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Abstract. We have reconsidered the status of the large mixing angle (LMA) oscillation interpreta­
tion of the solar neutrino data in a more general framework where non-standard neutrino interactions 
are present. Using the latest data from all solar neutrino experiments and KamLAND we have found 
the existence of three LMA solutions, instead of the unique solution which holds in the absence of 
non-standard interactions, LMA-I. In addition to LMA-I, there is another solution with smaller 
value of Am2 (LMA-0), and a new "dark-side" solution (LM A-D) with sin2 9 = 0.70. We comment 
on the complementary role of atmospheric, laboratory, reactor and future solar neutrino experiments 
in lifting the degeneracy between this three solutions. We also mention that establishing the issue of 
robustness of the oscillation picture in the most general case will require further experiments, such 
as those involving low energy solar neutrinos. 
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INTRODUCTION 

The first data of the KamLAND collaboration [2] have been enough to isolate neutrino 
oscillations as the correct mechanism explaining the solar neutrino problem, indicating 
also that large mixing angle (LMA) was the right solution. The 766.3 ton-yr KamLAND 
data sample strengthens the validity of the LMA oscillation interpretation of the data [3]. 
With neutrino experiments now entering the precision age [4], the determination of 
neutrino parameters and their theoretical impact have become one of the main goals 
in astroparticle and high energy physics [5]. Now the main efforts should be devoted 
to the precision determination of the oscillation parameters and to test for sub-leading 
non-oscillation effects such as spin-flavour conversions [6, 7] or non-standard neutrino 
interactions (NSI) [8]. 

Here we focus on the case of neutrinos endowed with non-standard interactions. These 
are a natural outcome of many neutrino mass models [9] and can be of two types: flavour-
changing (FC) and non-universal (NU). Non-standard interactions may in principle 
affect neutrino propagation properties in matter as well as detection cross sections. Thus 
their existence can modify the solar neutrino signal observed at experiments. They may 

Based on the results of Ref. [1] 
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be parametrized with the effective low-energy four-fermion operator: 

XNSI = -£f
a
Pp2V2GF {VaY^LVp) (ffPf), (1) 

where P = L, R and / is a first generation fermion: e,u,d. The coefficients e^„ denote 

the strength of the NSI between the neutrinos of flavours a and /3 and the P-handed 
component of the fermion / . In the present work, for defmiteness, we take for / the 
down-type quark. However, one can also consider the presence of NSI with electrons and 
up and down quarks simultaneously. Current limits and perspectives in the case of NSI 
with electrons have been reported in the literature [10]. While strong constraints exist 
from vM interactions with a down-type quark (e^f < 10~3, e[^ < 10~3 — 10~2) from 
CHARM and NuTeV [11], the constraints for all other NSI couplings, including those 
involved in solar neutrino physics, are rather loose [11, 12]. Therefore, in our analysis 
we consider e ^ = 0 and we concentrate our efforts in the rest of NSI parameters. 

For our solar neutrino analysis, we will consider the simplest approximate two-
neutrino picture, which is justified in view of the stringent limits on 613 [5] that follow 
mainly from reactor neutrino experiments [13]. In this approximation, the Hamiltonian 
describing solar neutrino evolution in the presence of NSI contains, in addition to the 
standard oscillations term 

/ -^cos29 + y/2GFNe ^ s i n 2 0 A 

^ ^ s i n 2 0 # c o s 2 0 J 

a term ANSI, accounting for an effective potential induced by the NSI with matter, which 
may be written as: 

HNSI = V2GFNd ( £ J ) • (3) 

Here e and e' are two effective parameters that, according to the current bounds 
discussed above (e„M ~ 0), are related with the fundamental couplings of Eq. (1) by: 

e = - s i n e 2 3 4 y e' = sin2 O^e^-e^ (4) 

The quantity Nj in Eq. (3) is the number density of the down-type quark along the 
neutrino path. It is important to note that the neutrino evolution inside the Sun and the 
Earth is sensitive only to the vector component of the NSI, ê Y = edh + e^i. The effect 
of NSI with down-type quarks on the neutrino detection has been discussed at Ref. [1]. 

ANALYSIS OF SOLAR AND KAMLAND DATA 

Here we reanalyse the robustness of the oscillation interpretation of the solar neutrino 
data in the presence of non-standard interactions. We perform a complete analysis of 
the most recent solar and KamLAND neutrino data using a numerical computation for 
the survival probabilities in the light as well as in the dark side of the mixing angle, 
for values of Am2 in the range of 10~6 to 10~3 eV2 and running also the effective 
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FIGURE 1. Left panel: 90%, 95%, 99% and 99.73% C.L. allowed regions of the neutrino oscillation 
parameters from the analysis of the latest solar data (hollow lines), and from the combined analysis of 
solar and KamLAND data (colored regions). Right panel: allowed regions for the generalized OSC + NSI 
case, corresponding to a solar only analysis (hollow lines) and to a combined solar+KamLAND analysis 
(colored regions). 

