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Most neutrino mass extensions of the standard electroweak model entail nonstandard interactions

which, in the low-energy limit, can be parametrized in term of effective four-fermion operators ����
�ff.

Typically of subweak strength ���GF, these are characterized by dimensionless coupling parameters ���,

which may be relatively sizable in a wide class of schemes. Here we focus on nonuniversal flavor-

conserving couplings (� ¼ �) with electrons (f ¼ e) and analyze their impact on the phenomenology of

solar neutrinos. We consistently take into account their effect both at the level of propagation, where they

modify the standard Mikheev-Smirnov-Wolfenstein behavior, and at the level of detection, where they

affect the cross section of neutrino elastic scattering on electrons. We find limits which are comparable to

other existing model-independent constraints.
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I. INTRODUCTION

Solar neutrino oscillations dominated by matter effects
[1,2] are currently well established by solar neutrino ex-
periments [3–22] and have been confirmed by the long-
baseline KamLAND reactor experiment [23–25]. The
combination between solar and KamLAND determines a
unique solution in the mass-mixing parameter space, the
so-called large mixing angle (LMA) solution; see, e.g.,
[26–29]. This solution has been shown to be quite robust
against possible uncertainties in solar physics, such as
magnetic fields in the radiative zone, that could give rise
to noise fluctuations [30–37], as well as in the convective
zone [38,39], that could induce spin-flavor neutrino con-
versions [40,41]. The KamLAND data play a crucial role
in establishing that nonstandard effects can play only a
subleading role [42], their amplitude being effectively
constrained.

Altogether, the high precision and robustness of the
current data render solar and reactor neutrinos a unique
probe of possible physics beyond the standard model (SM)
[42–48], complementing information from atmospheric
and accelerator neutrinos [49,50]. Moreover, nonstandard
interactions provide an important window of opportunity
for current or upcoming long-baseline neutrino oscillation
experiments and have been extensively considered in this
framework [51–57].

It is worth stressing that, while constrained by the solar
and KamLAND data, nonstandard interactions (NSI) pro-
vide an exception to robustness of the neutrino oscillation
interpretation [45,46], and they might even shift the solu-
tion to the so-called dark side region of the neutrino
parameter space [58]. Indeed, with oscillations still being
the underlying mechanism, an additional degenerate oscil-

lation solution in neutrino oscillation parameters can ap-
pear for sufficiently intense nonstandard interactions.
Neutrino NSI constitute an unavoidable feature of gauge

models of neutrino mass, for example, models of the
generic seesaw type [59] where neutrino masses arise
from the admixture of isodoublet and isosinglet neutral
leptons. In general, the lepton mixing matrix for charged
currents is described by a matrix K, and the corresponding
neutral weak interactions are described by a nontrivial
matrix [59] KyK. In particular, in the simplest type-I see-
saw schemes [60–63], the smallness of the neutrino mass
implies that, barring fine-tuning, the magnitude of neutrino
NSI and its effects are expected to be negligible. However,
this need not be always the case. For example, by a suitable
symmetry one may prevent the appearance of type-I see-
saw mass contributions, hence allowing for the new neutral
heavy leptons to lie at a mass scale accessible to accelera-
tor experiments and, simultaneously, potentially produce
sizable NSI strengths. For example, this may happen in
some specially designed triplet (type-II) seesaw models
[59,64], as shown in Ref. [65].
Alternatively, one may extend the lepton sector of the

SUð2Þ �Uð1Þ theory by adding a set of two 2-component
isosinglet neutral fermions in each generation [66,67]. This
scheme is sometimes called an ‘‘inverse seesaw’’ and
provides an elegant way to generate small neutrino masses
without a superheavy scale. This automatically allows for a
sizable magnitude of neutrino NSI strengths, uncon-
strained by the smallness of neutrino masses.1 The NSI
which are engendered in this case will necessarily affect

1It also provides an explicit example for flavor and CP
violation completely detached from the smallness of neutrino
masses [68–70].
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neutrino propagation properties in matter, an effect that
may be resonant in certain cases [71–73]. They may also be
large enough as to produce effects in the laboratory.

