arXiv:nucl-th/0502082 v2 26 Jul 2005

The role of the pion pair term in the theory of the weak axial meson exchange currents

B. Mosconi

Università di Firenze, Department of Physics, and Istituto Nazionale di Fisica Nucleare, Sezione di Firenze, I-50019, Sesto Fiorentino (Firenze), Italy, e-mail: mosconi@fi.infn.it

P. Ricci

Istituto Nazionale di Fisica Nucleare, Sezione di Firenze, I-50019, Sesto Fiorentino (Firenze), Italy, e-mail: ricci@fi.infn.it

E. Truhlík^∗

Institute of Nuclear Physics, Academy of Sciences of the Czech Republic, CZ–250 68 Řež, Czechia, e-mail: truhlik@ujf.cas.cz

Abstract

The structure of the weak axial pion exchange current is discussed in various models. It is shown how the interplay of the chiral invariance and the double counting problem restricts uniquely the form of the pion potential term, in the case when the nuclear dynamics is described by the Schrödinger equation with static nucleon-nucleon potential.

PACS. 11.40.Ha Partially conserved axial-vector currents

25.30.-c Lepton-induced nuclear reactions Key words. weak axial - nuclear - pion exchange current

∗Talk presented at the workshop ”Nuclear Forces and QCD: Never the Twain Shall Meet?”, ECT* Trento: June 20th–July 1st 2005.

1 Introduction

The semileptonic weak nuclear interaction has been studied for half a century. The basic cornerstones of this field of research are (i) the chiral symmetry, (ii) the conserved vector current and (iii) the partial conservation of the axial current (PCAC). In the formulation [1], the PCAC reads

q_μ < Ψ_f |j^a_{5μ}(q)|Ψ_i > = if_πm^2_π Δ^π_F (q^2) < Ψ_f |m^a_π(q)|Ψ_i > , (1)

where j^a_{5μ}(q) is the total weak axial isovector current, m^a_π (q) is the total pion source (the pion production/absorption amplitude) and |Ψ_{i,f} > is the wave function describing the initial (i) or final (f) nuclear state.

It has been recognized [2] in studying the triton beta decay

3H →^3He + e^− + ν̄ (2)

that in addition to the one–nucleon current, the effect of the space component of weak axial exchange current (WAEC) enhances the Gamow–Teller matrix element that is to be compared to the one extracted from the data. This suggests that the current j^a_{5μ}(q) can be understood for the system of A nucleons as the sum of the one- and two–nucleon components,

j^a_{5μ}(q) = A∑ i=1 j^a_{5μ}(1, i, q_i) + A∑ i<j j^a_{5μ}(2, ij, q) . (3)

Let us describe the nuclear system by the Schrödinger equation H|Ψ > = E|Ψ > , (4) with the Hamiltonian H, H = T + V , (5) where T is the kinetic energy and V is the nuclear potential describing the interaction between nucleon pairs. Taking for simplicity A = 2, we obtain from Eq. (1) in the operator form and from Eqs. (3) and (5) the following set of equations for the one- and two–nucleon components of the total axial current

⃗q_i · ⃗j^a_5(1, ⃗q_i) = [ T_i , ρ^a_5(1, ⃗q_i) ] + if_π m^2_πΔ^π_F (q^2) m^a_π(1, ⃗q_i) , i = 1, 2 , (6) ⃗q · ⃗j^a_5(2, ⃗q) = [ T_1 + T_2 , ρ^a_5(2, ⃗q) ] + ([ V , ρ^a_5(1, ⃗q) ] + (1 ↔ 2)) + if_πm^2_π Δ^π_F (q^2) m^a_π(2, ⃗q) . (7)

In Eq. (7), we neglected ρ^a_5(2, ⃗q) in the second commutator on the right hand side. If the WAEC is constructed so that it satisfies Eq. (7), then the matrix element of the total current, sandwiched between solutions of the Schrödinger equation (4), satisfies the PCAC (1).

It is known from the dimensional analysis [3], that the space component of the WAEC ⃗j^a_5(2, ⃗q) is of the order O(1/M^3) (M is the nucleon mass). Being of a relativistic origin, it is model dependent. This component of the WAEC was derived by several authors in various models. In the standard nuclear physics approach the model systems of strongly interacting particles contain various particles, such as baryons N, Δ(1232), pions and heavy mesons [4, 5, 6, 7, 8, 9, 10]. On the other hand, in effective field theories, one uses Lagrangians with the heavy particle degrees of freedom integrated out and preserving nucleon, delta and pion [11] or nucleon and pion [12, 13] or only nucleon [14, 15] degrees of freedom.

Accepting the chiral symmetry as the basic symmetry governing the nuclear dynamics, it is expected that the WAEC of the pion range, constructed within approaches respecting this symmetry and in conjunction with the given nuclear equation of motion, should exhibit model independence. On the other hand, checking the weak axial pion exchange currents, constructed in [5, 6, 7, 8, 9, 10, 13, 15] one concludes that the situation is not transparent. Let us discuss various approaches in more detail.

Let us first classify, in general, the WAEC of a given range into potential and non-potential currents. In analogy with the electromagnetic sector, the potential WAEC is such that it satisfies the part of Eq. (7) containing the commutator [ V , ρ^a_5(1, ⃗q) ]. As in the case of the electromagnetic interaction, the pair term is one of the exchange currents that belong to the potential current. It is obtained by the non–relativistic reduction of the negative frequency part of the nucleon Born term. Besides, other potential currents can appear. Then the total potential WAEC is defined as the sum of all potential terms of a given range.

