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Abstract. Starting from chiral Lagrangians, possessing the SU(2)L × SU(2)R local chiral symmetry, we
derive weak axial one-boson exchange currents in the leading order in the 1/M expansion (M is the
nucleon mass), suitable for the nuclear physics calculations beyond the threshold energies and with the
wave functions, obtained by solving the Schrödinger equation with the one-boson exchange potentials. The
constructed currents obey the nuclear form of the partial conservation of the axial current. We apply the
space component of these currents in calculations of the cross-sections for the disintegration of deuterons
by the low-energy neutrinos. The deuteron and the 1S0 final-state nucleon-nucleon wave functions are
derived i) from a variant of the OBEPQB potential and ii) from the Nijmegen 93 and Nijmegen I nucleon-
nucleon interactions. The extracted values of the constant L1, A, entering the axial exchange currents of the
pionless effective field theory (EFT), are in agreement with those predicted by the dimensional analysis. The
comparison of our cross-sections with those obtained within the pionless EFT and other potential model
calculations shows that the solar neutrino-deuteron cross-sections can be calculated within an accuracy of
≈ 3.3%.

PACS. 11.40.Ha Partially conserved axial-vector currents – 25.30.-c Nuclear reactions: specific reactions:
Lepton-induced reactions

1 Introduction

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

qµ 〈Ψf |j
a
5µ(q)|Ψi〉 = ifπm

2
π∆

π
F

(

q2
)

〈Ψf |m
a
π(q)|Ψi〉 , (1)

where ja5µ(q) is the total weak axial isovector hadron
current, ma

π(q) is the pion source (the pion produc-
tion/absorption amplitude) and |Ψi,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)

and the muon capture [3]

µ− + 3He→ 3H+ νµ , (3)

µ− + d→ n+ n+ νµ , (4)
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that in addition to the one-nucleon current, the effect
of the space component of weak axial exchange currents
(WAECs) enhances sensibly the Gamow-Teller matrix ele-
ments entering the transition rates. This suggests that the
current ja5µ(q) can be understood for the system of A nu-
cleons as the sum of the one- and two-nucleon components,

ja5µ(q) =

A
∑

i=1

ja5µ(1, i, qi) +

A
∑

i<j

ja5µ(2, ij, q) . (5)

Let us describe the nuclear system by the Schrödinger
equation

H|Ψ〉 = E|Ψ〉 , H = T + V , (6)

where H is the nuclear Hamiltonian, T is the kinetic en-
ergy and V is the nuclear potential describing the interac-
tion between nucleon pairs. Taking for simplicity A = 2,
we obtain from eq. (1) in the operator form and from
eqs. (5) and (6) the following set of equations for the one-
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and two-nucleon components of the total axial current:

qi · j
a
5(1, qi) = [Ti , ρ

a
5(1, qi) ] + ifπm

2
π∆

π
F

(

q2
)

×ma
π(1, qi) , i = 1, 2 , (7)

q · ja5(2, q) = [T1 + T2 , ρ
a
5(2, q) ] + ([V , ρa5(1, q) ]

+(1↔ 2)) + ifπm
2
π∆

π
F

(

q2
)

ma
π(2, q). (8)

If the WAECs are constructed so that they satisfy
eq. (8), then the matrix element of the total current, sand-
wiched between solutions of the nuclear equation of mo-
tion (6), satisfies the PCAC (1).

It is known from the dimensional analysis [4], that the
space component of the WAECs, ja5(2, q), is of the or-
der O(1/M3). Being of a relativistic origin, it is model
dependent. This component of the WAECs was derived
by several authors in various models. In the standard nu-
clear physics approach [5,6,7,8,9], the model systems of
strongly interacting particles contain various particles (ef-
fective degrees of freedom), such as N , ∆(1236), π, ρ,
ω and other baryons and mesons. Using these effective
degrees of freedom and chiral Lagrangians, it was possi-
ble to describe reasonably nuclear electroweak phenomena
in the whole region of intermediate energies. In particu-
lar, the existence of mesonic degrees of freedom in nuclei,
manifesting themselves via meson exchange currents, was
proven to a high degree of reliability [3].

