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We briefly review recent calculations of neutrino-deuteron cross sections within the effective field theory and
traditional potential model approaches. We summarize recent efforts to determine the counter term describing
axial two-body currents,L1A, in the effective field theory approach. We determine the counterterm directly from
the solar neutrino data and find several, slightly different, ranges ofL1A under different sets of assumptions.
Our most conservative fit value with the largest uncertainty isL1A=4.5−12

+18 fm3. We show that the contribution
of the uncertainty ofL1A to the analysis and interpretation of the solar neutrino data measured at the Sudbury
Neutrino Observatory is significantly less than the uncertainty coming from the lack of having a better knowl-
edge ofu13.
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A significant amount of theoretical work was recently di-
rected towards the calculation of neutrino capture on deu-
teron. Some of these efforts to describe this process utilized
the effective field theory approach. In this approach nonlocal
interactions at short distances are represented by effective
local interactions in a derivative expansion. Since the effect
of a given operator on low-energy physics is inversely pro-
portional to its dimension, an effective theory valid at low
energies can be written down by retaining operators up to a
given dimension. The coefficients of these operators are then
needed to be fixed either directly by the data or can be fitted
to the results of calculations carried out using more tradi-
tional approaches.

For nucleon-nucleon interactions it was shown that one
can introduce a well-defined power counting[1]. To describe
the processes dominated by the isovector axial two-body cur-
rent one needs to introduce a single coefficient, commonly
called L1A. This term then parametrizes the unknown axial
current which plays a leading role in the description of the
uncertainties of all neutrino-deuteron interactions. Using an
effective theory without pions[2] such a calculation was
carried out in Ref.[3]. These authors found that the ratio of
charged- to neutral-current was fairly insensitive to this
counterterm. To test the convergence of the results in Ref.[3]
Butler, Chen, and Kong also calculated next-order correc-
tions and found that no new parameters need to be intro-
duced[4]. An alternative formulation of the effective field
theory approach using heavy-baryon chiral perturbation
theory was given in Ref.[5].

The cross section for neutrino absorption on deuterium
was first calculated in Refs.[6,7] utilizing an effective range
approximation to describe the nuclear interaction, using the
allowed approximation for the weak operators, and assuming
that the final two-nucleon state has a relative angular mo-
mentum of zero. First-forbidden contributions to the weak
operators were included using Siegert’s theorem in Ref.[8]

and using convection current form of the vector operators in
Ref. [9]. A detailed assessment of various approximations in
these papers was given in Refs.[10,11] using various nuclear
potentials. This work was recently updated in Ref.[12].

Radiative corrections to the charged-current breakup of
the deuteron were calculated by Towner in Ref.[13]. Bea-
com and Parke pointed out[14] inconsistencies in Towner’s
treatment of radiative corrections. This inconsistency was re-
solved in Ref.[15] and cross section calculations using more
recent values ofgA were given in Refs.[15,16]. More re-
cently it was shown that radiative corrections to the charged-
current neutrino-nuclear reactions with either an electron or a
positron in the final state are described by a universal func-
tion [17].

The countertermL1A describing the effects of the leading
weak axial two-body current can be determined either by
comparing various cross sections calculated using the effec-
tive field theory approach with those calculated using stan-
dard potential model approach or with experimentally or ob-
servationally determined cross sections. When the
renormalization scale is set to the muon mass, dimensional
analysis gives a rough estimate of this quantity[4],

uL1Au , 6 fm3. s1d

It should be emphasized that this number depends on the
renormalization scale and cannot be reliably used at lower
energies. Using the existing reactor antineutrino-deuteron
breakup data provides a constraint off18g

L1A = 3.6 ± 5.5 fm3. s2d

Helioseismic observation of the pressure-mode oscilla-
tions of the Sun can be used to put constraints on various
inputs into the standard solar model, in particular thepp
fusion cross section. This process has been calculated to the
fifth order in pionless effective field theory[19]. Neutrino-
deuteron and antineutrino-deuteron scattering are computed
to the third order in the same approach. The value ofL1A is
not the same in different orders. Helioseismology limits
L1A=7.0±5.9 fm3 in the fifth order[20]. Using the expres-
sions given in Ref.[18] this gives

*Electronic address: baha@nucth.physics.wisc.edu
†Electronic address: yuksel@nucth.physics.wisc.edu

PHYSICAL REVIEW C 68, 055801(2003)

0556-2813/2003/68(5)/055801(5)/$20.00 ©2003 The American Physical Society68 055801-1



L1A = 4.8 ± 6.7 fm3 s3d

in the third order. State of the art calculations of thepp
fusion cross section are given in Refs.f21,22g where the
uncertainty in the axial two-body current operator was
adjusted to reproduce the measured Gamow-Teller matrix
element of tritiumb decay. After performing the transfor-
mation from the fifth to third order, the calculation of Ref.
f21g indicates a value of

L1A = 4.2 ± 2.4 fm3. s4d

One can also try to determine the counterterm directly
using the solar neutrino data. Using the Sudbury Neutrino
Observatory(SNO) and SuperKamiokande(SK) charged
current, neutral current, and elastic scattering rate data, Chen,
Heeger, and Robertson(CHR) find [23]

L1A = 4.0 ± 6.3 fm3. s5d

In order to obtain this result CHR wrote the observed rate
in terms of an averaged effective cross section and a suit-
ably defined response function. In this paper we explore
the phenomenology associated with the variation ofL1A.