Another possible way to induce neutrino NSI is in the
context of low-energy supersymmetry without R-parity
conservation [74–77] of both the bilinear [78–81] and the
trilinear type [82]. The smallness of neutrino masses may
also follow from its radiative nature [83,84], allowing for
possibly sizable NSI strengths.2

In general, one may consider a general class of non-
standard interactions described via the effective four-
fermion Lagrangian

�Leff
NSI ¼ "fP��2

ffiffiffi
2

p
GFð �����L��Þð �f��PfÞ; (1)

where GF is the Fermi constant and "fP�� parametrize the

strength of the NSI. The chiral projectors P denote fR;L ¼
ð1� �5Þ=2g, while � and � denote the three neutrino
flavors, e, �, and �, and f is a first-generation SM fermion
(e, u, or d).

For example, the existence of effective neutral current
interactions contributing to the neutrino scattering off d
quarks in matter provides new flavor-conserving as well as
flavor-changing terms for the matter potentials of neutri-
nos. Such NSI are directly relevant for solar [46,58,87] and
atmospheric neutrino propagation [49,50,88].

In general, the presence of NSI affects the solar neutrino
phenomenology inducing profound modifications both in
matter propagation [71,89,90] as well as in the detection
process [43]. Although various works have investigated the
effects of NSI at the level of propagation inside the Sun
[45,46,58], the impact of NSI at the level of detection has
received far less attention, and only qualitative studies have
been performed so far [43,44].3

Therefore, it seems timely and interesting to investigate
in more detail NSI trying to fill this gap in the literature.
Our main aim is then to perform a quantitative analysis of
the impact of NSI in solar neutrino phenomenology con-
sistently taking into account their impact both on propa-
gation and on detection processes. The simultaneous
inclusion of NSI effects in both processes unavoidably
renders the computational analysis very demanding since
for each choice of the NSI couplings, one has to convolve
the oscillation probability with the cross section of the
relevant process. For definiteness in this work we have
restricted our study to the following situation: (I) We
have considered only nonuniversal (NU) flavor-conserving
interactions neglecting flavor-changing neutral current in-
teractions (FCNC). (II) We have considered interactions
only with electrons (f ¼ e). (III) We have performed our
analysis switching on the interaction for one neutrino

flavor at a time. (IV) We do not consider NSI of ��

with electrons since the current bounds in this case [48]
(� 0:033 � "L�� � 0:055, �0:040 � "R�� � 0:053) are

stronger than the attainable sensitivity from our solar
analysis.
A final remark is in order. In general, one should also

consider the possible simultaneous presence of FCNC and
include NSI with up and/or down quarks.4 We have not
performed such a general analysis since the number of
parameters would disproportionally increase. Although
considering only flavor-preserving NSI with electrons
may seem somewhat reductive, we deem that a model-
indpendent detailed study of this specific case may provide
particular insight and may be useful for future, more
complete, studies.
The paper is organized as follows. In Sec. II, we discuss

the impact of NU nonstandard interactions on propagation
properties providing quantitative constraints on their am-
plitude. In Sec. III, we consider the effect of NSI on the
elastic scattering cross section. In Sec. IV, we discuss the
general case in which we simultaneously include NSI both
in the propagation and in detection of electron neutrinos. In
Sec. V, we show analogous results for the case of � neu-
trinos. Finally, in Sec. VI, we trace our conclusions.

II. NONSTANDARD PROPAGATION

In this section we introduce the basic formalism describ-
ing neutrino propagation in the presence of nonstandard
interactions and derive quantitative bounds on the ampli-
tude of the effective nonuniversal couplings. These bounds
will be an important ingredient to interpret the results of
our full analysis presented in Secs. IV and V, where we
consider the interplay of NSI effects in propagation and
detection processes.
Here and in the following, we assume the standard

parametrization for the lepton mixing matrix [59], within
the convention adopted by the Particle Data Group [91],
setting the small mixing angle 	13 to zero for the sake of
simplicity. For 	13 ¼ 0, standard oscillations in the �e !
�e channel probed by long-baseline reactor (KamLAND)
and by solar neutrino experiments are driven by only two
parameters: the mixing angle 	12 and the neutrino squared
mass difference �m2

21 ¼ m2
2 �m2

1. In the flavor basis, the
evolution of neutrinos can be written as

i
d

dx

�e

�a

� �
¼ H

�e

�a

� �
; (2)

where �a is a linear superposition of �� or �� and H is the

total Hamiltonian

H ¼ Hkin þHMSW
dyn þHNSI

dyn (3)
2For an alternative recent discussion of possible NSI strengths

in a similar context, see Refs. [85,86]
3Solar and reactor neutrino fluxes are unaffected by the class

of NSI which typically arise in models of neutrino mass.

