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Model dependence of the neutrino-deuteron disintegration cross sections at low energies
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Institute for Nuclear Theory and Department of Physics, University of Washington, Seattle, Washington 98195, USA

P. Vogel
Kellog Radiation Laboratory and Physics Department, Caltech, Pasadena, California 91125, and

Institute for Nuclear Theory and Department of Physics, University of Washington, Seattle, Washington 98195, USA
(Received 23 February 2007; published 25 April 2007)

Model dependence of the reaction rates for the weak breakup of deuterons by low-energy neutrinos is studied
starting from the cross sections derived from potential models and also from pionless effective field theory.
Choosing the spread of the reaction yields, caused basically by the different ways the two-body currents are
treated, as a measure of the model-dependent uncertainty, we conclude that the breakup reactions are ∼2–3%
uncertain and that even the ratio of the charged to neutral current reaction rates is also ∼2% uncertain.
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I. INTRODUCTION

The SNO collaboration [1–4], following the original sug-
gestion by late Herb Chen [5], has convincingly shown that the
flavor of solar neutrinos is not conserved. This was achieved
by determining the yield of the deuteron disintegration in both
neutral and charged current channels:

νx + d → ν ′
x + n + p, (1.1)

νe + d → e− + p + p. (1.2)

The neutrino flux deduced from the neutral current reaction
(1.1) agrees within errors with the standard solar model (SSM)
[6], whereas the flux deduced from the charged current reaction
(1.2) is smaller than the SSM prediction by a factor of ∼3.
The only reasonable way to interpret this result, and the other
observations of solar neutrinos [7–12], is in terms of neutrino
oscillations. This conclusion becomes inescapable when the
reactor neutrino experiment KamLAND [13,14] is included in
the corresponding fit.

To relate the yield of the reactions observed in SNO to
the corresponding solar neutrino flux one needs to know the
neutrino-deuteron breakup cross section. Consequently, the
cross sections of the reactions (1.1) and (1.2) and the analogous
ones initiated by antineutrinos,

ν̄x + d → ν̄ ′
x + n + p, (1.3)

ν̄e + d → e+ + n + n, (1.4)

have been carefully evaluated during the past two decades
(see Refs. [15–20] and references therein). Here we wish
to assess the uncertainties or model dependence involved in

these evaluations related to the different ways the two-body
exchange currents are treated.

The studies of the reactions (1.1)–(1.4) at low energies were
performed in Refs. [15–18] based on the currents derived
from elementary hadron amplitudes extracted in the tree
approximation from the chiral Lagrangians and using nuclear
wave functions generated from realistic nuclear potentials.

Alternatively, in Ref. [19], the cross sections derived in
the next-to-next-to-leading order of the pionless effective field
theory, were written in the form

σEFT(Eν) = a(Eν) + L1,Ab(Eν). (1.5)

Tables of numerical values of the amplitudes a(Eν) and b(Eν)
are given in Ref. [19] up to 20 MeV in 1-MeV steps.

In principle, the effective field theory provides a more
fundamental approach to the study of nuclear phenomena, but
it contains parameters that cannot be determined in reactions
between elementary particles. The factor L1,A in Eq. (1.5)
that parameterizes the effect of the isovector axial two-body
current, is an example of such a constant. Its value can
be determined from a measurement of any of the breakup
processes (1.1)–(1.4). The analysis of various data [21,22]
provides L1,A value, however, with a large error,

L1,A = 3.6 ± 5.5 fm3. (1.6)

Alternatively, the value of L1,A can be determined by
comparing the cross sections (1.5) with the cross sections
calculated employing the nuclear wave functions generated
from realistic one-boson-exchange-potentials (OBEPs) and
the one- and two-nucleon currents as it was done in the recent
work [18]. The resulting values of L1,A were confined between
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the limits (see Table 2 in Ref. [18])

4.4 � L1,A � 7.2 fm3. (1.7)

To assess the global model dependence of the reaction rates
for the breakup processes (1.1) and (1.2) we consider here the
integral yield

Y =
∫ ∞

0
�8B(Eν)σ (Eν) dEν, (1.8)

where �8B(Eν) is the normalized spectrum corresponding to
the decay of 8B [23] and the cross section σ (Eν) is given as

σ (Eν) =
∫ T max

l

0

dσ

dT l

(Eν, Tl) dT l . (1.9)

Here Tl is the (kinetic) energy of the outgoing (charged) lepton.
The information on the theoretical uncertainty or spread of Y

is obviously important for the detailed analysis of the data
obtained from the SNO detector.