TABLE 1. Best fit solar neutrino oscillation points with 
and without non-standard neutrino interactions. 

LMA-I 

LMA-I 

LMA-D 

LMA-0 

sin2 6S0L Am2 [eV2] £ 

0.29 

0.30 

0.70 

0.25 

OSC analysis 

8 .1xl0" 5 

OSC+NSI analysis 

7 .9x l0" 5 0 

7 .9x l0" 5 -0.15 

1.6xl0"5 0.10 

e' 

-

-0.05 

0.90 

0.30 

x2 

79.9 

79.7 

80.2 

86.8 

NSI couplings e and e' in the range [—1, l]2. Our results for the pure oscillation case 
(e = e' = 0) are shown in the left panel of Fig. 1. The best fit point for this global 
analysis is given by sin 0SOL = 0.29 and Am2 = 8.1 x 10"5 eV 2. This is in excellent 
agreement with the results obtained in [5] for the solar case. Concerning the generalized 
OSC+NSI picture, our results are shown in the right panel of Fig. 1 and Table 1. One 
sees that, in the light side, we obtain a region of allowed oscillation parameters larger 
than in the pure oscillation case, but more restricted than those obtained in previous 

More details about the statistical analysis performed can be found at Ref.[l] 
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OSC+NSI analysis of Refs. [14, 15] due to the effect of the recent KamLAND data, 
visible mainly in Am2. The table gives the parameter best fit values for the OSC and 
OSC+NSI fits. For the OSC+NSI analysis the best fit occurs for e = 0.0 and e' = -0.05. 
Clearly the quality of the fit obtained with and without NSI is comparable, as seen 
from the %2 values given in the last column of the table. The most remarkable result 
is, however, the appearance of an additional solution in the dark side region, LMA-D. 
This solution has sin2 0SOL = 0.70 and the same Am2 value as the LMA-I solution and is 
significantly better than the LMA-0 OSC+NSI solution of Refs. [14,15], as shown in the 
table. On the other hand, it is nearly degenerate with the LMA-I solution, as seen by the 
X2 value. This solution is characterized by e' = 0.90, although lower values ~ 0.75 are 
allowed at 3 c Even if embarrassingly large, one sees that such large NSI strength values 
are perfectly compatible with all existing solar and reactor neutrino data, including the 
small values of the neutrino masses indicated by current oscillation data. This opens a 
potentially physics challenge for upcoming low energy solar neutrino experiments, such 
as Borexino. Note that large NSI values could affect also solar neutrino detection, as 
considered in [16]. In what follows we give a discussion of the role of other experiments 
in probing neutrino properties at the level implied by the LMA-D solution. 

CONSTRAINTS ON NSI: PRESENT AND FUTURE 

As we just saw there are constraints on non-standard neutrino interaction strength pa­
rameters that follow from current solar and KamLAND data. The existence of NSI could 
also affect neutrino-nucleon scattering and there are laboratory data that potentially con­
strain their allowed strength. Moreover, one must check restrictions that follow from 
atmospheric data. Here we discuss their complementarity. 

Solar and KamLAND 

We can derive limits on NSI parameters from solar and KamLAND data by displaying 
our x2 as a function of the NSI parameters e or e' and marginalizing with respect to the 
remaining three parameters. Figure 2 gives the Ax2 profiles with respect to e and e'. 
From here one can determine the corresponding constraints on e and e'. We can see that 
at 90% C.L. -0.93 < e < 0.30 while for e' the only forbidden region is [0.20,0.78]. 
The dashed lines in Fig. 2 denote the ultimate reach of this method of constraining NSI 
parameters (through their effect in solar neutrino propagation), namely they correspond 
to the case where solar neutrino oscillation parameters Am2 and 0SOL are determined with 
infinite precision. One sees that in this ideal case the allowed range narrows down mainly 
for negative NSI parameter values. We conclude that there is substantial room still 
left for sub-leading non-standard neutrinos conversions in matter and, moreover, that 
the determination of solar neutrino oscillation parameters, especially the solar mixing 
angle, is currently ambiguous. It is unlikely that more precise reactor measurements by 
KamLAND will resolve this mixing angle ambiguity, as they are expected to constrain 
mainly Am2. 
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FIGURE 2. Constraining NSI parameters with solar and KamLAND neutrino data: dependence of Ax2 

with respect to £ and e', illustrating the current limits. 
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FIGURE 3. Predicted neutrino survival probability for low-energy neutrinos (left) and boron neutrinos 
(right) at the best fit points of the LMA-I, LMA-D and LMA-0 solutions. 

