arXiv:1306.2608v1 [nucl-ex] 11 Jun 2013

Limits on tensor type weak currents from nuclear and neutron β decays

F. Wauters, A. García, and R. Hong Department of Physics, University of Washington, Seattle, Washington 98195, USA (Dated: June 12, 2013)

The limits on time-reversal invariant tensor-type weak currents from nuclear and neutron β decays are evaluated including most recent experimental data. We find that −0.14 × 10^{−2} < (CT + C^′_T )/CA < 1.4 × 10^{−2} and −0.16 < (CT − C^′_T )/CA < 0.16 (90% C.L.), while for the case CT = C^′_T the limits are |CT /CA| < 3.7 × 10^{−3} . These limits are shown to be more stringent than those from recent measurements of the radiative pion decay. In addition, the sensitivity of future 10^{−3} -level correlation measurements is investigated.

I. INTRODUCTION

The standard model of particle physics prescribes that electro-weak interactions are mediated by vector and axial-vector currents. However, models that search for explanations of apparently capricious facts in the standard model can predict chirality-violating scalar and tensor currents. An example are lepto-quarks which are predicted by many unification models and could provide a natural explanation for the remarkable cancelation between the quark and lepton contributions to triangle anomalies [1]. Other ideas, such as left-right symmetric models aimed at a natural explanation for parity violation also predict scalar and tensor currents [2]. The V − A structure of the weak currents was established in the late 1950’s by measurements of nuclear β decay correlations. More recently precision measurements of nuclear and neutron beta decays [3–5], pion decays [6], and searches at collider experiments have been pursued in search for non-VA components of the weak currents.

Recently, the authors of refs. [7–9] have presented a unified Effective Field Theory framework to compare lowand high energy probes in search for exotic weak currents. Under the assumption that the new physics emerges at a higher energy scale than the production threshold of the LHC, low- and high-energy probes can be compared in a rather model-independent way. It is shown there that presently low-energy experiments put better constraints on tensor or scalar currents that couple to left-handed neutrinos. For tensor currents they indicate that the limits coming from radiative pion decays are more stringent than those coming from nuclear beta decays.

In this article we present limits on tensor-type weak currents from nuclear and neutron β decays, taking into account recent experimental data and show the combined limits from nuclear beta decays are actually more stringent than those from pion decays.

II. FORMALISM

Following Jackson, Treiman, and Wyld [10] we parameterize the nuclear β decay hamiltonian in terms of coupling constants C_i and C^′_i for each of the possible

V, A, S, and T currents [11]: H_{int} = ∑ i=V,A (ψ̄_pO^iψ_n) ( (C_i + C^′_i ) ψ̄^L_e O_iψ^L_ν +

(C_i − C^′_i ) ψ̄^R_e O_iψ^R_ν ) + ∑ i=S,T (ψ̄_pO^iψ_n) ( (C_i + C^′_i) ψ̄^R_e O_iψ^L_ν +

(C_i − C^′_i) ψ̄^L_e O_iψ^R_ν ) (1) where the operators are:

O_S = 1 O_P = γ^5 O_V = γ_μ O_A = iγ_μγ^5 O_T = σ_{μν} / √ 2 = −i (γ_μγ_ν − γ_ν γ_μ) /(2 √ 2). (2)

We separated the sum in the hamiltonian of Eq. 1 into the vector and axial-vector parts, allowed in the standard model and conserving chirality, and the scalar and tensor parts, which violate chirality. We restrict our present analysis to only left-handed components for the standard model currents, i.e. assume C_V = C^′_V and C_A = C^′_A and concentrate on searching for non-zero values for C_S , C^′_S and C_T , C^′_T .

The distribution W for electrons (positrons) and (anti) neutrinos derived from Eq. 1 is given by

W ∝ [ 1 + m_e E_e b_{F ierz} + A p_e E_e · J J + a p_e E_e · p_ν E_ν + · · · ] ,(3)

with m_e the electron rest mass, p_e (p_ν ) and E_e (E_ν ) the electron (neutrino) momentum and total energy, and J the parent nuclear spin. The dependencies of the correlation coefficients b_{F ierz}, A, a, etc. on the coupling constants in Eq. 1 are listed in [12].