The approach of Ref. [9] in constructing the WAEC is the only one that is not based on chiral Lagrangians. It uses the relativistic nucleon Born terms and the WAEC is obtained by imbedding the nuclear potential into the negative frequency part of these terms, thus directly connecting the potentials and the WAEC. It follows that this current is not chiral since it is not based on any chiral group. The pion pair term is obtained using the pseudovector (PV) πNN coupling^1, which could be considered as an argument that the global chiral invariance is respected. However, any model is chiral invariant only if the resulting current does not depend on the choice of the πNN coupling, which is not the case of Ref. [9]. As discussed in the last paragraph of Sect. 2 of Ref. [9], this construction does not tolerate the pseudoscalar (PS) πNN coupling, since it provides the weak pion production amplitude that is at variance with the current algebra prediction. However, it was overlooked in [9] that the chiral model [4] with the PS πNN coupling does provide the correct weak pion production amplitude. In other words, one should use chiral models and not simple πNN couplings.

In Ref. [6], the WAEC is derived within the extended S–matrix method [16], using the chiral Lagrangian model with the PV πNN coupling [4] . The resulting potential current is of the order O(1/M^3) and is given by the difference of the nucleon Born term and the first Born iteration. In Ref. [7], the same potential current is obtained from the chiral model [4] with the PS πNN coupling. In this case, besides the pair term, the PCAC constraint term contributes.

The pion pair term of Refs. [8, 17] is derived from the PS πNN coupling that is not chiral invariant, as it was correctly noted in Ref. [18].

1Being of the order O(1/M^5 ), it is negligible.

In Ref. [13], the WAEC is derived within the heavy baryon chiral perturbation theory (HBChPT) approach, but the pion pair term is considered as fully reducible and therefore omitted.

Moreover, it is not clear from Refs. [8, 9, 13] that the constructed WAEC of the pion range satisfies a particular form of the PCAC in conjunction with a specific nuclear equation of motion^2. In other words, the problem of double counting is overlooked. As it will become clear later, these currents do not satisfy the PCAC as stated in Eq. (1), if used in standard nuclear physics calculations, based on the Schrödinger equation and static nuclear potentials.

Here we shall discuss the role of the weak axial pion pair term in fulfilling Eq. (7) in conjunction with the Schrödinger equation and the static nuclear potential. Simultaneously, we shall consider the problem of double counting. We shall construct the pion pair term and the related potential current in two models. In Sect. 2.1, we start from the Lagrangian of the πN system used in the chiral perturbation theory, from which we construct in the leading order (tree approximation) the WAEC of the pion range. We explicitly show how the potential and non–potential parts interplay with other components entering Eq. (7) so that the continuity equation is satisfied. The resulting potential term is the same as the one derived earlier in [4, 5, 6, 7] from the hard pion Lagrangian of the NΔπρa_1 system. In Sect. 2.2, we derive the potential term in the leading order of the HBChPT approach. We show that the obtained current is the same as the one derived in Sect. 2.1. We compare the space component of the long–range part of the WAEC computed in various models in Sect. 2.3, where we also calculate the effect of the potential term in the deuteron weak disintegration by low energy neutrinos in the neutral current channel. In Sect. 3, we summarize our results.

2 The pion pair term and the nuclear PCAC

In constructing the weak axial potential pion exchange operator we start from the set of relativistic Feynman amplitudes satisfying the PCAC equation. Generally, these amplitudes are not yet the nuclear exchange currents, because of the double counting problem: the presence of the pair term in the exchange current operator is related to the equation, describing the nuclear states. If the nucleon propagator in the first Born iteration is the full relativistic one then this iteration is equal to the nucleon Born term and the exchange currents do not contain any pair term, in order to avoid the double counting. This is the case of the axial currents constructed in conjunction with the Bethe– Salpeter equation [19]. In this case, the nucleon Born term is fully reducible. In the case of the Schrödinger equation, the nucleon Born term is not fully reducible. The propagator of the first Born iteration contains only the positive frequencies and usually, the nuclear potential is the static one. Then the negative frequency part is not the only one to contribute to the exchange current operator from the nucleon Born term. If the Feynman amplitudes are constructed using the chiral model with the PV coupling, the positive frequency part of the nucleon Born term does not coincide with the first Born iteration and the difference should be calculated. Then the resulting potential current is

2According to Ref. [17], the axial current is not supposed to satisfy any continuity equation, in contrast to the electromagnetic current.

equal to this difference, since the negative frequency part of the nucleon Born term (the pair term) is suppressed by a factor ≈ 1/M^2 and therefore, negligible.

Let us note that the method of the construction of the nuclear WAEC [5, 6, 7] we use here was considered earlier [16] also for the construction of the electromagnetic exchange currents. The resulting exchange currents, j_μ(2, q), containing the leading relativistic corrections in both the space and time components, satisfy the current conservation constraint q_μj_μ(2) = ([ V , ρ(1, ⃗q) ] + (1 ↔ 2)) , (8)

These currents coincide with the exchange currents derived within the framework of the transformation method as it was shown in Ref. [20].

Below we shall use two model Lagrangians of the πN system that also include the external electroweak fields aiming to demonstrate the appearance of the potential term of the same order in 1/M as other axial pion–exchange currents, and to show that its presence is required by the PCAC hypothesis. The first model Lagrangian is the basic Lagrangian of the chiral perturbation theory [21]. The second model Lagrangian is that of the HBChPT used in [12] to construct the WAEC. We construct the currents in the leading order only, since the higher order corrections cannot change our conclusions.