4Limits on NSI involving up and down quarks have already
been reported in the literature [49,50,58].
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split as the sum of the kinetic term, the standard Mikheev-
Smirnov-Wolfenstein (MSW) matter term [1,2] and of a
new, NSI-induced, matter term [71]. The kinetic term
depends on the mixing angle 	12, on the squared mass
difference �m2

21 ¼ m2
2 �m2

1, and on the energy E as

Hkin ¼ k

2

� cos2	12 sin2	12
sin2	12 cos2	12

� �
; (4)

where k ¼ �m2
21=2E is the neutrino oscillation wave num-

ber. The standard (MSW) interaction term can be ex-
pressed as

HMSW
dyn ¼ VðxÞ 1 0

0 0

� �
; (5)

where VðxÞ ¼ ffiffiffi
2

p
GFNeðxÞ is the effective potential in-

duced by interaction with the electrons with number den-
sity NeðxÞ. The NSI term can be cast in the form

HNSI
dyn ¼ VðxÞ 0 "

" "0
� �

; (6)

where " and "0 are two effective parameters that, neglect-

ing "fP��, are related with the vectorial couplings by

" ¼ � sin	23"
eV
e� ; "0 ¼ sin2	23"

eV
�� � "eVee : (7)

In the present work, we focus on the flavor-conserving NU
couplings, setting the flavor-changing off-diagonal cou-
pling " ¼ 0. Hence, in the treatment of solar neutrino
propagation, in addition to the mass-mixing parameters
we include the coupling "0.

In our numerical analysis we have included the data
from the radiochemical experiments Homestake [3], Sage
[5], and GALLEX/GNO [6–8], from Super-KamioKande
(Super-K) [10–12], from all three phases of the Sudbury
Neutrino Observatory (SNO) [14–19], and from Borexino
[21]. We have also included the latest KamLAND data [25]
using a threshold of 2.6 MeV, which allows us to neglect
the contribution of low-energy geoneutrinos.

It is worth noticing that, although we have incorporated
both standard and nonstandard matter effects, due to the
low matter density of the Earth’s crust, they have only a
negligible effect in KamLAND, for the range of parame-
ters we are considering. Therefore the inclusion of
KamLAND in the analysis has the important effect of
determining the solar mass-mixing parameter, indepen-
dently of the nonstandard interaction parameters.

In Fig. 1, we show the constraints we obtain on the
parameter "0 from the solar neutrino data in combination
with KamLAND after marginalization over the two mass-
mixing parameters. We can qualitatively explain these
bounds as follows. We notice that, since the term contain-
ing the effective NU coupling is diagonal, it is formally

equivalent to a redefinition of the potential V5

VðxÞ ! ð1� "0ÞVðxÞ: (8)

In the LMA region the propagation is adiabatic so that, up
to small Earth matter effects, the �e survival probability is
given by the simple formula

Pee ¼ 1
2ð1þ cos2~	12ðx0Þ cos2	12Þ; (9)

where ~	12ðx0Þ is the energy-dependent effective mixing
angle in matter at the production point x0 (see, e.g., [93]
and references therein):

cos2~	12ðx0Þ ¼ cos2	12 � Vðx0Þ=kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðcos2	12 � Vðx0Þ=kÞ2 þ sin22	12
p : (10)

From the equations above we see that the survival proba-
bility depends on the potential VðxÞ through the ratio V=k,
and a rescaling of V can be compensated by a rescaling of
the wave number k, which for a fixed neutrino energy
implies a rescaling of the value of �m2

21 preferred by
data. Therefore, in the presence of a small NU coupling,
the LMA solution moves upward ("0 < 0) or downward
("0 > 0) in the mass-mixing parameter space (not shown).
Now we note that in the absence of nonstandard interac-
tions the value of �m2

21 preferred by solar data is in
agreement to the one identified with high precision by
KamLAND. Hence, the presence of the additional non-
standard effects tends to spoil this agreement, and the

FIG. 1 (color online). Constraints on the effective amplitude
characterizing NU nonstandard interactions in propagation.

