order value is different than that obtained in [15], C(1 GeV)/C^{(0)} = 0.79. The difference arises from two sources. Firstly heavy quark masses were largely uncertain at that time. Secondly, we use the two-loop running of α_s in our leading-order result. Using historical values for input parameters [22] along with their uncertainties, we obtain C(1 GeV)/C^{(0)} = 0.78(1) from one-loop running, consistent with [15]. Current-day uncertainties on input parameters lead to uncertainties on the Wilson coefficient that are an order of magnitude smaller.

TABLE I. Wilson coefficient of the |ΔI| = 2 parity-violating operator, C(μ), at hadronic scales. We compare the leadingorder value with next-to-leading results obtained in various renormalization schemes. In each case, we scale the coefficient by its tree-level value, C^{(0)}. All momentum subtraction schemes employ Landau gauge.

C(1 GeV)/C^{(0)}

Leading Order 0.70 ’t Hooft-Veltman 0.58 Naïve Dim. Reg. 0.74 RI/MOM 0.77 RI/SMOM(γμ, /q) 0.67 RI/SMOM(γμ, γμ) 0.75 RI/SMOM(/q, /q) 0.73 RI/SMOM(/q, γμ) 0.81

can similarly be determined from one-loop matching, and the resulting Wilson coefficient is given in the table. The choice of quark momenta in this scheme is quite exceptional, for example, no momentum flows out of the operator. It has been argued that an exceptional renormalization point is undesirable from chiral symmetry breaking considerations, and renormalization about an exceptional point generally exhibits poor convergence [24, 25]. To correct these maladies, schemes with a symmetric momentum subtraction point (RI/SMOM) have been suggested in which momentum flows out of the operator.

Results for the four different RI/SMOM schemes proposed for four-quark operators in [26] (see also [27]) are given in Table I.

The next-to-leading order results we present are essential to study isotensor parity violation in QCD. As with the investigation of other weak interaction processes using the lattice method, we are limited by the convergence of perturbation theory. While non-perturbative schemes can be used to compute operator matrix elements, the scale of such lattice computations is limited to a few GeV. As we require input from perturbative calculations to determine the interaction strength, the scale independence of the effective theory, Eq. (1), is hence limited by the efficacy of perturbation theory. We compare several schemes above, and find on average ∼ 10% differences arise, which gives a rough indication as to the size of higher-order perturbative corrections.

Our study of isotensor parity violation shows that QCD evolution generally suppresses the magnitude of the interaction at hadronic scales about 25%. It will be interesting to see if hadronic matrix elements are small in this channel compared to the ΔI = 0, 1 channels. If this were the case, hadronic parity violation would parallel the ΔI =^1_2 rule, for which the maximal isospin changing channel is considerably suppressed. For this comparison, we must ultimately await the evaluation of non-perturbative physics from lattice QCD. ACKNOWLEDGMENTS

Work supported in part by a joint CCNY–RBRC fellowship, and the U.S. National Science Foundation, under Grant No. PHY-1205778.

[1] E. Adelberger and W. Haxton, Ann. Rev. Nucl. Part. Sci.

35, 501 (1985).

[2] M. J. Ramsey-Musolf and S. A. Page, Ann. Rev. Nucl. Part. Sci. 56, 1 (2006).

[3] B. Desplanques, J. F. Donoghue, and B. R. Holstein, Annals Phys. 124, 449 (1980).

[4] S.-L. Zhu, C. Maekawa, B. Holstein, M. Ramsey-Musolf, and U. van Kolck, Nucl.Phys. A748, 435 (2005).

[5] L. Girlanda, Phys.Rev. C77, 067001 (2008). [6] D. R. Phillips, M. R. Schindler, and R. P. Springer, Nucl.Phys. A822, 1 (2009).

[7] J. Shin, S. Ando, and C. Hyun, Phys.Rev. C81, 055501 (2010).

[8] M. R. Schindler and R. P. Springer, Nucl.Phys. A846, 51 (2010).

[9] H. W. Griesshammer, M. R. Schindler, and R. P.

Springer, Eur.Phys.J. A48, 7 (2012). [10] J. Vanasse, Phys.Rev. C86, 014001 (2012). [11] M. T. Gericke et al., Phys.Rev. C83, 015505 (2011). [12] W. M. Snow et al., Phys.Rev. C83, 022501 (2011). [13] J. Wasem, Phys.Rev. C85, 022501 (2012). [14] B. Tiburzi, Phys.Rev. D85, 054020 (2012). [15] D. B. Kaplan and M. J. Savage, Nucl.Phys. A556, 653 (1993).

[16] J. Dai, M. J. Savage, J. Liu, and R. P. Springer, Phys.Lett. B271, 403 (1991).

[17] G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev.Mod.Phys. 68, 1125 (1996).

[18] A. J. Buras and P. H. Weisz, Nucl.Phys. B333, 66 (1990).

[19] A. J. Buras, M. Jamin, M. Lautenbacher, and P. H.

Weisz, Nucl.Phys. B370, 69 (1992).

[20] M. Ciuchini, E. Franco, G. Martinelli, and L. Reina, Nucl.Phys. B415, 403 (1994).

[21] A. J. Buras, M. Jamin, M. E. Lautenbacher, and P. H.

Weisz, Nucl.Phys. B400, 37 (1993).

[22] K. Hikasa et al. (Particle Data Group), Phys.Rev. D45, S1 (1992).

[23] G. Martinelli, C. Pittori, C. T. Sachrajda, M. Testa, and A. Vladikas, Nucl.Phys. B445, 81 (1995).

[24] Y. Aoki, P. Boyle, N. Christ, C. Dawson, M. Donnellan, et al., Phys.Rev. D78, 054510 (2008).

[25] C. Sturm, Y. Aoki, N. Christ, T. Izubuchi, C. Sachrajda, et al., Phys.Rev. D80, 014501 (2009).

[26] Y. Aoki, R. Arthur, T. Blum, P. Boyle, D. Brommel, et al., Phys.Rev. D84, 014503 (2011).

[27] C. Lehner and C. Sturm, Phys.Rev. D84, 014001 (2011).