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We discuss constraints on the coefficient Ayisw which is introduced to simulate the effect of weaker
or stronger matter potential for electron neutrinos with the current and future solar neutrino data.
The currently available solar neutrino data leads to a bound Ayvisw = 1.47,02 %) at1o (30) CL,
which is consistent with the Standard Model prediction Amsw = 1. For weaker matter potential

(Amsw < 1), the constraint which comes from the flat 8B neutrino spectrum is already very tight,
indicating the evidence for matter effects. However for stronger matter potential (Amsw > 1),
the bound is milder and is dominated by the day-night asymmetry of ®B neutrino flux recently
observed by Super-Kamiokande. Among the list of observables of ongoing and future solar
neutrino experiments, we find that (1) an improved precision of the day-night asymmetry of B
neutrinos, (2) precision measurements of the low-energy quasi-monoenergetic neutrinos, and (3)
the detection of the upturn of the ®B neutrino spectrum at low energies are the best choices to
improve the bound on Aysw.

1. Introduction

Neutrino propagation in matter is described by the Mikheyev-Smirnov-Wolfenstein (MSW)
theory [1-4]. It was successfully applied to solve the solar neutrino problem [5], the
discrepancy between the data [6-15], and the theoretical prediction of solar neutrino flux
[16], which blossomed into the solution of the puzzle, the large-mixing-angle (LMA) MSW
solution. The solution is in perfect agreement with the result obtained by KamLAND [17]
detector which measured antineutrinos from nuclear reactors, where the flavor conversion
corresponds to vacuum oscillations with subpercent corrections due to matter effects.

The MSW theory relies on neutrino interaction with matter dictated by the standard
electroweak theory and the standard treatment of refraction which is well-founded in
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the theory of refraction of light. Therefore, it is believed to be on a firm basis. On the obser-
vational side it predicts a severer reduction of the solar neutrino flux at high energies due to
the adiabatic flavor transition in matter than at low energies where the vacuum oscillation
effect dominates. Globally, the behavior is indeed seen in the experiments observing ®B solar
neutrinos at high energies [11-14] and in radiochemical experiments detecting low-energy
pp and “Be neutrinos [6-10] and more recently by the direct measurement of “Be neutrinos
by Borexino [15]. For a summary plot of the current status of high- and low-energy solar
neutrinos, see the review of solar neutrinos in this series. Therefore, one can say that the
MSW theory is successfully confronted with the available experimental data.

Nevertheless, we believe that further test of the MSW theory is worth pursuing. First of
all, it is testing the charged current (CC) contribution to the index of refraction of neutrinos of
the Standard Model (SM), which could not be tested anywhere else. Furthermore, in analyses
of future experiments to determine 6 and the mass hierarchy, the MSW theory is usually
assumed to disentangle the genuine effect of CP phase 6 from the matter effect. Therefore, to
prove it to the accuracy required by measurement of 6 is highly desirable to make discovery
of CP violation robust in such experiments that could have matter effect contamination. This
reasoning was spelled out in [18]. Since the survival probability P.. does not depend on
6 solar neutrinos provide us with a clean environment for testing the theory of neutrino
propagation in matter.

We notice that in solar neutrinos, the transition from low- to high-energy behaviors
mentioned above has not been clearly seen in a single experiment in a solar-model-
independent manner. The Borexino and KamLAND experiments tried to fill the gap by
observing ®B neutrinos at relatively low energies [19, 20]. SNO published the results of
analyses with lower threshold energy of 3.5MeV [21, 22], and the similar challenge is being
undertaken by the Super-Kamiokande (SK) group [23]. In addition to "Be, a new low-
energy neutrino line, pep neutrinos, was observed by Borexino [24]. Recently, the SK group
announced their first detection of the day-night asymmetry of 8B neutrinos [23]. As we will
see in Section 3 it gives a significant impact on our discussions. With these new experimental
inputs, as well as all the aforementioned ones, it is now quite timely to revisit the question of
how large deviation from the MSW theory is allowed by data.