2.1 The weak axial pion pair term within the formalism of the chiral perturbation theory

We start from the Lagrangian of the πN system [21, 22, 23] L_{πN} = −N̄ γ_μ (∂_μ − iᾱ_{μ ‖}) N − M N̄N + ig_AN̄ γ_μγ_5 ᾱ_{μ ⊥} N , (9) ᾱ_μ = −i[∂_μξ(π)]ξ^+ − eξ (V_μ + A_μ) ξ^+ ≡ ᾱ_{μ ‖} + ᾱ_{μ ⊥} . (10) Here V_μ and A_μ are the external vector and axial vector fields, and ᾱ_{μ ‖} = (2trS^aᾱ_μ) S^a , ᾱ_{μ ⊥} = (2trX^aᾱ_μ) X^a , ξ(π) = exp(−iπ(x)/f_π) , π(x) = ∑ a π^a(x)X^a , (11)

X^a = τ^a 2 γ_5 , S^a = τ^a 2 . (12)

The current of our interest is presented in Fig. 1. In order to derive the contribution of this current to the space component of the WAEC, we need to extract from the Lagrangian (9) the lowest order vertices ΔL_{πN} = −ig_A N̄ γ_μγ_5 ⃗τ 2 N · ⃗A_μ − i g_A 2f_π N̄ γ_μγ_5 ⃗τ N · ∂_μ⃗π . (13)

The Feynman amplitude reads

J^a_{5μ}(pv) = −ū(p^′_1) [ Ô^π_1 (−q_2)S_F (P ) Ĵ_{5μ}(1, q)1 2 (a^+ − a^−) + Ĵ_{5μ}(1, q)

× S_F (Q)Ô^π_1 (−q_2) 1 2 (a^+ + a^−) ] u(p_1)Δ^π_F (q^2)ū(p^′_2)Ô^π_2 (q_2)u(p_2) + (1 ↔ 2) , (14)

FIG. 1: The weak axial nucleon Born term of the pion range.

where Ô^π (q_2) = f^{πN N} m_π ̸q_2γ_5 , a^± = 1 2 [τ^a_1 , τ^n_1 ]_± τ^n_2 , (15)

and we consider only the contact part of the one–nucleon current

Ĵ_{5μ}(1, c) = −ig_A γ_μγ_5 . (16)

In calculating the contribution of the amplitude J^a_{5μ}(pv) to the exchange currents, one splits the nucleon propagator into the positive- and negative frequency parts and the non–relativistic reduction is made. As already discussed in Sect. 1, the contribution to the space component of the negative frequency part of the Feynman amplitude is of the nominal order O(1/M^5) and therefore, negligibly small. In the extended S–matrix method^3 [16, 24], first the positive frequency part of the amplitude J^a_{5μ}(pv) is written as

J^{a(+)}_{5μ} (pv) = f_{πN N} m_π ū(p^′_1) [ (⃗q_2 · ⃗γ + iq_{20}γ_4) γ_5 1 P_0 − E( ⃗P ) u(P )ū(P ) Ĵ_{5μ}(1, q) 1 2 (a^+ − a^−)

+Ĵ_{5μ}(1, q) 1 Q_0 − E( ⃗Q) u(Q)ū(Q) (⃗q_2 · ⃗γ + iq_{20}γ_4) γ_5 1 2 (a^+ + a^−) ] u(p_1)

× Δ^π_F (q_2)ū(p^′_2)Ô^π_2 (q_2)u(p_2) + (1 ↔ 2) , (17)

It holds for the graph Fig. 1a

q_{20} = P_0 − p^′_{10} = P_0 − E( ⃗P) + E( ⃗P) − p^′_{10} ≡ P_0 − E( ⃗P) + q^{st}_{20} . (18)

Similar equation holds for the graph Fig. 1b. Then one obtains

J^{a(+)}_{5μ} (pv) = J^{a(+)}_{5μ} (ps) + ΔJ^a_{5μ}(pv) . (19)

3The same procedure has recently been applied in the study of the e-d scattering in Ref. [25].

Here J^{a(+)}_{5μ} (ps) is the positive frequency part of the nucleon Born term obtained using the static PS πNN coupling. It is the current containing a contribution from the potential, since it coincides with the first Born iteration of the Lippmann–Schwinger equation, if the static one–pion exchange potential is used. In order to avoid double counting, the contribution from such a graph is not included in the exchange current since it is reducible.

The current ΔJ^a_{5μ}(pv) arises from the contact interaction

ΔJ^a_{5μ}(pv) = i f_{πN N} m_π ū(p^′_1) [ γ_4γ_5 u(P )ū(P ) Ĵ_{5μ}(1, q) 1 2 (a^+ − a^−)

− Ĵ_{5μ}(1, q) u(Q)ū(Q)γ_4γ_5 1 2 (a^+ + a^−) ] u(p_1)

×Δ^π_F (q_2)ū(p^′_2)Ô^π_2 (ps)u(p_2) + (1 ↔ 2) , (20)

where Ô^π_2 (ps) = ig_{πN N} γ_5. The non–relativistic reduction of the space component of the current (20) yields

Δ⃗j^a_5(pv) = g_A g^2_{πN N} (2M)^3 [ ( ⃗q + i⃗σ_1 × ⃗P_1 ) τ^a_2 + ( i ⃗P_1 − ⃗σ_1 × ⃗q ) (⃗τ_1 × ⃗τ_2)^a ] Δ^π_F (⃗q^2_2 )(⃗σ_2 · ⃗q_2)

+ (1 ↔ 2) . (21)

where ⃗P_1 = ⃗p_1 + ⃗p^′_1 . This current coincides with the potential term derived earlier [6] from the hard pion Lagrangian with the PV πNN coupling [4, 5] and it contributes to the space component of the WAEC in the same leading order in 1/M as other pion exchange currents.