The analysis of Refs. [7–9] parameterize their interactions in terms of quark-level scalar and tensor effective couplings, ϵ_S and ϵ_T coupling to left-handed neutrinos, and ϵ̃_S and ϵ̃_T coupling to right-handed neutrinos. For the present analysis with C_V = C^′_V and C_A = C^′_A the two sets of coupling constants are related by

g_S ϵ_S =

C_S + C^′_S 2 C_V (4) g_S ϵ̃_S = C_S − C^′_S 2 C_V (5) g_T ϵ_T =

C_T + C^′_T 8 C_V (6) g_T ϵ̃_T = C_T − C^′_T 8 C_V (7) where g_S and g_T are nucleon form factors that have been calculated using Lattice-QCD calculations [7, 13]. Presently their accuracy is limited [14] to about 40%. For the analysis presented in this paper, we set g_T = 1 and g_S = 1 and ignore the uncertainties in ”translating” pion to nuclear-decay observables. Including the uncertainties decreases the sensitivity of the pion observables when looking at limits on the nuclear-framework couplings we use in this paper. Of course, equivalently, the uncertainties in the form factors make the nuclear limits worse when looking at the quark couplings. This shows that work on producing more precise nucleon form factors is important. But in order to get an idea on what experiments are more promising to pursue at the present time it is useful to assume that the form factor uncertainties will be reduced by improved calculations.

III. DATA SET

The neutron lifetime τ_n and β asymmetry parameter A_0 can be used to determine V_{ud} (e.g. [5] and [15]). However, due to the strong Gamov-Teller character of its decay, the measurements can also be seen as sensitive probes for a tensor-type interaction. We adopt the 2012 Particle Data Group (PDG2012 [16]) selection; in addition, we include the most recent averages for the UCNA [17] and PERKEOII [18] experiment (Table I). All quoted values for A_0 include a O(1 %) correction for weak magnetism, g_V − g_A interference, and nuclear recoil [19], and a O(0.1 %) radiative correction [20]. In our use of τ_n, we adopt the phase space factor of [19] and the overall electro-weak correction factor of [5].

For nuclear β decays, a limited selection was made of experiments most sensitive to tensor and scalar interactions (Table I). The value for the β-asymmetry parameter of^{60}Co [21] includes a recoil correction [22]. The βνcorrelation results of Ref. [23] and the value of the βν correlations for^6He of Ref. [24] and for^{32}Ar[23] include the radiative corrections of Ref. [25]. For the βν correlation of^{38m}K recoil and radiative correction were estimated to be < 10^{−4} [26]. A non-zero value of the b_{F ierz} due to scalar weak currents would manifest as a isotope dependent variation in the corrected ft-values of the 0^+→0^+ super-allowed Fermi transitions. The extraction of b_{F ierz} from the Ft values from these transitions is described in Ref. [27].

IV. METHOD

Using the expressions from [12], a general χ^2 function is constructed in terms of C_V , C_A, C_S , C^′_S , C_T , and C^′_T . We fix C_V using the corrected log ft’s from the 0^+ → 0^+ transitions [32]. A 2D χ^2 surface is constructed by stepping through different values of the two coupling constants of interest, letting the others vary to minimize it. For example, for the upper limits on C_T -C^′_T these are held fix at each point in the C_T -C^′_T plane while C_A, C_S , C^′_S are varied at each point to minimize χ^2. For each point probabilities were computed as e^{−χ2 /2}/N, where N is a normalization so the sum of all probabilities yields unity. The confidence level contours were obtained as the loci of points that have a probability such that the sum of all points with higher probabilities yields the desired probability (68%, 90%, and 95% for the plots shown in this paper).

V. RESULTS

Fig. 1 shows confidence-level contours for C_T and C^′_T from nuclear β decays excluding neutron decay data. These nuclear-only limits are dominated by the a_{βν} of^6He and the relative polarization measurements of Ref. [30]. Combining this data with the neutron lifetime and β asymmetry further tightens the limits for a tensor interaction coupled to left-handed neutrinos as shown in Fig. 2. In order to compare with data from radiative pion decay [47] we project the limits from nuclear decay onto the C_T + C^′_T axis. As can be seen the nuclear decay limits are comparable to those from pion decays. The 90 % C.L. intervals on the 1-D projections are −0.27 × 10^{−2} < (C_T + C^′_T )/C_A < 1.7 × 10^{−2} and −0.22 < (C_T − C^′_T )/C_A < 0.22.