In this paper, we perform such a test of the theory of neutrino propagation in the
environments of solar and earth matter. For this purpose, we need to specify the framework
of how deviation from the MSW theory is parametrized. We introduce, following [25, 26],
the parameter Aysw defined as the ratio of the effective coupling of weak interactions
measured with coherent neutrino matter interactions in the forward direction to the Fermi
coupling constant Gr. We first analyze the currently available solar neutrino data to obtain
the constraints on Amsw and find that the features of the constraints differ depending upon
Amsw < 1 or Apsw > 1. We will discuss interpretations of the obtained constraints including
this feature and provide a simple qualitative model to explain the bound at Aysw > 1, more
nontrivial one. We then discuss the question of to what extent the constraints on Apmgsw can
be made stringent by various future solar neutrino observables.

Our framework of testing the theory of neutrino propagation in matter requires
comments. It actually involves the three different ingredients: (1) non-SM weak interactions
in the forward direction parametrized as AmswGr, (2) refraction theory of neutrino
propagation in matter which includes the resonant enhancement of neutrino flavor
conversion [1-4] and (3) electron number densities in the sun and in the earth. However,
on ground of well-founded refraction theory and because no problem can be arguably raised
in the formulation of the MSW mechanism we do not question the validity of (2). We also note
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that the electron number density in the sun is reliably calculated by the standard solar model
(55M), and the result is cross-checked by helioseismology to an accuracy much better than
the one discussed here. We can also take the earth matter density and chemical compositions
calculated by the preliminary reference earth model (PREM) [27] as granted. It is the case
because the earth matter-dependent observable, the day-night variation of solar neutrino
flux, is insensitive to the precise profile of the earth matter density. Therefore, we assume
that our test primarily examines the aspect (1), namely, whether neutrino matter coupling in
the forward direction receives additional contribution beyond those of SM.

Are non-SM weak interactions parametrized as AmswGr general enough? Most
probably not because in many models with new non-SM interactions they have flavor
structure. Flavor-dependent new neutral current interactions have been discussed in the
framework of nonstandard interactions (NSI) of neutrinos [28-33], and constraints on
effective neutrino matter coupling were obtained with this setting, for example, in [34, 35].
With solar neutrinos see [36] for discussion of NSI. If we denote the elements of NSI as £,
(af = e, pu, ), our Aysw may be interpreted as Apsw = 1 + €ee, assuming that £,5 < ee
for a#e, p#e. To deal with the fully generic case, however, we probably have to enlarge
the framework of constraining the NSI parameters by including other neutrino sources, in
particular, the accelerator and atmospheric neutrinos. See Section 4 for more comments.

2. Simple Analytic Treatment of Matter Effect Dependences

In this section, we give a simple analytic description of how various solar neutrino
observables depend upon the matter effect. It should serve for intuitive understanding
of the characteristic features which we will see in the later sections. The reader will find
a physics discussion in the flavor conversion review of this series. In the following, we
denote the matter densities inside the sun and in the earth as ps and pg, respectively. Solar
neutrino survival or appearance probabilities depend on three oscillation parameters: the
solar oscillation parameters (612, Amg1 = m%—m%) and 613. Smallness of the recently measured
value of 613 [37—41] and its small error greatly restrict the uncertainty introduced by this
parameter on the determination of matter effects.

To quantify possible deviation from the MSW theory, we introduce the parameter
Amsw by replacing the Fermi coupling constant Gr by AmswGr [25, 26]. The underlying
assumption behind such simplified framework is that the deviation from the Fermi coupling
constant is universal over fermions, in particular up and down quarks.

The survival probability in the absence of the earth matter effect, that is, during the
day, is well described by [42-44]:

1 1
P£ = cos*013 <§ + 3 - cos 205 - cos 2912) + sin*0y3. (2.1)

Here 0g is the mixing angle at the production point inside the sun:

c0s 205 = 0520, (ps), (2.2)
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Table 1: Average electron density at the neutrino production region and energy of the relevant pp solar
neutrinos fluxes. Last column shows the ratio of the electron neutrino elastic scattering with electrons
cross-section to the y (or 7) neutrino one. For this calculation, we have assumed a measured electron kinetic
energy range of [0.05,0.4], [1,1.4], [0,0.8], and [5,16] MeV for the pp, pep, "Be, and 8B, respectively.