In our calculations we used the neutrino cross sections
given in Refs.[3] and[4]. The radiative corrections are taken
into account following Ref.[15]. To calculate observed solar
neutrino rates and spectra we used a covariance approach the
details of which are described in Ref.[24]. In all calculations
to obtain the Mikheyev-Smirnov-Wolfenstein(MSW) sur-
vival probabilities we used the neutrino spectra and solar
electron density profile given by the standard solar model of
Bahcall and collaborators[25].

The dependence of the extracted neutrino parameters on
the value ofL1A is not very strong. We show how the param-
eter space changes withL1A in Fig. 1. In this figure to find the
allowed regions we fit 34 data points from the SNO day-
night spectrum[26] using the procedure of Ref.[24]. The
shaded area is the 90% confidence level region; 95%(solid
line), 99% (long-dashed line), and 99.73%(dotted line) con-
fidence levels are also shown. AsL1A changes from
−15 fm3 to 25 fm3 we note that the changes in the shape of
the confidence level intervals are small. In the calculations
leading to this figure we took the total8B flux to be a free
parameter using the procedure discussed in Ref.[24]. (Note

that even though we show the entire parameter space in this
figure in the rest of this paper we concentrated on the large
mixing angle region which is preferred by the global analy-
sis). We conclude that the uncertainty inL1A cannot be a
significant source of error in the analysis of SNO data.

In general, both the deuteron breakup cross section and
the total count rate at SNO are nonlinear inL1A. SinceL1A is
small the charged- and neutral-current count rates can be
linearized by making a first-order expansion, i.e.,

count rate, A + B L1A, s6d

as was done by CHR. Both the energy dependence and the
overall magnitude of the8B flux is an input into the stan-
dard solar model. The energy dependence is rather accu-
rately determined by the laboratory measurements of the
8B decay. The overall magnitude of this flux is determined
by the rate of the7Besp, gd8B reaction in the Sun. This rate
is extrapolated down from the measurements at laboratory
energiessfor a review, see Ref.f27gd. To account for the
sensitivity of the calculations on the value of the8B flux
we setFs8Bd= fBFSSMs8Bd and calculate the total rate for
various values of the parameterfB. Clearly the total count
rate should be proportional to the value offB. Note that
the elastic scattering count rate is independent ofL1A.
Thus allowing fB to vary freely cannot be fully compen-
sated by changingL1A as we discuss below.

In Fig. 2 we present the quantityDx2=x2−xmin
2 calculated

as a function ofL1A. In this figureDx2 is projected only on
one parametersL1Ad so thatn−s bounds on it are given by
Dx2=n2. u13 is assumed to be zero. The solid line represents
the case in which all other parameters(u12, dm12

2 , and fB) are
unconstrained. The best fit value is given byL1A=4.5 fm3. In
this caseL1A is constrained between −7 fm3 and 23 fm3 at 1s
level. Such a wide range is not surprising since the depen-
dence of the rate onL1A is small and the effects of the pa-
rameters such asu12, dm12

2 , and fB are much more dominant.
In order to obtain a better bound onL1A, we fix fB so that the
total count rate of SNO[26] is exactly reproduced at the
value ofL1A which corresponds to the minimumx2 of the fit
while the parametersu12 and dm12

2 are unconstrained. The
resulting fit is shown by the dashed line. In this caseL1A is
constrained between −2 fm3 and 13 fm3 at 1s level. The dot-
ted line in this figure represents the case where we fix all the
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FIG. 1. (Color online) The change in the al-
lowed region of the neutrino parameter space us-
ing solar neutrino data measured at SNO as the
value ofL1A changes. In the calculations leading
to this figure the neutrino mixing angleu13 is
taken to be zero(see text). The shaded areas are
the 90% confidence level region; 95%(solid
line), 99% (long-dashed line), and 99.73%(dot-
ted line) confidence levels are also shown.
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parameters exceptL1A. We find the best fit values ofu12 and
dm12

2 in a global fit using 93 data points from solar and re-
actor neutrino experiments; namely, the total rate of the chlo-
rine experiment(Homestake[28]), the average rate of the
gallium experiments(SAGE [29], GALLEX [30], GNO
[31]), 44 data points from the SK zenith-angle spectrum[32],
34 data points from the SNO day-night spectrum[26] and 13
data points from the KamLAND spectrum[33]. In addition
we fix fB so that the total count rate of SNO[26] is exactly
reproduced. If we were to exclude SNO data from the global
analysis and tookfB=1 instead of fixing as described above
this method would be tantamount to treating SNO as an ex-
periment to measure onlyL1A so that the uncertainties in the
SNO data would only show up as the corresponding uncer-
tainty atL1A. From the dotted lineL1A is constrained between
2 fm3 and 8 fm3 at 1s level. In a sense this latter range
represents the “best case” limit onL1A that one can obtain
from SNO. It is worth emphasizing that thex2 minimum is
almost the same in all these cases. In all cases we obtain a
best fit value ofL1A around 4.5–5 fm3 which is a little larger
than the value obtained by CHR. These authors use elastic
scattering, charged-current, and neutral-current rates sepa-
rately with effective cross sections. Since we fit the solar
neutrino day-night spectrum directly by folding differential
cross sections, detector response functions,8B spectrum, and
the MSW survival probabilities, we need a slightly larger
L1A.