One of the employed Lagrangians is the one [5] contain-
ing the heavy meson fields ρ and a1, taken as the Yang-
Mills gauge fields [10]. It reflects the SU(2)L × SU(2)R
local chiral symmetry. Another used Lagrangian has been
built up [11] within the concept of hidden local symme-
tries [12,13]. Besides possessing the chiral symmetry, our
Lagrangians are characterized by the following proper-
ties: i) They respect the vector dominance model, repro-
duce universality, KSFRI, FSFR2, ii) they provide correct
anomalous magnetic moment of the a1-meson, iii) at the
tree-level approximation, they correctly describe elemen-
tary processes in the whole region of intermediate energies
(E < 1GeV) and iv) the current algebra prediction for the
weak pion production amplitude is reproduced. Using such
an approach, the exchange currents are constructed as fol-
lows. First, one derives the exchange amplitudes Ja5µ(2) as
Feynman tree graphs. These amplitudes satisfy the PCAC
equation

qµ J
a
5µ(2) = ifπm

2
π∆

π
F (q

2)Ma(2) , (9)

where Ma(2) are the associated pion absorption/produc-
tion amplitudes1. The nuclear exchange currents are con-
structed from these amplitudes in conjunction with the
equation, describing the nuclear states. Such exchange
currents, combined with the one-nucleon currents, should
satisfy eq. (1). In the present case, we describe the nuclear
system by the Hamiltonian H = T + V and the nuclear
states by the Schrödinger equation (6). The nuclear ex-
change currents are constructed within the extended S-
matrix method, in analogy with the electromagnetic me-
son exchange currents [15], as the difference between the

1 We refer the reader for more details to ref. [14].
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Fig. 1. The kinematics of the first Born iteration. The nucleon
line in the intermediate state is on-shell.

relativistic amplitudes Ja5µ(2) and the first Born itera-
tion of the weak axial one-nucleon current contribution
to the two-nucleon scattering amplitude, satisfying the
Lippmann-Schwinger equation (see fig. 1). This method
has already been applied [16,17] to construct the space
component of the WAECs of the pion range.

On the other hand, EFTs are being developed since
the early ’90s. In this approach, one starts from a general
chiral invariant Lagrangian with heavy-particle degrees of
freedom integrated out and preserving N , ∆(1232) and
π [18], or N and π [19,20], or only nucleons [21,22]. Such
EFTs rely on systematic counting rules and on the exis-
tence of an expansion parameter, governing a perturbation
scheme that converges reasonably fast. The expansion pa-
rameter is given as the ratio of the light and heavy scales.

In the pionless EFT [21,22], the heavy scale Λ is set
to the pion mass mπ. This choice restricts the application
of the scheme to the processes taking place at threshold
energies, such as the interaction of solar neutrinos with the
deuterons [23]. In the EFT with pions, the heavy scale is
Λ ≈ 4πfπ ≈ 1GeV, restricting the application of the EFT
to low energies.

The goal of this study is twofold: i) The construc-
tion of the WAECs of the heavy-meson range, suitable
in the standard nuclear physics calculations beyond the
long-wave limit, with the nuclear wave functions gener-
ated from the Schrödinger equation using the one-boson
exchange potentials (OBEPs). ii) An application of the
developed formalism to the description of the interaction
of the low-energy neutrinos with the deuterons,

νx + d −→ ν′x + n+ p , (10)

νx + d −→ ν′x + n+ p , (11)

νe + d −→ e− + p+ p , (12)

νe + d −→ e+ + n+ n , (13)

where νx refers to any active flavor of the neutrino. The re-
actions (10) and (12) are important for studying the solar
neutrino oscillations, whereas the reactions (11) and (13)
occur in experiments with reactor antineutrino beams.
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The cross-sections for the reactions (10) and (12) are im-
portant for the analysis of the results obtained in the SNO
detector [24,25,26]. The standard nuclear physics calcula-
tions [27,28] generally differ [23] by 5%–10%, which pro-
vides a good motivation to make independent calculations
aiming to reduce this uncertainty.