Source psYe(gem™) Energy (MeV) 0,/ 0
pp 67.9 <0.42 0.284
pep 73.8 1.44 0.203
"Be 86.5 0.86 0.221
5B 92.5 <16 0.155

where 0,,(p) is the mixing angle in matter of density ps,

COSs 2912 - és
(1 - Zés CcOos 2912 + ég)

co0s20s =

R (2.3)

In (2.4), ¢s is defined as the ratio of the neutrino oscillation length in vacuum, I,, to the
refraction length in matter, y:

lv _ Z\fZAMSchpsYgCOSZGB E

s = E ma Am? 24)
E Y, '
= 0.203 x AMSWC052913 < 1 MeV) ( 100P; om=3 ),
where
47E 2mmy
I, = , I = . 2.5
Am? 0 V2 AmswGrpsY.cos2013 25)

In (2.4) and (2.5), ps is the matter density, Y, is the number of electrons per nucleon, and
my is the nucleon mass. In the last term we have used the best fit of the global analysis
Am3, =75 x 107 eV 2. The average electron number densities psY, at the production point
of various solar neutrino fluxes are tabulated in Table 1. These numbers serve to show the
differences in solar densities probed by the different sources of neutrinos, but the precise
calculations are correctly done by averaging the survival probability with the production
point distribution of the corresponding source [5, 16, 45].

We observe that PZ in (2.1) depends on neutrino energy E and Awsw in the particular
combination AyswE. The property may have the following implications to constraints on
Amsw: (1) since shifting Amsw is equivalent to shifting E our analysis which calculates
X° as a function of Aygw is inevitably affected by the whole spectrum. (2) Nonetheless,
we generically expect that the constraint at Amsw < 1 (Amsw > 1) principally comes
from neutrino spectrum at high (low) energies. It appears that the apparently contradictory
remarks are both true in view of the results in Section 3.
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2.1. Energy Spectrum

Solar neutrino observables taken in a single experiment have not shown an energy depen-
dence yet. The neutrino oscillation parameters are such that we cannot expect strong energy
dependences. At low neutrino energies, small ¢s, (2.1) can be approximated by

1
PR = cos*0y3|1 - 5sinzzelz(l + €05 2012¢5) | +sin*6y3, (2.6)

whereas at high energies, small 1/¢s, the oscillation probability (2.1) can be approximated,
keeping only the first energy-dependent term as

1 1\?
P2 = cos'0;3 [sin2912 + Zsin22912 cos 201, <§—> ] +sin*0;. (2.7)
S

Notice that the correction to the asymptotic behavior is linear in Apsw at low energies while it
is quadratic in Ay, at high energies. It may mean that the energy spectrum at low energies
could be more advantageous in tightening up the constraint on Apsw provided that these
formulas with leading order corrections are valid.

It is well known that, in the LMA MSW mechanism, 8B neutrino spectrum must show
an upturn from the asymptotic high energy (E > 10MeV) to lower energies. The behavior
is described by the correction term in (2.7) but only at a qualitative level. It indicates that
the upturn component in the spectrum is a decreasing function of Amsw. On the other
hand, at low energies populated by pp, “Be, and pep neutrinos, the solar neutrino energy
spectrum displays vacuum-averaged oscillations or decoherence, (2.6). The deviation from
this asymptotic low energy limit can be described by the correction term in (2.6) again at the
(better) qualitative level. The term depends upon Apsw linearly so that the correction term is
an increasing function of Aysw. Because of the negative sign in the correction term in (2.6),
larger values of Aysw lead to smaller absolute values of P in both low- and high-energy
regions. (The simpler way to reach the same conclusion is to use the property PR (E, s Avsw) =
P£(SE, Apsw) mentioned earlier. Then, for larger Avsw (s > 1) ng corresponds to the one at
higher energy. Since PZ is a monotonically decreasing function of E, larger the Aysw, smaller
the P2.)