In Sec. II, we discuss briefly the methods and inputs
necessary for the calculations and in Sec. III, we present the
results. We conclude in Sec. IV. Further, in Appendix A, we
present the reaction rates for the charged channel reaction (1.2)
with the energy response function of the SNO detector taken
into account, and in Appendix B, we collect the updated cross
sections for all deuteron breakup reactions (1.1)–(1.4) up to
(anti-)neutrino energies Eν = 20 MeV.

II. METHODS AND INPUTS

To obtain the cross sections one must first calculate the
matrix elements of the weak nuclear currents (charged and
neutral) between the initial and final nuclear states. Here we
briefly describe the needed ingredients of these calculations.
We follow the treatment described in detail in Section 4 of
Ref. [18].

A. Weak nuclear currents

The weak nuclear current used to describe the neutral
channel reaction (1.1) is

jNC,µ = (1 − 2 sin2θW )j 3
µ − 2 sin2θWjSµ + j 3

5µ, (2.1)

where θW is the Weinberg angle, j 3
µ (j 3

5µ) is the third component
of the weak vector (axial) current in the isospin space, and
jSµ is the isoscalar vector current. The weak hadron current,
triggering the charged channel reaction (1.2), is

ja
CC,µ = ja

µ + ja
5µ, (a = ±). (2.2)

At low energies, the space component of the weak axial hadron
current is the most important one.

The weak axial nuclear current ja
5µ for all three components,

a = ± and 3, consists of the one- and two-nucleon parts. There
is practically no uncertainty associated with the one-body part.
Hence we concentrate on the effects of the two-body currents.
The weak axial nuclear two-body exchange current ja

5µ(2) that
we consider here is of the OBE type with the π -, ρ-, ω-,
and a1 exchanges. It can be divided [24] into the potential
and nonpotential currents. The potential current of the range

B, ja
5µ,B (2, pot), satisfies the nuclear partially conserved axial

current (PCAC) equation,

qµja
5µ,B(2, pot) = [VB,ja50(1)] + ifπm2

π�π
F (q2)Ma

B(2), (2.3)

where VB is the OBEP of the same range B, ja
50(1) is the

one-body axial charge density and Ma
B(2) is the associated

pion absorption/production exchange amplitude. Further fπ

is the pion decay constant, mπ is the pion mass, and �π
F

is the pion propagator. This current is model independent
and if a particular OBEP is used to generate the nuclear
wave functions, then its effect can be calculated in a model-
independent way.

The main part of the nonpotential weak axial exchange
current contains the model independed ρ-π current and the �

excitation currents that are model dependent. In our calcula-
tions, we shall adopt the π -N -� and ρ-N -� Lagrangians used
for many years [25,26] to study the πN reactions and the pion
photo- and electroproduction on a nucleon (model I) and also
the gauge symmetric Lagrangians proposed recently [27,28]
(model II). The � excitation effect is in the model II suppressed
due to the appearance of an additional factor (M/M�)2 ≈ 0.58
[M(M�) is the nucleon (� isobar) mass] in the exchange
current operators.

Let us note that our model current II differs from an
analogous current of Ref. [17]. That current is a purely
phenomenological one, the potential part of which does not
satisfy the PCAC constraint and the suppression of the �

strength is achieved by reducing the �-N coupling to fit the
Gamow-Teller matrix element in the triton beta decay.

B. Nuclear potentials

We use the Nijmegen I (NijmI), Nijmegen 93 (Nijm93) [29],
and QG [30] one-boson-exchange potentials. The couplings
and cutoffs, entering these potentials, are employed in our
exchange currents. For comparison, we also consider the cross
sections calculated from the AV18 potential, which is not an
OBEP (see Table I of Ref. [16]).