In ref. [23], the effective cross-sections for the reac-
tions (10)-(13) are presented in the form

σEFT(Eν) = a(Eν) + L1, A b(Eν) . (14)

The amplitudes a(Eν) and b(Eν) are tabulated in [23] for
each of the reactions (10)-(13) from the lowest possible
(anti)neutrino energy up to 20MeV, with 1MeV step.
The constant L1, A cannot be determined from reactions
between elementary particles. Here we extract L1, A from
our cross-sections calculated in the approximations of [23]:
only the 1S0 wave is taken into account in the nucleon-
nucleon final state and the nucleon variables are treated
non-relativistically. The knowledge of L1, A allows us to
compare our cross-sections with σEFT(Eν).

2 Weak axial nuclear exchange currents

The starting quantities of our construction are the rel-
ativistic Feynman amplitudes Ja5µ,B(2) of the range B

(B = π, ρ, ω, a1). These amplitudes satisfy the PCAC
constraint (9). The WAECs ja5µ,B(2) of the range B are

defined as [14]

ja5µ,B(2) = Ja5µ,B(2)− ta,FBI
5µ,B , (15)

where ta,FBI
5µ,B is the first Born iteration of the one-nucleon

current contribution to the two-nucleon scattering ampli-
tude, satisfying the Lippmann-Schwinger equation [15].

The PCAC for the WAECs, defined in eq. (15), is given
by

qµj
a
5µ,B(2) = ([VB , ρ

a
5(1)] + (1↔ 2))

+ ifπm
2
π∆

π
F

(

q 2
)

ma
B(2) , (16)

where the nuclear pion production/absorption amplitude
is given by

ma
B(2) =Ma

B(2)−ma,FBI
B , (17)

VB is the potential of the range B and ρa5(1) is the one-
nucleon axial charge density. We note here that the conti-
nuity equation (16) for our WAECs coincides with eq. (8).

It follows from eq. (16) that in order to make consistent
calculations of the exchange current effects, one should use
OBEPs for the generation of the nuclear wave functions
and apply in the WAECs the same couplings and strong
form factors as in the potentials. In our calculations, we
employ the realistic OBE potentials OBEPQG [29], Ni-
jmegen 93 (Nijm93) and Nijmegen I (NijmI) [30]. The
potential OBEPQG is the potential OBEPQB [31], ex-
tended by including the a1 exchange. The potential NijmI

Table 1. Values of the constant L1, A obtained by the fit to
the cross-sections of the reactions (10)-(13) calculated using
the NijmI, Nijm93 and OBEPQG potentials and by the fit
(NSGK) to the cross-sections of table I of ref. [27].

Reaction NijmI Nijm93 OBEPQG NSGK

(10) L̄1, A 4.6 5.2 4.8 5.4
S 1.001 1.001 1.001 1.000

(11) L̄1, A 4.9 5.5 5.1 5.5
S 1.001 1.001 1.001 1.000

(12) L̄1, A 4.1 5.0 – 6.0
S 1.001 1.001 – 1.002

(13) L̄1, A 4.5 5.4 6.9 5.6
S 1.001 1.000 0.9996 0.9997

is the high-quality second-generation potential with the
χ2/data = 1.03.

In the next section, we use the WAECs, derived in
the chiral invariant models [14,17,32], to calculate the
cross-sections for the reactions (10)-(13). By compar-
ing them with the EFT cross-sections (14), we extract
the value of the constant L1, A. We also compare our
cross-sections with the cross-sections of refs. [27,28]. Our
WAECs contain the following components [14]: the pair
terms j a

5, B(pair) (B = π, ρ, ω), the non-potential ex-

change currents j a
5, π(ρπ), j

a
5, a1 ρ

(a1) and the ∆ excitation
terms j a

5, B(∆) (B = π, ρ).
The pion exchange part of our model WAECs is simi-

lar to the one employed in [27]. The representative cross-
sections, presented in table I of ref. [27], are calculated
using the AV18 potential [33], that is another high-quality
second-generation potential2 and the S- and P -waves are
taken into account in the nucleon-nucleon final states.