The well known Foldy–Dyson unitary transformation of the nucleon field [26, 27] can be used in the Lagrangian (9) to obtain the PS πNN coupling N = exp[−i g_A 2f_π γ_5 (⃗τ · ⃗π)] N^′ . (22)

In this case, together with the nucleon Born term J^a_{5μ}(ps) a contact amplitude J^a_{5μ}(P CAC), called the PCAC constraint term, appears. For these amplitudes, the following equation holds

J^a_{5μ}(pv) = J^a_{5μ}(ps) + J^a_{5μ}(P CAC) . (23)

It is clear that the resulting amplitude does not depend on the nature of the πNN coupling. This is due to the validity of the powerful representation independence (equivalence) theorem [28, 29, 30].

In order to extract the nuclear WAEC from the relativistic amplitudes in this case, the reducible part of the nucleon Born amplitude J^a_{5μ}(ps) is isolated. This is the positive frequency part J^{a (+)}_{5μ} (ps). Then from Eqs. (19) and (23) we get

ΔJ^a_{5μ}(pv) = J^{a (−)}_{5μ} (ps) + J^a_{5μ}(P CAC) , (24)

where J^{a (−)}_{5μ} (ps) is the negative frequency part of the nucleon Born term obtained with the PS πNN coupling. Explicitly, one has for the space component of the nuclear current, given by the right hand side of Eq. (24) ⃗j^a_5(ps) = g_A g^{2πN N} (2M)^3 [ ( ⃗q + i⃗σ_1 × ⃗P_1 ) τ^a_2 − (⃗σ_1 × ⃗q_2) (⃗τ_1 × ⃗τ_2)^a ] Δ^π_F (⃗q^2_2 )(⃗σ_2 · ⃗q_2) + (1 ↔ 2) , (25) and ⃗j^a_5(P CAC) = g_A g^{2πN N} (2M)^3 [ i ⃗P_1 − (⃗σ_1 × ⃗q_1) ] (⃗τ_1 × ⃗τ_2)^a Δ^π_F (⃗q^2_2 )(⃗σ_2 · ⃗q_2) + (1 ↔ 2) . (26)

So in the chiral model with the PS πNN coupling, the potential current is obtained as the sum of the negative frequency part of the nucleon Born term and the PCAC constraint term. This leads to the equality given by Eq. (21).

The derivation of the WAEC from the hard pion Lagrangian with the PS πNN coupling was carried out earlier [5, 7] with the following consequences:

(i) In a chiral invariant model with the PS πNN coupling, additional potential term arises, that makes the resulting current equivalent to the current of the chiral model with the PV πNN coupling. It follows the necessity of constructing the WAEC within the chiral models and not simply in terms of πNN couplings.

(ii) In order to avoid double counting, the reducible part of the potential current should be removed, since it is taken into account already at the level of the impulse approximation calculations. This procedure depends on the nuclear equation of motion used for the description of nuclear states. Here the calculation is carried out for the Schrödinger equation and static one–pion exchange potentials. In our opinion, the problem of double counting was omitted in [8, 9, 12]. Since the potential term is absent in [12], those currents should be used in conjunction with the Bethe-Salpeter equation, because, as discussed in [19, 31], the WAEC does not contain the contribution from the nucleon Born term in this case. On the other hand, these currents [12] are used at present in nuclear physics calculations with wave functions derived with the Schrödinger equation [18, 32, 33].

Let us now discuss the continuity equation (1) for our current. It can be shown that the nucleon Born term due to the contact part of the one–body current (16) of our model satisfies the continuity equation q_μJ^a_{5μ,π}(B, c) = if_π M^a_π (B) , (27)

where M^a_π (B) is the pion Born absorption amplitude given by the graph of Fig. 1 with the pion line instead of the weak interaction wavy line inserted. Then the related nuclear continuity equation for the nuclear current reads

q_μj^a_{5μ, π}(B, c) = if_π m^a_π(2) + ([V_π, ρ^a_5(1, c)] + (1 ↔ 2)) , (28)

Here the space part of the current j^a_{5μ, π} (B, c) is given by Eq. (21) with the divergence ⃗q · Δ⃗j^a_5(pv) = g^3_A 8Mf^2_π { [ ⃗q^2 + i(⃗q · ⃗σ_1 × ⃗P_1) ] τ^a_2 + i(⃗q · ⃗P_1) (⃗τ_1 × ⃗τ_2)^a } Δ^π_F (⃗q^2_2 )(⃗σ_2 · ⃗q_2) + (1 ↔ 2) , (29) while it holds for the time component that

q_0Δj^a_{50}(pv) ≈ O(1/M^5) , (30)

The pion absorption amplitude is obtained by the same method used above for the derivation of the current Δ⃗j_5(pv). Besides the contribution m^a_π(2, ver) from the energy dependence of the πNN vertex of the internal pion, the contribution m^a_π(2, ext) from the energy dependence of the πNN vertex of the external pion arises with the result if_πm^a_π (2, ver) = ⃗q · Δ⃗j^a_5(pv) , (31) if_πm^a_π (2, ext) = g^3_A 8Mf^2_π { [ ⃗q^2_2 − i(⃗q_2 · ⃗σ_1 × ⃗P_1) ] τ^a_2 + i(⃗q_2 · ⃗P_1) (⃗τ_1 × ⃗τ_2)^a } Δ^π_F (⃗q^2_2 )(⃗σ_2 · ⃗q_2) + (1 ↔ 2) . (32)

It is straightforward to obtain that the commutator of the static one–pion exchange potential and the one–nucleon axial charge density

ρ^a_5(1, c)_i = g_A 2M (⃗σ_i · ⃗P_i) τ^a 2 , (33)

is given by ([V_π, ρ^a_5(1, c)] + (1 ↔ 2)) = −if_πm^a_π (2, ext) . (34) The continuity equation (28) which is in the leading order in 1/M of the form

⃗q · Δ⃗j^a_5(pv) = if_π [m^a_π (2, ver) + m^a_π (2, ext)] + ([V_π, ρ^a_5(1, c)] + (1 ↔ 2)) , (35)

is satisfied exactly. This is established from Eqs. (29)-(34). The contact term Δj^a_{5μ}(pv) is related to the part of the continuity equation, containing the potential and can be called as the true potential current.