5As shown in [92], the uncertainty in the solar composition
leads to a small uncertainty on the electron neutrino density (and
then on the potential V). In the region relevant for adiabatic
transitions of solar neutrinos R< 0:6 (in units of solar radii), this
can be quantified as less than 2% and hence is negligible in the
context of our analysis.

PROBING NONSTANDARD NEUTRINO-ELECTRON . . . PHYSICAL REVIEW D 79, 113012 (2009)

113012-3



tension arising between solar and KamLAND effectively
constrains the amplitude of "0.6 It is interesting to note that
the constraints on such a parameter have now reached the
‘‘sensitivity limit’’ attainable by KamLAND high preci-
sion measurements [25]. Indeed, we have checked that the
constraints that one would obtain fixing the �m2

21 at the
best fit obtained by KamLAND are practically equivalent
to those we obtain by exact marginalization. The freedom
for "0 is essentially determined by the range of �m2

21

allowed by the solar data alone. Indeed, by varying the
value of "0, the wide solar LMA solution smoothly
‘‘slides’’ over the thin �m2

21 region determined by
KamLAND.

We observe that, while for small deviations around the
standard value ("0 ¼ 0) the bounds are symmetrical, for
larger amplitudes the constraints becomes asymmetrical,
i.e., stronger for positive values of "0. This behavior is due
to the typical shape of the solar LMA solution (see, for
example, [26,28]) which is more (less) elongated towards
large (low) �m2

21 values. Indeed, the solar LMA solution is
strongly limited from below by the (non)observation of
day-night asymmetry in Super-K and SNO, and it is con-
strained in the upper part essentially by the charge current/
neutral current (CC/NC) ratio measured by SNO. This
asymmetric behavior will be relevant when considering
(see Secs. IVand V) the interplay among the limits coming
from nonstandard propagation with those coming from
nonstandard detection.

III. NONSTANDARD DETECTION

Nonstandard couplings of neutrinos with electrons affect
the elastic scattering ð�ae ! �aeÞ process modifying the
number of events and their spectral distribution expected in
the Super-K detector and to a much lesser extent in the
SNO detector. In principle, they also affect the Borexino
spectrum, but we have checked that the current statistics is
(still) too low to compete with Super-K.

The standard differential cross section for ð�ae ! �aeÞ
scattering processes has the well known form

d
std
a

dT
ðE�; TeÞ ¼ 2G2

Fme

�

�
ðga1Þ2 þ ðga2Þ2

�
1� Te

E�

�
2

� ga1g
a
2

meTe

E2
�

�
; (11)

where me is the electron mass, E� is the incident neutrino
energy, and Te is the electron recoil energy. The quantities
ga1 and g

a
2 are related to the SM neutral current couplings of

the electron geL ¼ �1=2þ sin2	W and geR ¼ sin2	W , re-

spectively, with sin2	W ¼ 0:231 19 [91].7 For ��;� neutri-

nos, which take part only in neutral current interactions, we
have g�;�

1 ¼ geL and g�;�
2 ¼ geR, while for electron neutri-

nos both CC and NC interactions are present and ge1 ¼
1þ geL, g

e
2 ¼ geR. In the presence of NU nonstandard in-

teractions, the cross section can bewritten in the same form
of Eq. (11) but with ga1;2 replaced by the effective non-

standard couplings ~ga1 ¼ ga1 þ "eLaa and ~ga2 ¼ ga2 þ "eRaa .
Strong limits can be placed on �� interactions with

electrons [48] (� 0:033 � "L�� � 0:055, �0:040 �
"R�� � 0:053). In contrast, the constraints on the other

two NU couplings are rather loose [48]. Therefore in our
analysis we can safely neglect NSI with muons of either
helicity and focus in what follows on possible nonstandard
couplings of �e and ��. In addition, we have performed our
analysis switching on one flavor nonstandard interaction at
a time, due to computational limits. Indeed, already in this
simple case we must consider as additional parameters "eLaa
as well as "eRaa at the level of detection and their sum at the
level of propagation.
Before introducing our numerical results, it is worth