C. Extraction of L1,A

We extract the low energy constant L1,A from comparison
of the cross sections based on the potential models and the EFT
form σEFT, see Eq. (1.5). For each of the i-th 1-MeV bins we
obtain the L1,A(i) value and take the corresponding average

L1,A =
∑N

i=1L1,A(i)

N
, L1,A(i) = σpot,i − ai

bi

, (2.4)

where σpot,i is the cross section, calculated in the potential
model and for the i-th neutrino energy. We use N = 13 for the
reaction (1.1) and N = 14 for the reaction (1.2), because for
the solar neutrinos Eν � 15 MeV and i = 1 correspond to the
relevant reaction threshold. In addition, we extract L1,A also by
the least-squares fit. It turns out that these two values of L1,A

are not identical and provide somewhat different effective cross
sections. We label the results for the reaction rates obtained
with L1,A from Eq. (2.4) by av, whereas the results calculated
with L1,A from the least-squares fit are labeled lsf.
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FIG. 1. (Color online) The differences δa
i in percentages [see

Eq. (3.1)]. Full lines are based on model I and use Llsf
1,A = 5.2 fm3 for

ncd and 5.6 fm3 for ccd; the dashed lines are for the same choice but
for the model II, where Llsf

1,A = 3.8 fm3 for ncd and 4.2 fm3 for ccd.
Finally, the dot-dashed lines are for the model I with Lav

1,A = 5.5 fm3

for ncd and 5.1 fm3 for ccd.

III. RESULTS AND DISCUSSION

To be compatible with the calculations [19], we use the
same weak interaction constants, GF = 1.166 × 10−5 GeV−2,
gA = −1.26, cos θC = 0.975, which differ only slightly from
the constants employed in Ref. [16]. In Ref. [18] the con-
tributions from the multipole J = 1 were calculated for the
transition d → 1S0 both for the one- and two-nucleon currents
and also for the transitions d → 3Pjf

, jf = 0, 1, 2 for the one-
nucleon current. Here the computation code already contains
the contributions from all multipoles J = 0, 1, 2, 3 and the
transitions d → 2S+1Ljf

, jf = 0, 1, 2 for the one-nucleon
current.

A. Energy dependence

The extracted values of the low-energy constant L1,A

depend on the way it was determined (averaging or least

squares) and on the potential used. It varied in the limits
3.8 � L1,A � 5.7 fm3 for the neutral current reaction (ncd)
(1.1) and 3.9 � L1,A � 6.4 fm3 for the charged current
reaction (ccd) (1.2). Alternatively, L1,A can be determined
by requiring specifically for the problem of solar 8B neutrinos
that the yields Y , Eq. (1.8), are identical whether one uses
the corresponding potential model cross section or the EFT
one. The ranges of the L1,A values are then quite similar to
those shown above, namely 4.2 � L1,A � 5.6 fm3 for ncd and
4.4 � L1,A � 6.7 fm3 for ccd.

In fact, the energy-dependent parameter L1,A(i) is not really
a constant (see also Tables 3 and 4 of Ref. [18]). Instead
its values varied, even for a fixed choice of the potential
and method of L1A extraction. In other words, this means
that the cross sections evaluated with a single L1A, obtained
either by averaging (av) or by the least-squares fit (lsf) as
described above and using Eq. (1.5) differ from the cross
sections based on the potential model in an energy-dependent
way. We illustrate the energy dependence of such differences
in Fig. 1, where we plot δa

i defined as

δa
i = 1 − σEFT

[
La

1,A(i)
]

σpot,i
(3.1)

for both methods of L1,A extraction (a = lsf, av). For the
potential model, we chose the Nijmegen I potential. Other
potential models used in this work provide similar picture.

As seen in Fig. 1 the neutral current cross section behaves
in a regular smooth way, and the EFT and potential model
based methods give cross sections that differ by not more than
1% over the relevant energy range. The cross section for the
charged current reaction exhibits somewhat stronger variations
with energy, in particular for the lowest energy bins. The origin
of this effect remains unknown so far.