Besides the nucleon Born term, our model Lagrangian contains a AπNN vertex ΔL_{AπN N} = − i 2f_π N̄ γ_μ ⃗τ N · ( ⃗π × ⃗A_μ ) , (36)

providing another contact current that is a part of the full contact term

j^a_{5μ}(c) = i 2f_π ε^{amn} ū(p^′_1) ( γ_μ − κ^V 2M σ_{μν} q_ν ) τ^m u(p_1) Δ^π_F (q^2) ū(p^′_2)Ô^π_2 (q_2)τ^nu(p_2)

+ (1 ↔ 2) . (37)

This current is required by the current algebra prediction for the weak pion production and it corresponds to the well known ρ–π current. It looks like a potential one, but it is not connected to the potential and it satisfies the PCAC equation

q_μj^a_{5μ}(c) = i 2f_π ε^{amn} ū(p^′_1) ̸q_2τ^m u(p_1) Δ^π_F (q^2) ū(p^′_2)Ô^π_2 (q_2)τ^nu(p_2) + (1 ↔ 2) ≡ if_π m^a_π (c) . (38)

The amplitude m^a_π(c) is generated from the NNππ term ΔL_{N N ππ} = (i/4f^2_π )N̄γ_μ⃗τN · (∂_μ⃗π × ⃗π).

Let us note that the contact term j^a_{5μ}(c), Eq. (37), is present in the HBChPT currents [13] also. In the next section, we show that the same potential current (21) can be derived also within the HBChPT scheme.

2.2 The weak axial pion pair term within the HBChPT formalism

We first derive the positive frequency nucleon Born term for the weak pion production amplitude on the nucleon in the leading order. To this end, we start from the lowest order HBChPT Lagrangian [11, 12, 21] L^{(1)}_{πN} = −N̄_v [ iv · D + g_A S_v · u ] N_v , (39)

where N_v is the velocity dependent light component of the nucleon field Ψ, introduced in the HBChPT and it is defined as N_v ≡ e^{−iM v·x}P_{v+} Ψ . (40) Here the four-velocity v_μ has the properties v^2 = −1 and v^0 ≥ 1 and the projection operator P_{v+} is defined as P_{v+} = 1 − i ̸v 2 . (41)

For a choice v_μ = p_μ/M we have P_{v+} = M − i ̸p 2M . (42)

Taking into account only the weak axial external interaction, a_μ = A^a_μ τ^a/2, we obtain in the leading order g_AS_v · u ≈ g_Aτ^aS_v · A^a_μ − g_A f_π S_{v,μ}(⃗τ · ∂_μ⃗π) . (43) Then the amplitude, corresponding to Fig. 1a reads M^v_c = −i 2g^2_A f_π N^′Nτ^b τ^a 2 ū^′_v (S_v · q_2) P_{v+} v · K (S_v · A^a) u_v . (44)

Here N^′ and N are the normalization factors. We use in M^v_c the choice

v_μ = p_μ/M , ⃗p = ⃗P , p_0 = E( ⃗P) . (45)

With this choice, the decomposition of the four-vector P_μ is

P_μ = p_μ + K_μ . (46)

so that the scalar product v · K in Eq.(44) is given by

v · K = −v_0 (P_0 − E( ⃗P)) . (47)

Then we can write

ū^′_v (S_v · q_2) = − 1 2 ū^′_v γ_5(i ̸q_2 + q_2 · v) = ū^′_v [ S_v · q^{st}_2 − 1 2 γ_5 (P_0 − E( ⃗P))(γ_4 + v_0) ] . (48)

Employing Eqs. (47) and (48) in Eq. (44), we obtain M^v_c = −i 2g^2_A f_π N^′Nτ^b τ^a 2 ū^′_v ( S_v · q^{st}_2 ) P_{v+} v · K (S_v · A^a) u_v − i 2g^2_A f_π N^′Nτ^b τ^a 2 1 2v_0 ū^′_v γ_5γ_4 P_{v+} (S_v · A^a) u_v . (49)

For the amplitude, corresponding to Fig. 1b, we have M^v_d = −i 2g^2_A f_π N^′N τ^a 2 τ^b ū^′_v (S_v · A^a) P_{v+} v · K ( S_v · q^{st}_2 ) u_v + i 2g^2_A f_π N^′N τ^a 2 τ^b 1 2v_0 ū^′_v (S_v · A^a) P_{v+}γ_5γ_4 u_v . (50)

In M^v_d , we use the choice v_μ = p_μ/M , ⃗p = ⃗Q , p_0 = E( ⃗Q) . (51) With this choice, the decomposition of the four-vector Q_μ is

Q_μ = p_μ + K_μ , (52)

from which it follows that v · K = −v_0 (Q_0 − E( ⃗Q)) . (53) Summing up the partial results (49) and (50) we obtain

M^v_{c+d} = M^v_{c+d} (st) + ΔM^v_{c+d} , (54)

where M^v_{c+d}(st) = − i 2g^2_A f_π N^′N ū^′_v [ ( S_v · q^{st}_2 ) P_{v+}(P ) v · K (S_v · A^a) τ^b τ^a 2 + (S_v · A^a)

P_{v+}(Q) v · K ( S_v · q^{st}_2 ) τ a 2 τ^b ] u_v , (55) and ΔM^v_{c+d} = i g^2_A f_π 1 v_0 N^′N ū^′_v [ γ_4γ_5 P_{v+}(P ) (S_v · A^a) τ^b τ^a 2 − (S_v · A^a) P_{v+}(Q) γ_4γ_5 τ^a 2 τ^b ] u_v . (56)