Fig. 3 shows limits for the tensor and scalar currents assuming they couple only to left-handed neutrinos (C^′_T = C_T and C^′_S = C_S ), with the limits on C_S dominated by the b_{Fierz} 0^+ → 0^+ super-allowed transitions. The corresponding 90% C.L. for C_S and C_T are −0.0 × 10^{−2} < C_T /C_A < 0.4 × 10^{−2} and −0.1 × 10^{−2} < C_S /C_V < 0.3 × 10^{−2}. For the 3-parameter fit, the limits on tensor currents from β-decays are more stringent than those from pion decays. The value of λ at the minimum χ^2, −1.2753(6), is consistent with the PDG2012 recommended value of −1.2701(25).

Nuclear β decay data from Table I without neutrondecay information form a consistent data set (p-value of 0.4 for Fig. 1). However, the neutron decay data set is not. Nevertheless, the effect of the inconsistencies on the overall limits on C_T , C^′_T is small. This is illustrated in Fig. 4, adopting the two different values for τ_n, the 2010 and 2012 PDG recommended values, which differ by 5 σ.

TABLE I. Selected correlation measurements sensitive to tensor or scalar type weak currents. For the neutron decay data, we include the more recent values for the corrected β-asymmetry parameter A0 of [28] and [29] in addition to the Particle Data Group [16] selection. The SM value for A0 depends on λ, the ratio of the axial-vector to vector coupling constants CA/CV : A0,SM =^{−2(λ2−|λ|)} 1−3λ2 . The SM value for the neutron lifetime depends on λ and Vud, which we fix using the corrected ft-values

from the 0^+→0^+ super-allowed Fermi transitions.

Isotope Parameter Decay type SM value (q^2 →0) ⟨^m_E ⟩ Value Error Reference

6He a β^−, GT -^1_3 0.286 -0.3308 0.003 [24][25]

14O^{10}C PF /PGT β^+, F/GT 1 0.292 0.9996 0.0037 [30]

26mAl^{30}P PF /PGT β^+, F/GT 1 0.216 1.003 0.0184 [31]

32Ar a β^+, F 1 0.191 0.9989 0.0065 [23]

38mK a β^+, F 1 0.133 0.9981 0.0045 [26]

60Co A β^−, GT -1 0.704 -1.027 0.022 [21]

0^+→0^+ bF ierz β^+, F 0 n/a -0.0022 0.0026 [32]

n A0 β^−, F/GT f(λ) 0.560 -0.11952 0.0110 [17][15]

n A0 β^−, F/GT f(λ) 0.539 -0.11926 0.00050 [18][33][34]

n A0 β^−, F/GT f(λ) 0.582 -0.1160 0.0015 [35]

n A0 β^−, F/GT f(λ) 0.558 -0.1135 0.0014 [36][37]

n A0 β^−, F/GT f(λ) 0.551 -0.1146 0.0019 [38]

n τ β^−, F/GT f(λ,V_{ud}) 0.653 881.6 0.0110 [39][40]

n τ β^−, F/GT f(λ,V_{ud}) 0.653 880.7 1.8 [41]

n τ β^−, F/GT f(λ,V_{ud}) 0.653 886.3 3.4 [42]

n τ β^−, F/GT f(λ,V_{ud}) 0.653 878.5 0.76 [43]

n τ β^−, F/GT f(λ,V_{ud}) 0.653 889.2 4.8 [44]

n τ β^−, F/GT f(λ,V_{ud}) 0.653 882.6 2.7 [45]

n τ β^−, F/GT f(λ,V_{ud}) 0.653 887.6 3.0 [46]

VI. CONCLUSIONS

Present β-decay data is consistent with C_S = C^′_S = C_T = C^′_T = 0. This conclusion is in agreement with previous evaluations (e.g. Boothroyd et al. [50] and Severijns et al. [3]) and is independent of possible inconsistencies in the neutron decay lifetime (Fig. 4) or in the asymmetry parameter.