The deviations illustrated in Fig. 1 cause a corresponding
variations with energy of the partial values L1,A(i). One can
quantify this by pointing out that for the values corresponding
to the full lines in Fig. 1 the mean-square deviations

δL1,A = (〈
L2

1,A

〉 − 〈L1,A〉2
)1/2

(3.2)

TABLE I. Reaction rates Y (×10−42 cm2) for the weak deuteron breakup by the 8B neutrinos in the charged (ccd) and neutral current
channels (ncd) using the model currents I and II. The yield ratio is Ri = Yi(ccd)/Yi(ncd), for i = I, II. In model II (see Sec. II A), the �

excitation currents are suppressed by a factor of ≈0.58. In the columns labeled by NijmI, Nijm93, and QG, the cross sections are calculated
with the wave functions generated from these potentials (see Sec. II B), the cross sections of the column AV18 are taken from Table I of
Ref. [16]. The cross sections of the columns labeled by lsf and av, respectively, are obtained from Eq. (1.5) with the constant L1,A calculated
by the least square fit [using Eq. (2.4)]. In the last column �S/S is the maximum deviation of the quantity corresponding to the given row.

NijmI lsf av Nijm93 lsf av AV18 lsf av QG lsf av �S/S (%)

YI ccd 1.205 1.200 1.193 1.217 1.213 1.205 1.210 1.209 1.207 – – – 1.3
YI ncd 0.470 0.468 0.470 0.471 0.469 0.471 0.470 0.470 0.470 0.470 0.468 0.470 0.6
RI 2.56 2.58 2.54 2.58 2.59 2.56 2.57 2.57 2.57 – – – 2.0
YII ccd 1.185 1.181 1.173 1.195 1.191 1.183 – – – – – – 1.8
YII ncd 0.462 0.460 0.462 0.462 0.460 0.462 – – – 0.462 0.460 0.460 0.4
RII 2.57 2.57 2.54 2.59 2.59 2.56 – – – – – – 2.0
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TABLE II. Reaction rates calculated with the one-nucleon currents only. For the notations see Table I.

NijmI lsf av Nijm93 lsf av QG lsf av �S/S(%)

Y IA
ccd 1.150 1.146 1.138 1.150 1.146 1.138 – – – 1.0

Y IA
ncd 0.447 0.446 0.447 0.445 0.444 0.445 0.449 0.446 0.449 1.1

R 2.57 2.57 2.55 2.58 2.58 2.56 – – – 1.0

are δL1,A = 0.4, i.e., much smaller than Lav
1,A = 5.5 for ncd,

whereas for ccd δL1,A = 1.8 that is a bit larger but still
considerably smaller than the Lav

1,A = 5.1.

B. Global features

We characterize the global rates by the corresponding
reaction yields (1.8). The differences between these yields is
a measure of the theoretical uncertainty of the corresponding
cross sections. The results of the calculations for the reactions
(1.1) and (1.2) are presented in Table I.

It is seen from Table I that, first of all, despite the slight
energy dependence of the ccd cross section discussed above,
the EFT reaction yields agree reasonably well with the corre-
sponding quantities based on the potential models. However,
when Lav

1,A is used for the ccd channel, the corresponding yield
appears to be systematically smaller. It turns out that the yield
ratios Ri do not depend sensitively on the current model but
depend somewhat more on the choice of the nuclear force
and on the method of the extraction of L1,A. In contrast, the
reaction yields depend more on the choice of the current model
and less on the choice of the potential.

As a measure of the uncertainty we shall use the largest
relative difference of the corresponding yield. Using such
criterion, an uncertainty of ≈2% in the calculations of the
ratio of the reaction rates follows, whereas the uncertainty
of the reaction rate is ≈2.3%(3.3%) in the neutral (charged)
channel stemming mostly from the difference between the
models I and II. Let us note that the radiative corrections
will enhance the reaction rates by ≈1.5%(2%) in the neutral
(charged) channel [31].

In Table II analogous results obtained when only the one-
nucleon currents are included are presented. It follows from
comparison of Tables I and Table II that the effect of the meson
exchange currents, δi

MEC, depends on the potential model and
varies as 4.6% � δI

MEC � 5.7% and 2.4% � δII
MEC � 3.8%

for the model currents I and II, respectively.

The reaction rates obtained with the one-nucleon currents
only still provide nonvanishing values of L1,A because the
strong interaction part of the problem is treated in the potential
model and in the EFT differently. The corresponding values of
the effective parameter L1,A vary in the limits

1.1 � L1,A � 2.0 fm3. (3.3)

If one takes in Eq. (1.5) L1,A = 0, then

Y
IA,EFT
ccd = 1.120 × 10−42 cm2, (3.4)

for the charged channel reaction, and

Y
IA,EFT
ncd = 0.437 × 10−42 cm2, (3.5)

for the neutral channel reaction. These values are smaller by
2–3% than the reaction rates of Table II. However, the rate
ratio R is essentially independent of the two-body current.