In order to obtain the two–nucleon amplitude, one should attach the propagator of the intermediate meson and the πNN vertex of the second nucleon. According to the generalized Weinberg’s counting rules [12], such an amplitude has ν = −1, like the contact amplitude j^a_{5μ}(c), Eq. (37). The amplitude, following from M^v_{c+d}(st) is an analogue of the positive frequency part of the nucleon Born term J^{a(+)}_{5μ} (ps), obtained with the PS πNN coupling. In our opinion, only this part belongs to the class of reducible diagrams that are not included in the exchange currents, if the currents are used in conjunction with the Schrödinger equation and the static one–pion exchange potential. On the other hand, one can obtain from the interaction ΔM^v_{c+d} a contact amplitude ΔJ^a_{c+d,μ} ΔJ^a_{c+d, μ} = − g^3_A f^2_π 1 v_{10}

N^′_{v1} N_{v1}ū^′_{v1} [ γ_4γ_5 P_{v1 +}(P )S_{v1,μ} 1 2 (a^+ − a^−) − S_{v1,μ}P_{v1 +}(Q) γ_4γ_5 1 2 (a^+ + a^−) ] u_{v1} × Δ^π_F (q^2 ) N^′_{v2} N_{v2}ū^′_{v2} (S_{v2} · q_2) u_{v2} , (57)

that is of the same form as ΔJ^a_{5μ}(pv) of Eq. (20). Making the non–relativistic reduction, one obtains the contact term that is identical with the current Δj^a_{5μ}(pv) of Eq. (21).

2.3 Comparison of the WAEC

Let us now compare the space component of the WAEC of the pion range derived in the standard nuclear physics approach [4, 7, 34], based on the chiral Lagrangians, with a similar component in the HBChPT approach [12, 18] taken in the leading order. The sum of the currents of the standard approach is given by the contribution of the potential term as derived in Sect. 2, of the Δ(1232) isobar excitation and of the ρ-π current, ⃗j^a_{5, π} = g^A 2Mf^2_π ⟨ g^2_A {( f_{πN Δ} f_{πN N} )_2 2M 9(M_Δ − M)

⃗q_2 + 1 4 [⃗q + i(⃗σ_1 × ⃗P_1)] } τ^a_2 + 1 4 {[ g^2_A ( f_{πN Δ} f_{πN N} )_2 2M 9(M_Δ − M)

+ (1 + κ^V_ρ ) ] i(⃗σ_1 × ⃗q_2)

+[g^2_A − (1 + κ^V_ρ )] i(⃗σ_1 × ⃗q) + (g^2_A − 1) ⃗P_1 } i (⃗τ_1 × ⃗τ_2)^a ⟩ × (⃗σ_2 · ⃗q_2) Δ^π_F (⃗q^2_2 ) + (1 ↔ 2) . (58)

The contribution from the Δ isobar excitation is specified by the factor (^{fπN Δ}_{fπN N} )^2/(M_Δ −M), where M_Δ is the mass of the Δ isobar and f_{πN Δ} is the πNΔ coupling. Other terms, containing g^2_A, are from the potential current. In deriving Eq. (58), we put the strong form factors F_{BN N} (⃗q^2_i ) = 1, Δ^ρ_F (⃗q^2_1 ) = 1/m^2_ρ and we used the Goldberger–Treiman and KSFR relations, M|g_A| = gf_π and 2f^2_π g^2_ρ = m^2_ρ, respectively.

The leading order HBChPT currents were compared [18] with the standard currents [8] that contain the pion pair term with the PS πNN coupling. In comparing, this current was omitted. The argument was that it corresponds to the PS πNN coupling that is not chiral.

Here we take for comparison the currents ⃗A^{a : ν3}_{12} (1π), [[18], (A5)], but with the potential current (21) added. In our notation

⃗A^{a : ν3}_{12} (1π) = g^A 2Mf^2_π ⟨ {2ĉ_3 ⃗q_2 + g^2_A 4 [⃗q + i(⃗σ_1 × ⃗P_1)]} τ^a_2 + 1 4 {(4ĉ_4 + 1) i(⃗σ_1 × ⃗q_2) + [g^2_A − 1 − c_6] i(⃗σ_1 × ⃗q) + (g^2_A − 1) ⃗P_1 } i (⃗τ_1 × ⃗τ_2)^a ⟩

× (⃗σ_2 · ⃗q_2) Δ^π_F (⃗q^2_2 ) + (1 ↔ 2) . (59)

The currents ⃗j^a_{5, π} and ⃗A^{a : ν3}_{12} (1π) have an identical structure. This was achieved by respecting the chiral invariance and solving the double counting problem in conjunction with the Schrödinger equation. In our opinion, it is the current (59) that should be used in the nuclear physics calculations with the nuclear wave functions derived using the Schrödinger equation.

Let us also note here that the weak axial exchange current [9] can be used in conjunction with the equation of motion, the first Born iteration of which coincides with the positive frequency part of the nucleon Born term, constructed with the PV πNN coupling. In order to apply it in conjunction with the Schrödinger equation, one should remove the reducible piece from the positive frequency part of the nucleon Born term and add the rest to the already derived exchange current [9]. The resulting current will be of the order O(1/M^3). If the pion exchange current [9] is constructed with the PS πNN coupling, according to the discussion after Eq. (26), one should sum up the PCAC constraint

Table 1: Cumulative contributions to the cross section σ_{νd} (×10^{−42} cm^2) from the weak axial exchange currents for various neutrino energies are displayed. The cross section, calculated from the sum of the impulse approximation current (IA) and of the Δ isobar excitation of the π and ρ ranges is presented in the row labelled as +Δ(π + ρ). Other contributions correspond to the ρ–π current and to the pion potential term. The cross section in the n-th row is given by the contribution of all previous currents, the n-th current including. The number in the bracket is the ratio of the n-th cross section to the cross section in the row above.