To see how accurate is the behavior predicted by the above approximate analytic
expressions, we have computed numerically (using the PREM profile) the average ([(1 -
Tu/e)Pee + 7u/e] (Ee ;i) ) as a function of electron energy. Here, (O) means taking average of Pe.
over neutrino energies with neutrino fluxes times the differential cross-sections integrated
over the true electron energy with response function. In the above expression, r,/, =
0,/ 0. with o, and o, being the cross-sections of v.e and v,e scattering, respectively. The
computed results confirm qualitatively the behavior discussed above based on our analytic
approximations. Thus, the energy spectrum of solar neutrinos at low and high energies can
constrain Aysw in this way, as will be shown quantitatively in Section 3.
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2.2, Day-Night Variation

The v, survival probability at night during which solar neutrinos pass through the earth can
be written, assuming adiabaticity, as [46, 47]

P = P2 - c0s 2050087613 ( freg) (2.8)

zenith”

where PR is the one given in (2.1). f,e; denotes the regeneration effect in the earth and is given
as freg = Poc — sin61,c0820;3, where P, is the transition probability of second mass eigenstate
to v.. Under the constant density approximation in the earth, freg is given by [46, 47]

1/2
freg = §5c032913sin229,gsin2 Apmsw Apcos?613 (1 - 2§glc052912 + §Ez> <§)] (2.9)

for passage of distance L, where we have introduced ar = \@GpNeea“h = \@GFPEYeE /my.
In (2.9), 6 and ¢ stand for the mixing angle and the ¢ parameter (see (2.4)) with matter
density pg in the earth. Within the range of neutrino parameters allowed by the solar neutrino
data, the oscillatory term averages to 1/2 in good approximation when integrated over zenith
angle. Then, the equation simplifies to

1 .
<freg>zenith = EC052613§ESII’12265. (2-10)

At E = 7MeV, which is a typical energy for ®B neutrinos, ¢r = 3.98 x 1072 and sin 20 = 0.940
for the average density p, = 5.6g/cm? and the electron fraction Y, = 0.5 in the earth. Then,
( freg) zenith 1S 81ven as ( freg)zenitn = 1.72 x 1072 for Ayisw = 1 and sin®26;3 = 0.089. This result
is in reasonable agreement with more detailed estimate using the PREM profile [27] for the
earth matter density.

We now give a simple estimate of the day-night asymmetry Apy assuming
constant matter density approximation in the earth and its Amsw dependence. Under the
approximation of small regeneration effect fi.g < 1, the day-night asymmetry Apy for the
CC number of counts Ncc measurement is approximately given by

cc _ N(];VC —NICDC 5 2 cos 260s

ACC — ~_
bN (1/2) [N]C\’C + NCDC] 1 + cos 201, cos 205

( freg) enith’ (2.11)

where in the right-hand side we have approximated A%}, by the asymmetry of survival
probabilities in day and in night at an appropriate neutrino energy and ignored the terms
of order ( freg)zenitn- Notice that the effects of the solar and the earth matter densities are
contained only in cos 205 and ( freg ) senitn, respectively.

AtE = 7MeV, és = 1.31, cos 261, = 0.377, cos20s = —-0.710, and hence ALY, = 3.41 x
1072 Amsweos?013, about 3% day-night asymmetry for Aysw = 1. Note that cos*613 = 0.95 for
sin?260;5 = 0.1, so that the impact of 613 on Agﬁ, gives only a minor modification. Though
based on crude approximations, the value of Ag% at Apsw = 1 obtained above is in excellent
agreement with the one evaluated numerically for SNO CC measurement.
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Table 2: The A x2 minimum of Aysw, the allowed regions of Avsw at 10, and 30 CL are shown in the first,
second, and third columns, respectively, for the analyses with the currently available data (first row), the
one with spectrum upturn of 8B neutrinos at 30 added to the current data (second row), the one with "Be
and pep neutrinos with 5% and 3% accuracies, respectively, added to the current data (third row), the one
with the new spectral information in the second and the third rows added to the current data (fourth row),
and the one with day-night asymmetry of ®B neutrinos at 3o added to the current data (fifth row). The last
row presents results of global analysis with all the above data. The numbers in parentheses imply the ones
obtained with improved knowledge of 01; see text for details.