We also compare our results with those reported in
table I of ref. [28], where the calculations were performed
i) with the Paris potential [34]; ii) with the currents taken
in the impulse approximation; iii) with the S- and P -waves
taken into account in the nucleon-nucleon final states.

3 Numerical results

Using the technique developed in refs. [35,36] one obtains
the equations for the cross-sections σpot(Eν) that can be
found in [14]. The equations are the same as those of
ref. [27], but we treat the nucleon variables in the phase
space non-relativistically. In ref. [23], the bounds on the
phase space are defined in the neutral channel by

0 ≤ E′ν ≤ Eν − ν − 2Mr + 2 [Mr(Mr − |εB |)]
1

2 , (18)

Max

[

−1,
E2
ν + E′ 2ν + 4Mr(|εB | − q0)

2EνE′ν

]

≤ cos θ ≤ 1, (19)

where Mr is the reduced mass of the neutron-proton sys-
tem and εB = −2.2245MeV is the deuteron binding en-
ergy. We have found that it is more effective to integrate

2 However, it is not an OBEP.



70 The European Physical Journal A

Table 2. Scattering length and effective range (in fm) for the nucleon-nucleon system in the 1S0 state, corresponding to the
NijmI, Nijm93 [30], OBEPQG [29], AV18 [33] potentials and as used in the EFT calculations [23], and their experimental values.

NijmI Nijm93 OBEPQG AV18 EFT Exp.

anp −23.72 −23.74 −23.74 −23.73 −23.7 −23.740± 0.0201

rnp 2.65 2.68 2.73 2.70 2.70 2.77± 0.051

app −7.80 −7.79 – −7.82 −7.82 −7.8063± 0.00262

rpp 2.74 2.71 – 2.79 2.79 2.794± 0.0142

ann −18.16 −18.11 −18.10 −18.49 −18.5 −18.59± 0.403

rnn 2.80 2.78 2.77 2.84 2.80 2.80± 0.114

1 Reference [37]. 2 Reference [38]. 3 Reference [39]. 4 Reference [40].

numerically within the bounds

−1 ≤ cos θ ≤ 1 , (20)

0 ≤ E′ν ≤ Eν cos θ − 2M +
[

4M2
r + 4Mr(Eν

−|εB |)− E2
ν(1− cos2 θ)− 4MrEν cos θ

]
1

2 . (21)

For the charged channel, the momentum of the final lepton
is restricted by

0 ≤ pl ≤ pl,max , (22)

where pl,max is the solution of the equation

(Eν − pl)
2 + 4MrE(pl) + 4Mr(∆− Eν) = 0 . (23)

Here E(pl) = (p2
l +m2

e)
1

2 and

∆ = Mp −Mn + |εB | , Mr =Mp , ν e
− , (24)

∆ = Mn −Mp + |εB | , Mr =Mn , ν̄ e
+ . (25)

We extracted L1, A by comparing the cross-section
σEFT(Eν) with our cross-sections σpot(Eν) using the least-
square fit and also considering an average value of L1, A

L̄1, A =

∑N
i=1 L1, A(i)

N
, (26)

where

L1, A(i) =
σpot,i − ai

bi
. (27)

We estimated the quality of the fit by the quantity S de-
fined as

S =
1

N

N
∑

i=1

σEFT,i

σpot,i

. (28)

It was found that the fit providing the average value (26)
results in better agreement between σEFT(Eν) and
σpot(Eν) and we present the results in table 1 only for
this fitting procedure. We also applied this fit to the cross-
sections of table I of [27] (cf. the column NSGK).

In table 2, we present the scattering lengths and
the effective ranges, obtained from the NijmI, Nijm93,
OBEPQG and AV18 potentials and also the values used in
the EFT calculations [23]. For the generation of the final-
state nucleon-nucleon wave functions from the NijmI and
Nijm 93 potentials, we used the program COCHASE [41].
The program solves the Schrödinger equation using the

Table 3. Cross-section and the differences in % between
cross-sections for the reaction (10). In the first column, Eν

(MeV) is the neutrino energy, in the second column, σNijmI

(in 10−42 × cm2) is the cross-section calculated with the Ni-
jmI nuclear wave functions. Column 3 reports the differences
between σNijmI (NijmI) and the EFT cross-section (14) σEFT,
calculated with the corresponding constant L̄1, A from table 1.
The differences between σNSGK ([27], table I) and σEFT are
reported in column 4. Further, ∆1(2) is the difference between
the cross-sections σNijmI (σNijm93) and σNSGK; ∆3 is the dif-
ference between the cross-sections σNijmI and σYHH, where the
cross-section σYHH is from ([28], table I).