E_ν [MeV] 5 10 15 20 101 IA 0.0938 (-) 1.076 (-) 3.244 (-) 6.591 (-) 147.1 (-) +Δ(π + ρ) 0.0977 (1.041) 1.126(1.046) 3.405 (1.050) 6.935(1.052) 158.5 (1.077) +ρ-π 0.0986 (1.009) 1.137 (1.010) 3.443 (1.011) 7.016 (1.012) 161.1 (1.016) +p(π) 0.0978 (0.992) 1.127 (0.991) 3.408 (0.990) 6.940 (0.989) 157.9 (0.980)

term and the negative frequency Born term (the pair term), both with the potential imbedded. The resulting potential current will be the same as in the PV πNN coupling case.

It follows also from the discussion after Eq. (26) that one needs to add the PCAC constraint term to the pair term [8, 17], in order to obtain the chiral potential current.

For the numerical estimate of the discussed effect, we compute the contribution of the potential current to the cross section for the low energy electron neutrino–deuteron inelastic scattering in the neutral current channel, ν_e + d → ν^′_e + p + n . (60) This reaction is important for studying the solar neutrino oscillations and it has been intensively studied both theoretically [15, 33, 35, 36, 37, 38] and experimentally [39, 40].

The model axial current considered contains the one–nucleon current and the WAEC (58), to which we add also the contribution from the Δ isobar excitation of the ρ range. Referring to Sect. IV of Ref. [37] for the details, we present the results in table 1 and table 2. The nuclear wave functions are generated by solving the Schrödinger equation with the Nijmegen I potential [41] and the transition 3S_1-^3D_1 →^1S_0 was considered . The used weak interaction constants are G_F = 1.1803 × 10^{−5} GeV^{−2}, and g_A = −1.267.

It is seen from table 1 that the effects of the ρ-π and potential terms are ∼ 1 % and they cancel each other to a large extent. Since the total effect from the space part of WAEC is at the level of a few percent, it is important to correctly identify all the components of the WAEC that satisfy the PCAC and contribute sensibly.

In Ref. [15], the effective cross section for the reaction (60) is presented in the form

σ_{EF T} (E_ν ) = a(E_ν ) + L_{1, A} b(E_ν) . (61)

The amplitudes a(E_ν ) and b(E_ν) are tabulated in [15] from the neutrino energy 3 MeV up to 20 MeV, with the step 1 MeV. The constant L_{1, A} cannot be determined from reactions between elementary

Table 2: The values of the constant L_{1, A} obtained by the fit to the cross section of the reaction (60) calculated using the NijmI potential.

IA +Δ(π + ρ) +ρ-π +p(π) L_{1, A} 0.8 4.1 4.9 4.2

particles. Here we extract L_{1, A} from our cross sections. The used weak interaction constants are now G_F = 1.166 × 10^{−5} GeV^{−2}, and g_A = −1.26. The results are presented in table 2.

It is seen from table 2 that the effects of the ρ-π and potential terms change the value of the constant L_{1, A} sensibly and that again, they cancel each other to a large extent.

3 Results and Conclusions

The question of the interplay of the chiral invariance restriction and of the double counting problem in the construction of the weak axial potential exchange currents of the pion range is discussed. It is shown that in order to avoid the double counting problem, one should study the structure of the first Born iteration of the nuclear equation of motion and of the nucleon Born term. Only the part of the nucleon Born term, that is not contained in the first Born iteration contributes to the exchange currents. This current was constructed in conjunction with the Schrödinger equation in Sect. 2. Then it is shown that the total potential exchange current, with the pion pair term included, satisfies the PCAC constraint (7). The construction is done in the leading order both in the chiral perturbation theory and in the HBChPT approach. The resulting potential term is the same in both approaches and it coincides with the potential term derived earlier from the hard pion Lagrangians. It is also shown that with the correct potential term taken into account, the leading order part of the space component of the long–range weak axial exchange currents of the HBChPT approach is identical with such a component obtained within the standard nuclear physics approach based on chiral Lagrangians. The same is also true for the pion exchange currents constructed in Refs. [8, 9].

Numerically, the contribution of the potential term is at the same level as the contribution from the well–known ρ–π current and the two contributions tend to cancel each other at low energies.

Let us note that in Ref. [42], the time component of the electromagnetic exchange currents of the pion range was constructed in conjunction with the Blankenbecler–Sugar–Logunov–Tavkhelidze equation [43, 44], that is a 3-dimensional reduction of the Bethe–Salpeter equation^4. It was shown [20] that the resulting exchange charge density is equivalent to that obtained by such standard methods as are the transformation method [20] and the extended S–matrix method [16] and that it is independent of the form of the πNN coupling. This result provides a strong argument that the WAEC of the pion range constructed here, and more generally, the one–boson WAEC constructed in Ref.[37] from

4See also Ref. [45].

chiral Lagrangians, can be used in standard nuclear physics calculations also in conjunction with the corresponding Lippmann–Schwinger equation, obtained [46] by the above discussed reduction of the Bethe–Salpeter equation, and using the Bonn potentials [46, 47, 48] for generating the nuclear wave functions.

Acknowledgments

This work is supported in part by the grant GA CR 202/03/0210 and by Ministero dell’ Istruzione, dell’ Università e della Ricerca of Italy (PRIN 2003). We thank J. Smejkal for discussions and F.C. Khanna for the critical reading of the manuscript.

References

[1] S.L. Adler, Phys. Rev. 139, B1638 (1965).