discussing the qualitative behavior one expects when NU
interactions are present in the detection process. We first
observe that for the high energy boron neutrinos (which are
relevant for Super-K) MSW matter effects dominate and
the survival probability is approximately Pee � sin2	12 �
1=3. Furthermore, the transition probabilities to the other
flavors are approximately equal (Pe� � Pe� � 1=3) since

the admixture of �� and �� neutrinos is determined by the

nearly maximal ‘‘atmospheric’’ mixing angle [26–29]
(sin2	23 � 0:5). Hence, up to small Earth matter effects,
an approximately equal admixture of the three neutrino
flavors arrives at the Super-Kamiokande detector.
Therefore from Eq. (11) one can expect the following
general features: (I) In both cases of �e and �� interactions,
a deviation of the L-type coupling should mostly affect the
total rate through the first term in Eq. (11). (II) The relative
contribution of the first term in the cross section is almost
1 order of magnitude larger for �e compared to ��

[ðge1Þ2=ðg�1Þ2 ’ 7]. Thus we expect this feature to be re-
flected in a reduced sensitivity to "eL�� compared to "eLee .
(III) Deviations of the R-type coupling will instead modify
the expected energy spectrum through the second term and
(to a lesser extent) through the third term. (IV) The value of
ga2 is identical for �e and ��, and we expect comparable
sensitivities for the "eRee , "

eR
�� effective couplings coming

from the Super-K spectral information. (V) The third term
(proportional to ga1g

a
2) is suppressed by the (energy-

dependent) factor meTe=E
2
� and should induce non-

negligible effects only in the case of electron neutrinos

6This behavior was indeed already noticed in Ref. [94], where
upper bounds on possible deviations from the standard amplitude
of the MSW interaction potential were considered.

7For our numerical analysis, instead of this simple tree level
expression, we also include the radiative corrections given in
Ref. [95].
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(a ¼ e) since in this case ga1 is bigger (ge1 � 0:73 in the
standard case).

IV. CONSTRAINTS ON ELECTRON NEUTRINO
INTERACTIONS

In this section we present the numerical results of our
analysis in the presence of NU couplings of �e with
electrons. With this aim, we have performed a joint analy-
sis of solar and KamLAND data in the
ð�m2

21; sin
2	12; "

eL
ee ; "

eR
ee Þ parameter space, taking into ac-

count that only the vectorial combination "eVee ¼ "eLee þ "eRee
is involved in the propagation. Moreover, we have limited
our scan in the L-type NSI parameter "eLee to the range
ð�0:3; 0:3Þ. Although a degeneracy in the value of this
parameter appears when one includes only the �e scatter-
ing data [47], by allowing for NSI values as large as "eLee ¼
�1:5, these values turn out to be forbidden when one also
includes the LEP data, as shown in Ref. [48].

In the three panels of Fig. 2, we show the regions
allowed in the plane ½"eLee ; "eRee � where the mass-mixing
parameters have been marginalized away. In the left panel,
we show the region allowed when we switch on the non-
standard effects only in the detection process. The sensi-
tivity to deviations of the L-type coupling is higher than the
R-type sensitivity (notice the different scale used for the
two parameters). This behavior follows from the fact that
the most important effect of "eLee arises from the first term in
Eq. (11) and approximately consists in an energy-
independent rescaling of the cross section. This in turn
leads to deviations of the predicted theoretical values of the
total Super-K rate which are rejected by all of the remain-
ing solar data. To better understand this point, we note that,
if only Super-K data were included in the analysis, large
deviations of the total cross section could be allowed since
they could be compensated by a rescaling of the theoretical
boron flux which is still uncertain at the �20% level.
However, the combination of the Super-K data with the
other solar neutrino experiments drastically improves the
sensitivity to "eLee . In particular, SNO plays a crucial role in

this respect, limiting possible departures of the total Super-
K rate in two ways. First, the NC measurement provides a
direct measurement of the boron flux in agreement with the
SM prediction to within �6% or so, effectively reducing
the allowed space for a possible rescaling of the boron flux.
Second, the precision measurement of the SNO CC rate
imposes a further constraint on the Super-K neutrino-
electron scattering rate.
As already observed in the previous section, the con-