Analysis Ax? minimum Allowed region (10) Allowed region (30)
present data Awmsw = 1.47 1.05-2.01 (1.05-2.00) 0.65-3.35 (0.65-3.27)
+upturn (30) 1.34 1.02-1.79 (1.02-1.76) 0.65-3.00 (0.66-2.88)
+7Be (5%), pep (3%) 1.25 0.97-1.53 (0.97-1.52) 0.65-2.34 (0.65-2.31)
+spectral shape 1.22 0.97-1.49 (0.97-1.46) 0.65-2.23 (0.65-2.12)
+Apn (30) 1.17 0.96-1.43 (0.96-1.42) 0.66-1.98 (0.66-1.97)
+all 1.12 0.95-1.33 (0.95-1.32) 0.67-1.78 (0.67-1.73)

SNO and SK observe the day-night asymmetry by measurement of CC reactions and
elastic scattering (CC + NC), respectively. We have computed Apn as a function of Amsw
numerically (with PREM profile) without using analytic approximation. The result of Apy
scales linearly with Aysw in a good approximation, ASS; = 0.044Aysw. Similarly, the day-
night asymmetry for elastic scattering measurement can be easily computed. Its relationship
to the Ag%] can be estimated in the similar manner as in (2.11),

-1
B __ Nes—Nps _ cc e 212
DN = N D = DNX l+ ~N D 7 ( . )
(1/2) [NES+NES] (1_7/1/8) [Pee +Pee]

taking into account the modification due to NC scattering. Using approximate values, 7,/ =
1/6 and (1/2)[PY + P2] = 1/3, the factor in the square bracket can be estimated to be 5/8,
giving a reasonable approximation for the ratio of A5} to AT, . A better approximation to the

computed results of the Ayisw dependence of the asymmetry is given by AL = 0.02Avsw.

3. Constraints on Ay by Solar Neutrino Observables

In this section we investigate quantitatively to what extent Aygsw can be constrained by the
current and the future solar neutrino data. The results of our calculations are presented in
Figure 1, supplemented with the relevant numbers in Table 2. We will discuss the results and
their implications to some details in a step-by-step manner. We first discuss the constraints
by the data currently available (Section 3.1). Then, we address the question of how the
constraint on Aysw can be tightened with the future solar neutrino data, the spectral upturn
of 8B neutrinos (Section 3.2), the low-energy “Be and pep neutrinos (Section 3.3), and finally
the day-night asymmetry of the solar neutrino flux (Section 3.4). We pay special attention
to the question of how the constraints on Aysw depend upon the significance of these
measurements.



8 Advances in High Energy Physics

25

20

15

Ay?

10 |

Amsw

Figure 1: A x2 as a function of Avsw for the currently available solar neutrino data (shown in blue solid
line) and the various solar neutrino observables expected in the near future (by color lines specified in the
following). The current data include the one from SNO lower energy threshold analysis and SK I-IV. In
addition to the current constraints on Aysw, we show the improved constraints when future solar neutrino
data are added one by one: 30 detection of the SK spectral upturn (magenta dashed line), low-energy solar
neutrino flux measurements of “Be at 5% and pep at 3% (red dash-dotted line), and 30 detection of the SK
day-night asymmetry (black dotted line). The red dashed line shows the improved constraints by adding
future spectral information at high and low energies. Finally, the global analysis by adding all the spectral
information data and the day-night data produces the solid green line.