[2] R.J. Blin–Stoyle, Fundamental Interactions and the Nucleus (North–Holland/American Elsevier, Amsterdam–London/New York, 1973).

[3] K. Kubodera, J. Delorme and M. Rho, Phys. Rev. Lett. 40, 755 (1978). [4] E. Ivanov and E. Truhlík, Nucl. Phys. A 316, 437 (1979). [5] I.S. Towner, Phys. Rep. 155, 263 (1987).

[6] J. Adam, Jr., Ch. Hajduk H. Henning, P.U. Sauer and E. Truhlík, Nucl. Phys. A 531, 623 (1991). [7] E. Truhlík and F.C. Khanna, Int. J. Mod. Phys. A 10, 499 (1995). [8] R. Schiavilla et al., Phys. Rev. C 58, 1263 (1999). [9] K. Tsushima and D.O. Riska, Nucl. Phys. A 549, 313 (1992). [10] S.M. Ananyan, Phys. Rev. C 57, 2669 (1998).

[11] T.R. Hemmert, B.R. Holstein and J. Kambor, J. Phys. G 24, 1831 (1998). [12] T.-S. Park, D.-P. Min and M. Rho, Phys. Rep. 233, 341 (1993). [13] T.-S. Park, K. Kubodera, D.-P. Min and M. Rho, Astrophys. J. 507, 443 (1998). [14] D.B. Kaplan, M.J. Savage and M.B. Wise, Nucl. Phys. B 478, 629 (1996); Phys. Lett. B 424, 390 (1998).

[15] M. Butler, J.-W. Chen and X. Kong, Phys. Rev. C 63, 035501 (2001). [16] J. Adam, Jr., E. Truhlík and D. Adamová, Nucl. Phys. A 494, 556 (1989).

[17] L.E. Marcucci, R. Schiavilla, M. Viviani, A. Kievsky, S. Rosati and J.F. Beacom, Phys. Rev. C 63, 015801 (2000).

[18] T.-S. Park, L.E. Marcucci, R. Schiavilla, M. Viviani, A. Kievsky, S. Rosati, K. Kubodera, D.-P.

Min and M. Rho, Phys. Rev. C 67, 055206 (2003). [19] F.C. Khanna and E. Truhlík, Nucl. Phys. A 673, 455 (2000). [20] H. Göller and H. Arenhövel, Few–Body Systems 13, 117 (1992).

[21] S. Scherer, Introduction to Chiral Perturbation Theory, to be published in Adv. Nucl. Phys. 27, eds. J.W. Negele and E. Vogt.

[22] M. Bando, T. Kugo and K. Yamawaki, Phys. Rep. 164, 217 (1988). [23] J. Smejkal, E.Truhlík and H. Göller, Nucl. Phys. A 624, 655 (1997). [24] D.O. Riska, Prog. Part. Nucl. Phys. 11, 9 (1984). [25] D.R. Phillips, S.J. Wallace and N.K. Devine, nucl–th/0411092. [26] L.L. Foldy, Phys. Rev. 84, 168 (1951). [27] F.J. Dyson, Phys. Rev. 73, 929 (1948). [28] R. Haag, Phys. Rev. 112, 669 (1958).

[29] J.F. Donoghue, E. Golowich and B.R. Holstein, Dynamics of the Standard Model (Cambridge University Press, Cambridge, 1992).

[30] H.W. Fearing and S. Scherer, Phys. Rev. C 62, 034003 (2000). [31] V. Dmitrašinović, Phys. Rev. C 54, 3247 (1996).

[32] S. Ando, T.-S. Park, K. Kubodera and F. Myhrer, Phys. Lett. B 533, 25 (2002). [33] S. Ando, Y.H. Song, T.-S. Park, H.W. Fearing and K. Kubodera, Phys. Lett. B 555, 49 (2003). [34] J.G. Congleton and E. Truhlík, Phys. Rev. C 53, 957 (1996).

[35] S. Nakamura, T. Sato, V. Gudkov and K. Kubodera, Phys. Rev. C 63, 034617 (2001). [36] S. Nakamura, T. Sato, S. Ando, T.-S. Park, F. Myhrer, V. Gudkov and K. Kubodera, Nucl. Phys.

A 707, 561 (2002).

[37] B. Mosconi, P. Ricci and E. Truhlík, nucl-th/0212042. [38] S. Ying, W.C. Haxton and E.M. Henley, Phys. Rev. C 45, 1982 (1992). [39] SNO Collaboration, Phys. Rev. Lett. 87, 071301 (2001); Phys. Rev. Lett. 89, 011301 (2002).

[40] SNO Collaboration, nucl-ex/0309004; A.W.P.Poon, nucl-ex/0312001.

[41] V.G.J. Stoks, R.A.M. Klomp, C.P.F. Terheggen and J.J. de Swart, Phys. Rev. C 49, 2950 (1994). [42] W. Jaus and W.S. Woolcock, Helv. Phys. Acta 57, 644 (1984). [43] R. Blankenbecler and R. Sugar, Phys. Rev. 142, 1051 (1966). [44] A.A. Logunov and A.N. Tavkhelidze, Nuovo Cim. 29, 380 (1963). [45] F. Coester and D.O. Riska, Ann. Phys. (N.Y.) 234, 141 (1994). [46] R. Machleidt, Adv. Nucl. Phys. 19, 189 (1989).

[47] P. Obersteiner, W. Plessas and E. Truhlík, in Proceedings of the XIII International Conference on Particles and Nuclei, Perugia, Italy, June 28–July 2, 1993, ed. A. Pascolini, World Scientific, Singapore, 1994, p.430.

[48] R. Machleidt, Phys. Rev. C 63, 024001 (2001).