Eν σNijmI NijmI NSGK ∆1 ∆2 ∆3

3 0.00335 1.2 0.4 −1.1 −0.5 –
4 0.0306 1.3 0.2 −0.8 −0.2 12.0
5 0.0948 1.3 0.2 −0.9 −0.2 5.0
6 0.201 1.1 0.1 −1.0 −0.3 10.2
7 0.353 1.0 0.1 −1.1 −0.4 8.1
8 0.551 1.0 0.2 −1.3 −0.5 10.1
9 0.798 1.0 0.4 −1.5 −0.7 8.9
10 1.093 0.4 −0.1 −1.6 −0.8 7.6
11 1.437 0.8 0.5 −1.6 −1.0 9.4
12 1.831 −0.1 −0.3 −2.1 −1.2 8.5
13 2.274 −0.1 0.0 −2.3 −1.4 9.9
14 2.767 −0.4 0.0 −2.6 −1.7 9.5
15 3.308 −0.8 −0.1 −2.9 −2.0 10.3
16 3.898 −1.2 −0.3 −3.2 −2.2 9.9
17 4.537 −1.6 −0.4 −3.5 −2.5 10.6
18 5.223 −1.9 −0.3 −3.9 −2.9 10.3
19 5.957 −2.3 −0.4 −4.2 −3.2 10.7
20 6.738 −2.9 −0.6 −4.6 −3.6 10.6

fourth-order Runge-Kutta method. This can provide low-
energy scattering parameters that slightly differ from
those obtained by the Nijmegen group, employing the
modified Numerov method [42]. Some refit was neces-
sary, in order to get the correct low-energy scattering pa-
rameters in the neutron-proton and neutron-neutron 1S0

states.
We shall now present the results for the reac-

tions (10)-(13). In comparing our results with [23] we use
in our calculations their values GF = 1.166× 10−5 GeV−2

and gA = −1.26. Instead we use the value gA = −1.254,
as employed in [27] and [28], when comparing our results
with these works. In the cross-sections for the charged-
channel reactions (12) and (13) the value cos θC = 0.975
is taken for the Cabibbo angle.
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Table 4. Cross-section and the differences in % between cross-
sections for the reaction (11). For notations, see table 3, only
instead of Eν , now Eν̄ is the antinetrino energy in MeV.

Eν̄ σNijmI NijmI NSGK ∆1 ∆2 ∆3

3 0.00332 0.6 0.1 −1.1 −0.5 –
4 0.0302 1.0 0.2 −0.8 −0.1 9.3
5 0.0928 1.0 0.1 −0.8 −0.1 0.9
6 0.196 1.1 0.3 −0.9 −0.1 5.7
7 0.342 0.8 0.1 −1.0 −0.2 2.0
8 0.531 1.4 0.8 −1.1 −0.3 3.1
9 0.765 0.8 0.2 −1.2 −0.4 0.9
10 1.043 0.6 0.2 −1.4 −0.5 −1.7
11 1.364 0.1 −0.2 −1.6 −0.7 −0.7
12 1.729 −0.2 −0.4 −1.7 −0.8 −2.8
13 2.136 −0.3 −0.2 −1.9 −1.0 −2.1
14 2.585 −0.5 −0.2 −2.1 −1.2 −3.9
15 3.074 −0.7 −0.2 −2.4 −1.4 −4.1
16 3.604 −0.9 −0.1 −2.6 −1.7 −5.6
17 4.173 −1.2 −0.2 −2.9 −1.9 −6.0
18 4.779 −1.6 −0.3 −3.3 −2.2 −7.6
19 5.422 −1.9 −0.3 −3.6 −2.5 −8.0
20 6.101 −2.2 −0.2 −3.9 −2.9 −9.4

3.1 Reaction νx + d −→ ν′x + n + p

In table 3, we present the difference in %, between the
cross-sections, obtained with the NijmI and AV18 poten-
tials models and the EFT cross-sections, calculated with
the corresponding L̄1, A from table 1. Besides, we give the
differences between the cross-sections, computed with the
wave functions of various potential models.