In the charged channel reaction (1.2) the electron spectrum
is also measured in SNO. The number of events with the
observed electron kinetic energy T depends then on the
response of the detector function. The ccd reaction yield is
then (see Ref. [4])

YR =
∫ ∞

0

∫ T max
e

0

∫ ∞

Tth

�8B(Eν)
dσ

dTe

(Eν, Te)

×R(Te, T ) dEν dTe dT

≡
∫ ∞

0
�8B(Eν)σR(Eν) dEν, (3.6)

where Te is the true recoil electron kinetic energy and R(Te, T )
is the energy response function,

R(Te, T ) = 1√
2πσT

exp

[
− (Te − T )2

2σ 2
T

]
. (3.7)

TABLE III. The neutrino energy-dependent cross sections (in 10−42cm2) for the ccd reaction (1.2) calculated using the NijmI potential and
the model I currents. The cross section σ is given in Eq. (1.9); σR-overlap integral of the cross section with the response function as defined
in the second line of Eq. (3.6), pure heavy water phase; σ s

R(5.0)-salt phase with Tth = 5.0 MeV; σ s
R(5.5)-salt phase with Tth = 5.5 MeV. The

shorthand a(−n) means a × 10−n.

Eν (MeV) 3 4 5 6 7 8 9 10 11 12 13 14 15

σ 0.0456 0.1536 0.3406 0.6144 0.9812 1.444 2.008 2.673 3.444 4.322 5.310 6.410 7.622
σR 7(-7) 1(-4) 0.0051 0.0708 0.3781 0.9999 1.746 2.521 3.354 4.265 5.279 6.396 7.623
σ s

R(5.0) 1(-6) 2(-4) 0.0059 0.0749 0.3823 0.9984 1.743 2.518 3.352 4.263 5.277 6.393 7.619
σ s

R(5.5) 4(-7) 5(-5) 0.0023 0.0358 0.2361 0.7744 1.564 2.412 3.284 4.222 5.246 6.370 7.597
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For the pure heavy water phase the resolution width σT was
taken in the form,

σT (T ) = −0.0648 + 0.331
√

T + 0.0425T ,

Tth = 5.0 MeV, (3.8)

whereas for the salt phase [2] it was,

σT (T ) = −0.145 + 0.392
√

T + 0.0353T ,

Tth = 5.5 MeV, (3.9)

To see the effect of the response function and threshold we
compare in Table III the cross section without the response and
the effective cross section σR(Eν) of Eq. (3.6). To emphasize
the crucial role of the threshold we include a line corresponding
to a hypothetical lower threshold of 5 MeV for the salt
phase.

Despite the very important effects of the thresholds
and response function we believe that the global char-
acteristics used in Table I can be used as a measure
of the theoretical uncertainty associated with the relative
spread of the cross sections caused be the different model
assumptions.

IV. CONCLUSIONS

We have evaluated the spread of the calculated cross
sections, and of the corresponding reaction yields, for the
electron neutrino from 8B decay induced deuteron breakup
reactions. The spread is caused by the different choices of the
one-boson-exchange potentials, and in particular, by the ways
the � excitation currents are treated. Choosing such spread as a
measure of the uncertainty we conclude that the neutral current
breakup is ∼2.3% uncertain, and the charged current one is
∼3.3% uncertain. The ratio of the charged to neutral current
reaction rates is then ∼2% uncertain, using this criterion. These
uncertainties are smaller, but basically comparable, to the full
effect of the two-body currents. Thus, we have to conclude that
the evaluation of the effect of the two-body currents remains
to be quite uncertain. We have verified that our conclusions
are not changed noticeably when the realistic thresholds and
resolution functions of the SNO experiment are used.
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TABLE IV. The values of the reaction rates YR(×10−42 cm2)
for the charged current reaction (1.2) calculated according to
Eq. (3.6) and using the potential models NijmI and Nijm93 and the
current models I and II. The values of Y s

R and Y s
R,IA are calculated

with the resolution function (3.9), for comparison the values of
Y s

R,IA and YR,IA are obtained with the one-nucleon currents only.
The ratios R are always obtained by using the total yield from
the column at the left and the related NC total yield either from
Table I or Table II.