straints on the R-type coupling come from the spectral
information obtained in the Super-K experiment. Current
Super-K data are consistent with the spectrum predicted for
a standard cross section while still allowing for appreciable
deviations. Therefore the limits on the R-type coupling are
looser compared with those obtained on the L-type one
(note the different scale used for "eRee and "eLee ). We observe
that the ‘‘barycenter’’ of the allowed region is slightly
shifted toward negative values of "eRee (��0:2). For such
values the coefficient ge2 � 0 and both the second and third
(energy-dependent) terms in Eq. (11) tend to vanish indi-
cating a slight preference of the data for an energy-
independent cross section. We also observe how the al-
lowed region is elongated towards negative values of both
nonstandard L-type and R-type couplings indicating that in
this region of the parameter space a degeneracy exists
between the second and the third terms in Eq. (11).
Indeed, the second term tends to give a negative tilt to
the Super-K energy spectrum which is counterbalanced by
the positive tilt induced by the third one (indeed, its coef-
ficient is positive in this parameter region since ge2 assumes
negative values).
In the middle panel of Fig. 2, we report the constraints

obtained when we include nonstandard effects only in
neutrino propagation, as already discussed in Sec. II. In
this plane these constraints are represented by diagonal
bands delimited by lines corresponding to constant values
of the vectorial coupling. This plot clearly shows how these
constraints are different and complementary to those com-
ing from detection.

-1 0 1

εeR

ee

-0.1

0

0.1

εeL ee

-1 0 1

εeR

ee

-1 0 1

εeR

ee

FIG. 2 (color online). Constraints on the electron neutrino nonstandard interactions. Bounds at 68%, 90%, 95%, and 99% for 2 d.o.f.
In the left panel nonstandard effects are included only in the detection, in the middle panel only in propagation, and in the right panel
the effects are included in both processes.
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In the third panel, we show the allowed region obtained
by the full global analysis, where we simultaneously in-
clude nonstandard effects in detection and in propagation.
The effect of including NU couplings in both processes
leads to an appreciable reduction of the allowed region
evidencing a high complementarity and synergy of the two
kinds of constraints, which effectively turns the global
allowed region into a ‘‘round’’ shape.

It is interesting to observe that the allowed region in the
third panel looks like just a naı̈ve combination of the two
regions determined separately only by detection and only
by propagation. This result is important since, a priori, one
would in principle expect a possible degeneracy among
nonstandard effects induced at the level of detection and
those induced at the level of propagation. In particular,
some region of the parameter space could exist where
nonstandard effects in detection could counterbalance
those induced in the propagation process (and vice versa).
Our analysis shows, a posteriori, that such a degeneracy is
instead absent. One can qualitatively understand this be-
havior noting that, although nonstandard propagation ef-
fects could in principle partially undo the modifications
induced by the nonstandard detection in Super-K, their
presence would unavoidably spoil the agreement of all of
the other experimental results (Cl, Ga, and SNO) with their
respective theoretical predictions (which are all well de-
scribed by standard propagation.)

We close this section quoting the range allowed [at
90% C.L. (2 d.o.f.)] for the amplitude of the nonuniversal
R-type coupling of electron neutrinos with electrons,

� 0:27< "eRee < 0:59; (12)

and for the L-type one,

� 0:036< "eLee < 0:063: (13)

We observe that our limits are comparable with those found
by laboratory experiments [48].

V. CONSTRAINTS ON TAU NEUTRINO
INTERACTIONS

In this section, we present the numerical results of the
analysis in the presence of nonuniversal couplings of ��

with electrons. As in the case of the electron neutrinos
presented in the previous section, also in this case we have
performed a joint analysis of solar and KamLAND reactor
data in the ð�m2

21; sin
2	12; "

eL
�� ; "

eR
�� Þ parameter space, again

taking into account that only the vectorial combination of
the chiral couplings enters the propagation. In contrast to
the case considered in the previous section, for the "eL�� case
the analysis is performed for a wider range than considered
for "eLee , since the current laboratory constraints are too
weak to resolve the degeneracy pattern [47].
Note that in the present case the signal observed in the