In Fig. 3 we present the predicted neutrino survival probabilities versus energy, from 
the region of pp neutrinos up to the high energy solar neutrinos, for the three best-fit 
points of the allowed regions found above. One sees that the solutions predict different 
rates for the low energy neutrinos, so that future low energy solar neutrino experiments 
may have a hope of disentangling these solutions. Similarly, in the region of boron 
neutrinos our LMA-D solution also predicts a distortion in the spectrum that might be 
detectable at future water Cerenkov experiments such as UNO or Hyper-K [17], given 
the high statistics expected. 
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FIGURE 4. Consistency between the e' coupling required for our LMA-D solution (shaded band) and 
the regions allowed by atmospheric data in the analytic approximation of Ref. [19] for e^ = 0.21 (solid 
lines). The laboratory constraints are also shown (dashed lines). 

Laboratory experiments 

The laboratory bounds on the neutrino non-standard interactions with down-type 
quarks can be summarized as |eff | < 0.5, \e$f\ < 6, | e ^ | < 1.1, -0 .6 < e^f < 0.5, 
—0.3 < £gg

L < 0.3, 0.6 < £gg
L < 1.1, see e. g. Ref [11]. Here we are interested in vector­

like NSI couplings. For the case of efe
y, these bounds can be translated to —0.5 < e^ < 

1.2, while for e^ one finds a much wider range. However, we stress that these bounds 
have been obtained assuming that only one parameter is effective at a time. Relaxing 
this assumption opens more freedom. Assuming maximal mixing in the 2-3 sector in 
Eq. (4), one has 

-0.15 

0.90 

dv. 

rdV . 
0.21 

2 ( £ f + 0.90) 

(5) 

(6) 

From this one can see explicitly that, even taking the above constraints at face value, 
they still leave room for our degenerate dark-side solution with e' = 0.90. 

Atmospheric data 

Concerning the atmospheric neutrino data, it is known that a large NSI strengths 
can originate a suppression of the neutrino oscillation amplitude. This has indeed been 
used in a two-neutrino analysis [18] in order to obtain relatively strong bounds on the 
NSI strength. However, in a 3-neutrino analysis of atmospheric data [19] it has been 
explicitly shown that large NSI strengths are not excluded. In particular, these authors 
have found two specific scenarios where somewhat large NSI strengths can fit well 
the experimental data, because their effect will be indistinguishable from the standard 
oscillation case, at least at high and low energies. Adapting their definitions to our 
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notation, and using their analytical description, we obtain the two branches indicated 
in Fig. 4. One sees that the shaded band corresponding to our LMA-D solution at 90% 
C.L. (with E^ = 0.21) intersects these branches in two disjoint regions, suggesting 
that, indeed, the NSI couplings required by the LMA-D solution are compatible with 
the atmospheric neutrino data. However, in a more complete numerical analysis of 
atmospheric neutrino data [20], it has been shown that values of e!j% in the right region 
are not allowed by atmospheric data: only the left disjoint region is compatible with 
atmospheric neutrino data. As indicated by the dashed lines in Fig. 4 one can see that 
£gg

y values in this region lie outside the range allowed by current laboratory data. This 
leads us to conclude that the LMA-D solution induced by the simplest non-standard 
interactions of neutrinos with only down-type quarks is ruled out by its incompatibility 
with atmospheric and laboratory data. However, one can verify that for the general case 
where neutrinos have other NSI couplings one can reconcile the above laboratory bounds 
with the parameters required by the LMA-D solution. 

CONCLUSIONS 

We have reanalysed the status of the LMA oscillation interpretation of the solar neutrino 
data in a more general framework where non-standard neutrino interactions are present. 
We have seen that combining the solar neutrino data, including the latest SNO fluxes of 
the salt phase with the full KamLAND data sample still leaves room for a degenerate 
determination of solar neutrino oscillation parameters. To this extent the solar neutrino 
oscillation parameters extracted from the experiments may be regarded as non-robust. 
In addition to the lower LMA-0 solution, we have found a LMA-D solution character­
ized by values of the solar mixing angle larger than n/A. This solution requires large 
non-universal neutrino interactions on down-type quarks. While the LMA-0 solution is 
already disfavored, and will soon be in conflict with further data, e.g. future KamLAND 
reactor data, the degeneracy implied by LMA-D solution will not be resolved by more 
precise KamLAND reactor measurements. This shows that the determination of solar 
neutrino parameters only from solar and KamLAND data is not fully robust. It is 
crucial to consider other data samples, such as atmospheric and laboratory data, since 
these bring complementary information. In the present case they allow one to rule out 
the LMA-D solution induced by the simplest NSI between neutrinos and down-type-
quarks-only, given the large values of the non-universal NSI couplings required by 
that solution. It is therefore important to perform similar analyses for the more general 
case of non-standard interactions involving electrons and/or up-type quarks. Only in 
such scenario (NSI with u-type, d-type and electrons) we can confidently establish the 
robustness of the oscillation interpretation. Further experiments, like low-energy solar 
neutrino experiments are therefore required in order to clear up the situation. 
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