Y s
R,I Rs

R,I Y s
R,II Rs

R,II Y s
R,IA Rs

R,IA

NijmI 0.816 1.74 0.803 1.74 0.781 1.75
Nijm93 0.824 1.75 0.810 1.75 0.781 1.76

YR,I RR,I YR,II RR,II YR,IA RR,IA

NijmI 0.898 1.91 0.884 1.91 0.859 1.92
Nijm93 0.907 1.93 0.891 1.93 0.859 1.93

APPENDIX A: CHARGED CHANNEL REACTION RATES,
INCLUDING THE RESOLUTION FUNCTION AND

THRESHOLDS OF THE SNO DETECTOR

Here we repeat some of the previous calculations, but take
into account the resolution function and threshold of the SNO
detector. The reaction rates for the charged channel reaction
(1.2) are presented in Table IV.

It is seen from Table IV that the effect of the meson
exchange currents is 4.3% � δI

MEC � 6.0% and 2.7% �
δII

MEC � 4.0% for the model currents I and II , respectively,
and it follows closely the effect obtained above without taking
into account the response function of the detector, though
shifted by ≈0.3% upward.

The ratio R = YCC/YNC was calculated earlier by Bahcall
and Lisi [32], who obtained

R = 1.882 ± 0.042, (A1)

using the response function (3.7) with the resolution

σT (T ) = 1.1
√

0.1T , Tth = 5.0 MeV. (A2)

Adopting such a response function, we obtained for the NijmI
wave functions YR,I (RR,I ) = 0.889(1.89) and Y s

R,I (Rs
R,I ) =

0.806(1.71), for the pure heavy water and salt phases,
respectively. The result for RR,I = 1.89 is in a very good
agreement with Eq. (A1).

Comparison with Table I shows that the reaction yields Y s
R

(YR) are reduced by the factor ≈0.68 (0.75), presumably due to
the presence of the threshold Tth. If one takes Tth = 5.0 MeV
for the salt phase, one obtains for Y s

R,i values that coincide
with YR,i of Table IV within three digits. This is so, because
the cross sections σR and σ s

R(5.0) are close to each other for
Eν � 7 MeV (see Table III).

APPENDIX B: COMPARISON OF THE CROSS SECTIONS

Here we compare our updated cross sections with the cross
sections of Refs. [16] and [19] up to (anti-)neutrino energies
Eν = 20 MeV. Tables V and VI supersede Tables 3 and 4 of
Ref. [18] and Tables 3–6 of Ref. [33].
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TABLE V. Cross sections and the differences, in percentages, between the cross sections for the reactions (1.1)
and (1.3). 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 NijmI nuclear wave functions, gA = −1.26 and GF = 1.166 × 10−5 GeV−2, i.e.,
the weak interaction parameters used in Ref. [19]. In column 3 is the difference between σNijmI (I) and the EFT cross
section (1.5) σEFT, calculated with the corresponding constant Lav

1,A given in the parentheses. The difference between
σNSGK taken from Table I of Ref. [16] and σEFT is given in column 4 (N). Further, �1(2) is the difference between the
cross sections σNijmI (σNijm93) and σNSGK. In this case, our cross sections are calculated with gA = −1.254 [16]. The
second part of the table is an analog for the reaction (1.3).

νx + d → ν ′
x + np ν̄x + d → ν̄ ′

x + np

Eν σNijmI I (5.3) N (5.4) �1 �2 Eν̄ σNijmI I (5.6) N (5.5) �1 �2

3 0.00335 0.6 0.4 −0.9 −0.5 3 0.00332 0.0 0.1 −0.9 −0.4
4 0.0307 0.6 0.2 −0.6 0.3 4 0.0302 0.5 0.2 −0.5 0.4
5 0.0949 0.5 0.2 −0.8 −0.4 5 0.0930 0.3 0.1 −0.7 −0.3
6 0.201 0.3 0.1 −0.8 −0.9 6 0.196 0.5 0.3 −0.7 −0.8
7 0.353 0.3 0.1 −0.9 −1.0 7 0.343 0.1 0.1 −0.8 −0.9
8 0.553 0.3 0.2 −0.9 −0.6 8 0.533 0.9 0.8 −0.7 −0.3
9 0.801 0.5 0.4 −1.0 −0.8 9 0.768 0.3 0.2 −0.8 −0.5