Super-K experiment is the sum of the standard contribution
due to scattering of the three neutrino flavors and of an
additional nonstandard contribution due to the interaction
of � neutrinos with electrons through the neutral current.
These neutrinos originate from solar neutrino oscillations
into a state �a which we approximate as an equal mixture
of �� and ��, corresponding to maximal atmospheric

mixing angle and zero 	13.
Figure 3 is analogous to Fig. 2 but with the three panels

showing, respectively, the regions allowed in the ½"eL�� ; "eR�� �
plane. Notice that in this case the scale of the L-type
coupling is different from the case of electron neutrinos,
being almost an order of magnitude larger. In the first
panel, the ‘‘two-island’’ behavior is a manifestation of
the degeneracy pattern which exists for the electron case
[47] and which is not fully lifted by our current global
analysis. It is clear from Eq. (11) that the neutrino-electron
cross section is symmetric under the simultaneous trans-
formation ga1 ! �ga1 and ga2 ! �ga2 . Moreover, the last

term, already small due to the ratio me=E�, is further
suppressed compared with the electron neutrino case since
its coefficient g�1g

�
2 is now smaller. Therefore, there is

-1 0 1

εeR

ττ

-1

-0.5

0

0.5

1

εeL ττ

-1 0 1

εeR

ττ

-1 0 1

εeR

ττ

FIG. 3 (color online). Constraints on the � neutrino nonstandard interactions. Bounds at 68%, 90%, 95%, and 99% for 2 d.o.f. In the
left panel nonstandard effects are included only in the detection, in the middle panel only in propagation, and in the right panel the
effects are included in both processes. Notice the different scale for the left coupling with respect to the case of electron neutrinos
presented in Fig. 2.
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actually an approximate symmetry under separate changes
in the sign of ga1;2. In our case this can be achieved by

setting, for instance, "eL�� ¼ �2g�1 ’ 0:54, which effec-
tively amounts to the transformation ~g�1 ¼ g�1 þ "eL�� !
�g�1. As can be seen in Fig. 3, our global data analysis is
already able to resolve this degeneracy at 99% C.L. but is
not able to resolve the same degeneracy for the "eR�� case.
As in the case of interaction with electron neutrinos treated
in the previous section, we find that the barycenter of the
allowed region is slightly shifted toward negative values of
the L-type parameter, again indicating a weak preference
for an energy-independent differential cross section (see
comments in Sec. IV).

In the middle panel, we show the constraints obtained
including nonstandard effects only in propagation. We
observe that in this case [see Eq. (7)] we have "eV�� ¼
"0=sin2	23 ’ 2"0, explaining the reduced sensitivity to the
vectorial coupling. Finally, the right panel is obtained, as
before, by consistently including nonstandard effects both
in neutrino detection as well as in propagation. As for the
case of electron neutrinos discussed in Sec. IV, the full
analysis clearly shows the complementarity among the
constraints coming from detection and propagation and
the absence of any possible degeneracy between the two
effects. We find the following 90% C.L. (2 d.o.f.) allowed
range of the nonstandard amplitude of R-type coupling:

� 1:05< "eR�� < 0:31; (14)

while two disjoint ranges for the L-type coupling are
obtained:

� 0:16< "eL�� < 0:11; 0:41< "eL�� < 0:66; (15)

corresponding to the ‘‘two-island’’ region discussed above.
We observe that also in this case our limits are comparable
to the existing laboratory bounds [48].

VI. SUMMARYAND CONCLUSIONS

Motivated by neutrino mass extensions of the standard
electroweak model that imply the existence of neutrino
nonstandard interactions, we have considered the con-
straints on the strength of effective nonuniversal flavor-
conserving four-fermion operators ���� �ee with electrons,
where� ¼ e; �, that can be obtained from solar and reactor
(KamLAND) neutrino data. We have consistently taken
into account the effect of nonstandard physics both at the
level of neutrino propagation, where they modify the stan-
dard MSW behavior, as well as at the level of detection,
where they affect the cross section of neutrino elastic
scattering on electrons.
Our analysis allows us to trace the following important

conclusions: (I) The constraints on NU couplings obtained
by detection and propagation of solar neutrinos are of
comparable sensitivity. (II) The constraints coming from
the two processes are highly complementary, and the gen-
eral analysis allows considerable restrictions of the pa-
rameter space. (III) The current data seem powerful
enough to remove degeneracies possibly arising among
NU couplings at the level of detection and propagation,
respectively. (IV) The limits we find are comparable with
those found by means of other model-dependent searches.
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