Comparing the columns NijmI and NSGK of table 3 we
can see that the NSGK cross-section is closer to the EFT
cross-section. This means that the standard approach and
the pionless EFT differ, since the approximations, made
in our calculations and in EFT, coincide: the nucleon-
nucleon final state is restricted to the 1S0 wave and the
nucleon variables are treated non-relativistically. Besides,
the inspection of columns∆1 and∆2 shows that our cross-
sections closely follow the NSGK cross-section up to the
energies when the P -waves in the nucleon-nucleon final
state start to contribute. On the other hand, as follows
from column ∆3, it is difficult to understand the behav-
ior of the cross-section σYHH in the whole interval of the
considered neutrino energies.

3.2 Reaction ν̄x + d −→ ν̄′x + n + p

In analogy with sect. 3.1, we present in table 4 a compar-
ative analysis for the reaction (11).

Clearly, our cross-sections are closer to σEFT and also
to the cross-section σNSGK, than in the neutrino-deuteron
case of table 3. The behavior of the cross-section σYHH is
as little understandable as for the reaction (10).

One can also conclude from the differences given in
the columns NijmI, NSGK, ∆1 and ∆2 of tables 3 and 4
that the cross-sections for the reactions (10) and (11) are
described by both the potential models and the pionless
EFT with an accuracy better than 3%.

Table 5. Cross-section and the differences in % between cross-
sections for the reaction (12). For notations, see table 3.

Eν σNijmI NijmI NSGK ∆1 ∆2 ∆3

2 0.00338 −5.5 −0.6 −7.6 −6.7 –
3 0.0455 −0.5 −0.3 −3.0 −2.0 –
4 0.153 0.5 −0.6 −1.9 −0.9 1.9
5 0.340 1.5 0.1 −1.6 −0.6 2.9
6 0.613 1.9 0.4 −1.6 −0.5 3.0
7 0.978 1.9 0.4 −1.6 −0.6 3.0
8 1.438 0.0 −2.4 −1.8 −0.7 3.1
9 1.997 −0.2 −2.3 −1.9 −0.8 2.9
10 2.655 0.1 −1.7 −2.1 −1.0 3.1
11 3.415 3.3 3.3 −2.4 −1.2 2.8
12 4.277 1.0 0.3 −2.6 −1.5 2.5
13 5.243 0.7 0.2 −2.9 −1.8 2.4
14 6.311 0.4 0.2 −3.2 −2.1 2.1
15 7.484 0.0 0.2 −3.6 −2.4 1.7
16 8.760 −0.5 −0.1 −4.0 −2.8 1.4
17 10.14 −0.9 −0.1 −4.4 −3.2 1.0
18 11.62 −1.3 −0.1 −4.8 −3.6 0.1
19 13.21 −1.7 −0.0 −5.3 −4.1 −0.1
20 14.89 −2.4 −0.3 −5.8 −4.5 −0.3

Table 6. Cross-section and the differences in % between cross-
sections for the reaction (13). For notations, see table 3.