10 1.099 −0.1 −0.1 −1.0 −0.9 10 1.049 0.2 0.2 −0.8 −0.7
11 1.447 0.4 0.5 −1.1 −1.0 11 1.373 −0.2 −0.2 −0.9 −0.8
12 1.848 −0.3 −0.3 −1.1 −0.7 12 1.744 −0.3 −0.4 −0.8 −0.4
13 2.299 −0.1 0.0 −1.2 −0.9 13 2.158 −0.3 −0.2 −0.9 −0.6
14 2.802 −0.2 0.0 −1.3 −1.0 14 2.616 −0.2 −0.2 −0.9 −0.6
15 3.359 −0.3 −0.1 −1.3 −1.1 15 3.118 −0.3 −0.2 −1.0 −0.7
16 3.968 −0.5 −0.3 −1.4 −1.2 16 3.663 −0.2 −0.1 −1.0 −0.8
17 4.631 −0.7 −0.4 −1.4 −1.3 17 4.252 −0.4 −0.2 −1.0 −0.9
18 5.348 −0.6 −0.3 −1.4 −1.6 18 4.882 −0.4 −0.3 −1.1 −1.2
19 6.119 −0.7 −0.4 −1.5 −1.6 19 5.555 −0.5 −0.3 −1.1 −1.3
20 6.949 −0.9 −0.6 −1.5 −1.7 20 6.273 −0.5 −0.2 −1.2 −1.3

TABLE VI. Cross sections and the differences, in percentages, between the cross sections for the reactions (1.2) and (1.4).
For the notation, see Table V. In addition, cosθC = 0.975 is used for comparison with the EFT, whereas cos θC = 0.9749 when
we compare our cross sections with Ref. [16].

νe + d → e− + pp ν̄e + d → e+ + nn

Eν σNijmI I (5.1) N (6.0) �1 �2 Eν̄ σNijmI I (5.2) N (5.6) �1 �2

2 0.00341 −5.5 −0.7 −6.7 −5.9 2 – – – – –
3 0.0456 −1.2 −0.4 −2.7 −1.9 3 – – – – –
4 0.154 −0.4 −0.6 −1.7 −0.8 4 – – – – –
5 0.341 0.6 0.1 −1.4 −0.5 5 0.0274 −2.0 −1.0 −2.3 −1.5
6 0.614 1.0 0.3 −1.3 −0.4 6 0.117 −0.6 −0.1 −1.9 −1.1
7 0.981 1.1 0.4 −1.3 −0.3 7 0.278 −0.4 −0.2 −1.6 −0.7
8 1.444 1.2 0.5 −1.3 −0.3 8 0.515 −0.1 −0.1 −1.4 −0.4
9 2.008 0.7 0.0 −1.4 −0.3 9 0.832 −0.1 −0.2 −1.3 −0.3

10 2.673 1.1 0.5 −1.4 −0.4 10 1.230 0.5 0.3 −1.3 −0.2
11 3.444 0.8 0.3 −1.5 −0.5 11 1.708 0.4 0.2 −1.3 −0.2
12 4.322 0.9 0.3 −1.6 −0.5 12 2.265 0.4 0.1 −1.2 −0.1
13 5.310 0.7 0.2 −1.6 −0.6 13 2.903 0.3 0.0 −1.2 −0.1
14 6.410 0.6 0.2 −1.7 −0.6 14 3.618 0.5 0.2 −1.2 −0.1
15 7.622 0.5 0.1 −1.7 −0.6 15 4.411 0.3 0.0 −1.3 −0.1
16 8.936 0.1 −0.1 −1.9 −0.8 16 5.280 0.3 0.1 −1.3 −0.1
17 10.37 0.0 −0.2 −2.1 −1.0 17 6.225 0.4 0.2 −1.3 −0.2
18 11.93 −0.1 −0.1 −2.1 −1.1 18 7.244 0.5 0.4 −1.4 −0.2
19 13.61 −0.1 −0.1 −2.2 −1.1 19 8.335 0.3 0.2 −1.4 −0.2
20 15.42 −0.2 −0.3 −2.2 −1.1 20 9.498 0.4 0.3 −1.5 −0.3
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