The limits from nuclear decays are more stringent than those from pion decays. As shown in Fig. 5, a future correlation-parameter measurement to uncertainty of 10^{−3} in neutron or selected nuclear decays, where the higher-order corrections are under control, would significantly improve the discovery potential, surpassing the sensitivity of the current and future LHC experiments for new physics emerging at a higher energy scale than the production threshold [8]. In addition, a reduced theoretical uncertainty of the nucleon and pion form factors would enable a combined analysis of all low energy data to further constrain tensor-type weak currents. ACKNOWLEDGMENTS

We thank Oscar Naviliat-Cuncic, Peter Muüller, and Vincenzio Cirigliano for their fruitful comments. This work was supported by the US DOE under Contract No. DE-FG02-97ER41020.

[1] W. Buchmüller, R. Rückl, and D. Wyler,

Phys. Lett. B 191, 442 (1987).

[2] P. Herczeg, Progress in Particle and Nucl. Phys. 46, 413

(2001).

[3] N. Severijns, M. Beck, and O. Naviliat-Cuncic, Rev.

Mod. Phys. 78, 991 (2006).

[4] J. A. Behr and G. Gwinner, Journal of Physics G: Nuclear and Particle Physics 36, 033101 (2009).

[5] H. Abele, Progress in Particle and Nucl. Phys. 60, 1 (2008). [6] D. Počanić, Nucl. Phys. A 844, 26c (2010). [7] T. Bhattacharya, V. Cirigliano, S. D. Cohen, A. Filipuzzi, M. González-Alonso, M. L. Graesser, R. Gupta,

FIG. 1. 68 %, 90 % and 95 % C.L. contours of CT and C^′_T from selected nuclear β-decay data (Table I) The top panel shows the 1-D projection of the probability distribution, the

shaded area is the 90 % confidence interval for^{CT +C} ′ T CA .

FIG. 2. Same as Fig. 1 but including neutron decay data.

and H.-W. Lin, Phys. Rev. D 85, 054512 (2012). [8] V. Cirigliano, M. González-Alonso, and M. L. Graesser, J. High Energy Phys. 2013, 1 (2013).

[9] V. Cirigliano, S. Gardner, and B. Holstein, arXiv:1303.6953 [hep-ph] (2013).

[10] J. Jackson, S. Treiman, and J. H. Wyld, Phys. Rev. 106, 517 (1957).

FIG. 3. Limits CT and CS combining neutron and nuclear β decay data for the 3-parameter fit (assuming Tensor and Scalar currents couple only to left-handed neutrinos). On top we show the probability distribution of the limits on CT obtained by projecting the 2D distribution and compare to the limits from pion decay data.

[11] We neglect pseudo-scalar currents because their role is minimal due the slow nature of the nucleon motion within the nucleus.

[12] J. Jackson, S. Treiman, and J. H. Wyld, Nucl. Phys. 4, 206 (1957).

[13] J. R. Green, J. W. Negele, A. V. Pochinsky, S. N. Syritsyn, M. Engelhardt, and S. Krieg, Phys. Rev. D 86, 114509 (2012).

[14] V. Cirigliano, M. González-Alonso, and M. L. Graesser, arXiv:1210.4553 [hep-ph] (2012).

[15] J. Liu et al. (UCNA Collaboration), Phys. Rev. Lett. 105, 181803 (2010).

[16] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001 (2012).

[17] M. P. Mendenhall et al. (UCNA Collaboration), Phys.

Rev. C 87, 032501 (2013).

[18] D. Mund, B. Märkisch, M. Deissenroth, J. Krempel, M. Schumann, H. Abele, A. Petoukhov, and T. Soldner, Phys. Rev. Lett. 110, 172502 (2013).

[19] D. Wilkinson, Nucl. Phys. A 377, 474 (1982). [20] F. Glück and K. Tóth, Phys. Rev. D 46, 2090 (1992). [21] F. Wauters et al., Phys. Rev. C 82, 055502 (2010). [22] B. Holstein, Rev. Mod. Phys. 46, 789 (1974). [23] E. Adelberger, C. Ortiz, A. Garcia, H. Swanson, M. Beck, O. Tengblad, M. Borge, I. Martel, H. Bichsel, and the ISOLDE collaboration, Phys. Rev. Lett. 83, 1299 (1999).