Eν̄ σNijmI NijmI NSGK ∆1 ∆2 ∆3

5 0.0274 −1.3 −0.9 −2.4 −1.5 9.0
6 0.116 0.1 −0.1 −2.1 −1.1 8.1
7 0.277 0.2 −0.2 −1.8 −0.7 7.4
8 0.514 0.5 −0.1 −1.7 −0.6 7.1
9 0.829 0.4 −0.2 −1.7 −0.6 6.9
10 1.224 0.9 0.4 −1.7 −0.6 6.8
11 1.697 0.7 0.2 −1.9 −0.7 6.0
12 2.249 0.6 0.1 −2.0 −0.8 6.1
13 2.876 0.4 0.0 −2.2 −1.0 5.5
14 3.578 0.4 0.2 −2.3 −1.1 5.2
15 4.353 0.0 0.0 −2.6 −1.3 4.9
16 5.200 −0.2 0.1 −2.8 −1.6 4.6
17 6.115 −0.3 0.2 −3.1 −1.9 3.5
18 7.097 −0.5 0.4 −3.4 −2.1 3.2
19 8.143 −0.9 0.2 −3.8 −2.5 2.8
20 9.251 −1.2 0.3 −4.1 −2.8 2.4

3.3 Reaction νe + d −→ e− + p + p

The comparison of the columns NijmI, NSGK, ∆1 and ∆2

of table 5 shows that, disregarding the cross-sections for
Eν = 2MeV, the cross-sections for the important reac-
tion (12) are described with an accuracy of 3.3%. How-
ever, while our cross-sections and the cross-section [27]
are smooth functions of the neutrino energy, the EFT
cross-section exhibits abrupt changes in the region 7 <
Eν < 12MeV. In our opinion, the reason can be an incor-
rect treatment of the Coulomb interaction between pro-
tons in the EFT calculations. We have verified that the
non-relativistic approximation for the Fermi function, em-
ployed in [23] is valid with a good accuracy in the whole
interval of the solar neutrino energies.
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Inspecting the difference of the cross-sections∆3 shows
that the cross-section [28] is of the correct size in this case.

3.4 Reaction ν̄e + d −→ e+ + n + n

It follows from table 6 that our cross-sections for the reac-
tion (13) are in a very good agreement with the EFT [23]
and [27] calculations. This confirms our conjecture that
the treatment of the Coulomb interaction between pro-
tons [23] in the reaction (12) is not correct.

The calculations [28] provide a too small cross-section.
The most probable reason for this large difference is that
the Paris potential does not describe the neutron-neutron
interaction correctly.

4 Conclusions

We calculated here the cross-sections for the reactions of
the solar neutrinos with the deuterons, (10)-(13), within
the standard nuclear physics approach. We took into ac-
count the weak axial exchange currents of the OBE type,
satisfying the nuclear continuity equation (8). These cur-
rents were constructed from the Lagrangians, possessing
the chiral local SU(2)L × SU(2)R symmetry, in the tree
approximation. Using the OBE potentials NijmI, Nijm93
and OBEPQG, we made consistent calculations. We took
into account the nucleon-nucleon interaction in the 1S0

final state and we treated non-relativistically the nucleon
variables.

Our cross-sections for the reactions (10), (11) and (13)
agree with the EFT cross-sections [23] and also with the
cross-sections [27] within an accuracy better than 3%. The
agreement for the reaction (12) is within 3.3%. In our opin-
ion, the agreement for the reaction (12) can be improved
by paying more attention to the treatment of the Coulomb
interaction between the protons in the final state in the
pionless EFT calculations.
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202/03/0210 and by Ministero dell’Istruzione, dell’Università e
della Ricerca of Italy (PRIN 2003). We thank M. Rentmeester
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32. J.G. Congleton, E. Truhĺık, Phys. Rev. C 53, 957 (1996).
33. R.B. Wiringa, V.G.J. Stoks, R. Schiavilla, Phys. Rev. C

51, 38 (1995).
34. M. Lacombe et al., Phys. Rev. C 21, 861 (1980).
35. J.D. Walecka, Semi-leptonic weak interactions in nuclei,

in Muon Physics, edited by V.W. Hughes, C.S. Wu (Aca-
demic Press, New York, 1972).

36. J.S. O’Connell, T.W. Donnelly, J.D. Walecka, Phys. Rev.
C 6, 719 (1972).

37. R. Machleidt, Phys. Rev. C 63, 024001 (2001).
38. J.R. Bergervoet, P.C. van Campen, W.A. van der Sanden,

J.J. de Swart, Phys. Rev. C 38, 15 (1988).
39. R. Machleidt, I. Slaus, J. Phys. G 27, R69 (2001).
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