In Fig. 3 we compare our results with results from other
analyses. Our results are based on the dashed and dotted
lines of Fig. 2. We calculate 1s errors by fitting a Gaussian
of the form

expF−
1

2SL1A − L1A
average

sL1A

D2G s7d

to each side of the marginal likelihood expressionL
=exps−Dx2/2d and estimate two standard deviations sepa-
rately for each sidef34g. We obtain the error band shown
in the figure by symmetrizing those errors.

One of the open questions in neutrino physics is under-
standing the role of mixing between the first- and third-flavor
generations,u13. In this regard we also explored if the uncer-
tainties coming from the lack of knowledge ofu13 and the
countertermL1A are comparable. In the limiting case of small
cosu13 anddm31

2 @dm21
2 , which seems to be satisfied by the

measured neutrino properties, it is possible to incorporate the
effects ofu13 rather easily. In this limit the three-flavor sur-
vival probability is given by[35,36,24]

P333sne → ned

= cos4 u13P232sne → ne with Ne cos2 u13d + sin4 u13.

s8d

In Eq. s8d the quantityP232sne→newith Ne cos2 u13d is the
standard two-flavor survival probability calculated with
the modified electron densityNe cos2 u13 and the standard
initial conditions. This suggests that for small values of
u13 the survival probability and consequently the counting
rate can be linearized in cos4 u13:

Count rate, A + Bs1 − cos4 u13d. s9d

The neutral- and charged-current counting rates linearly
depend onL1A while elastic scattering rate does not. Con-
versely the charged-current and elastic scattering rates lin-
early depend on cos4 u13 while the neutral-current rate
does not. Hence it is reasonable to compare their relative
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FIG. 2. (Color online) Projection of the globalDx2 function on
the parameterL1A. In the calculations leading to this figureu13 is
taken to be zero.u12, dm12

2 , and the parameterfB (the multiplier of
the 8B flux) are varied. The solid line represents the case where all
these three are unconstrained. The long-dashed line is when the8B
flux is fixed as described in the text, but the other two are uncon-
strained. The dotted line is whenu12 anddm12

2 are also taken to be
the best fit values to the SNO energy spectra.

FIG. 3. (Color online) Values of L1A obtained from different
analyses. The values labeled Balantekin-Yuksel are calculated using
the dashed and the dotted lines of Fig. 2 as described in the text.
Helioseismology limit is from Ref.[20]. Reactor antineutrino limit
is from Ref.[18]. The limit obtained by CHS[23] is also shown.

CONSTRAINTS ON AXIAL TWO-BODY CURRENTS FROM… PHYSICAL REVIEW C 68, 055801(2003)

055801-3



contributions. To this end in Fig. 4 we show the allowed
u13 and L1A parameter space whenu12 and dm12

2 are taken
to give the minimumx2 values to reproduce the data. Re-
sults where the fixed values ofu12 and dm12

2 obtained us-
ing only the best fit of the SNO datasleft-hand paneld and
using the best fit of all the solar neutrino data along with
KamLAND resultssright-hand paneld are both shown. The
dark-shaded region corresponds to the case whenfB=1.

The light-shaded region corresponds to the case when the
8B flux is unconstrained. We observe that the uncertainty
coming from the lack of a better knowledge ofu13 is
larger than uncertainty coming from not knowingL1A pre-
cisely. One also observes that asu13 increases the allowed
L1A region shifts toward larger values ofL1A. When u13
=0 the electron neutrino flux is lost into only one channel:
a particular linear combination ofm and t neutrinosf37g.
But whenu13Þ0 additional flux is lost into the orthogonal
channel as well. The slightly decreased electron neutrino
survival probability reduces the charged-current and the
elastic scattering count rates so that a slightly largerL1A is
needed to compensate the resulting decrease in the count
rates at each bin.

In conclusion we showed that the SNO experiment with
increased statistics using additional input from other solar
neutrino experiments can significantly reduce the uncertainty
in determining the precise form of the axial two-body cur-
rents at low energies. We also showed that the contribution
of the uncertainty inL1A to the analysis and interpretation of
the SNO data is nearly negligible. The effect of this uncer-
tainty is smaller than the effects of a nonzero value ofu13 or
even than the effects of possible solar density fluctuations
[38]. Finally our most conservative value forL1A is signifi-
cantly larger than that was obtained by CHR. One reason for
this may be the treatment of neutral- and charged-current
count rates together in the global analysis.
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