[24] C. Johnson, F. Pleasonton, and T. Carlson, Phys. Rev.

132, 1149 (1963).

[25] F. Glück, Nucl. Phys. A 628, 493 (1998). [26] A. Gorelov et al., Phys. Rev. Lett. 92, 142501 (2005). [27] J. C. Hardy and I. S. Towner, Phys. Rev. C 71, 055501 (2005).

FIG. 4. Effect of the 5.6 s shift between the PDG2010 or PDG2012 recommended values for the neutron lifetimes on the 90% confidence limits on CT and C^′_T .

FIG. 5. Limits on tensor currents from envisaged measurements of the correlation coefficient for^6He at 0.1% [48] or of the Fierz interference term bF ierz to 10^{−3} in^6He or neutron decays [49].

[28] D. Mund, B. Maerkisch, M. Deissenroth, J. Krempel, M. Schumann, H. Abele, A. Petoukhov, and T. Soldner, arXiv:1009.1864v1 [nucl-ex] (2010).

[29] B. Plaster et al. (UCNA Collaboration), Phys. Rev. C 86, 055501 (2012).

[30] A. S. Carnoy, J. Deutsch, T. A. Girard, and R. Prieels, Phys. Rev. C 43, 2825 (1991).

[31] V. A. Wichers, T. R. Hageman, J. van Klinken, H. W. Wilschut, and D. Atkinson, Phys. Rev. Lett. 58, 1821 (1987).

[32] J. C. Hardy and I. S. Towner, Phys. Rev. C 79, 055502 (2009).

[33] H. Abele, M. Astruc Hoffmann, S. Baeßler, D. Dubbers, F. Glück, U. Müller, V. Nesvizhevsky, J. Reich, and O. Zimmer, Phys. Rev. Lett. 88, 211801 (2002).

[34] H. Abele et al., Phys. Lett. B 407, 212 (1997). [35] P. Liaud, K. Schreckenbach, R. Kossakowski, H. Nastoll, A. Bussire, J. Guillaud, and L. Beck, Nucl. Phys. A 612, 53 (1997).

[36] B. Yerozolimsky, I. Kuznetsov, Y. Mostovoy, and I. Stepanenko, Phys. Lett. B 412, 240 (1997).

[37] B. Erozolimskii, I. Kuznetsov, I. Stepanenko, I. Kuida, and Y. Mostovoi, Phys. Lett. B 263, 33 (1991).

[38] P. Bopp, D. Dubbers, L. Hornig, E. Klemt, J. Last, H. Schütze, S. J. Freedman, and O. Schärpf, Phys. Rev. Lett. 56, 919 (1986).

[39] S. Arzumanov, L. Bondarenko, V. Morozov, Y. Panin, and S. Chernyavsky, JETP Lett. 95, 224 (2012).

[40] S. Arzumanov, L. Bondarenko, S. Chernyavsky, W. Drexel, A. Fomin, P. Geltenbort, V. Morozov, Y. Panin, J. Pendlebury, and K. Schreckenbach, Phys. Lett. B 483, 15 (2000).

[41] A. Pichlmaier, V. Varlamov, K. Schreckenbach, and P. Geltenbort, Phys.Lett. B 693, 221 (2010).

[42] J. S. Nico et al., Phys. Rev. C 71, 055502 (2005). [43] A. Serebrov et al., Phys. Lett. B 605, 72 (2005). [44] J. Byrne and P. Dawber, Europhys. Lett. 33, 187 (1996). [45] W. Mampe, L. Bondarenko, V. Morozov, Y. Panin, and A. Fomin, JETP Lett. 57, 82 (1993).

[46] W. Mampe, P. Ageron, C. Bates, J. Pendlebury, and A. Steyerl, Phys.Rev.Lett. 63, 593 (1989).

[47] M. Bychkov et al., Phys. Rev. Lett. 103, 051802 (2009). [48] A. Knecht et al., Nucl. Instrum. Methods A 660, 43 (2011).

[49] D. Pocanic et al., Nucl. Instrum. Methods A 611, 211 (2009).

[50] A. I. Boothroyd, J. Markey, and P. Vogel, Phys. Rev. C 29, 603 (1984).