3.1. Current Constraint on Ayisw

We include in our global analyses the KamLAND and all the available solar neutrino data
[6-15, 17, 19-23]. To obtain all the results quoted in this paper we marginalize over the
mixing angles 61, and 0;3, the small mass squared difference Amgl, and the solar neutrino
fluxes f; [16, 48] imposing the luminosity constraint [49, 50]. We include in the analysis the
613 dependence derived from the analysis of the atmospheric, accelerator, and reactor data
included in [51] as well as the recent measurement of 0;3 by [37-41]. The y? used is defined
by

xélobal(AMSW) = Marg [Xzolar<Am§1,91z,913, Awmsw, f8, fBes fpps f CNO)
3.1)

2 2 2
*+ XKamLAND <Am21, 612, 913) + XREACTOR+ATM+ACC(913)] ’

where Marg implies to marginalize over the parameters shown but not over Ayisw. Further
details of the analysis methods can be found in [48].

The currently available neutrino data (blue solid line), which include SNO lower-
energy threshold data [21, 22] and SK IV [23], do not allow a very precise determination
of the Aysw parameter. A distinctive feature of the Ay? parabola shown in Figure 1 is the
asymmetry between the small and large Amsw regions. At Apsw < 1 the parabola is already
fairly steep, and the “wall” is so stiff that can barely be changed by including the future data.

While at Aysw > 1 the slope is relatively gentle. More quantitatively, Aysw = 1.47,982(;9%

+0.54
at 1o (30) CL. The best fit point with the present data is significantly larger than unity,
Amsw = 1.47. It was 1.32 before and has driven to the larger value mostly by the new SK

data which indicates a stronger matter effect than those expected by the MSW LMA region
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preferred by the KamLAND data. The larger best fit value could also partly be due to an
artifact of the weakness of the constraint in Aysw > 1 region. Notice that the Standard Model
MSW theory value Ayisw = 1 is off from the 1o region but only by a tiny amount, as seen in
Table 2. Let us understand these characteristics.

The lower bound on Aysw mostly comes from the SK and the SNO data which shows
that ®B neutrino spectrum at high energies is well described by the adiabatic LMA MSW
solution (Amsw = 1). The energy spectrum is very close to a flat one with P, which can
be approximated by sin*0 with corrections due to the contribution of the energy-dependent
term (see (2.7)). The value is inconsistent with the vacuum oscillation, and hence the point
Amsw = 0is highly disfavored, showing the evidence for the matter effect.

One would think that the upper bound on Apgw should come from either the low
energy solar neutrino data or the deviation from the flat spectra at high energies. But, we
still lack precise information on low-energy solar neutrinos, and the spectral upturn of B
neutrinos has not been observed beyond the level in [19, 20]. Then, what is the origin of the
upper bound Apgsw < 2 at about 10 CL? We argue that it mainly comes from the day-night
asymmetry of 8B neutrino flux which is contained in the binned data of SK and SNO. Recently,
the SK collaboration reported a positive indication of the day-night asymmetry though the
data is still consistent with no asymmetry at 2.3c0 CL [23].

To show the point, we construct a very simple model for Ay? for the day-night
asymmetry AE3 . It is made possible by the approximate linearity of AL, to Avsw. Let us
start from the data of day-night asymmetry at SK I-IV obtained with the D/N amplitude
method [23]: AED% = (2.8+£1.1+0.5)%, giving the total error 1.2% if added in quadrature. The
expectation of ALY, by the LMA solution is AL}, = Aysw x 2.1% for Am3, =7.6 x 10 eV2.
Then, one can create an approximate model Ay? as Ay? = [(Apn — 2.8%)/12%]* =
3.1(Amsw — 1.3)%

Despite admittedly crude nature it seems to capture the qualitative features of A y?
with the current data (blue solid line) in Figure 1in region Aysw > 1. It is true that it predicts
a little too steep rise of Ay? and leads to Ay? =22 at Amsw = 4, whereas A x? =15 in Figure 1.
In the actual numerical analysis for Figure 1, however, Ay? parabola can naturally become
less steep because various other parameters are varied to accommodate such a large values
of Aymsw. Therefore, we find that about 20 evidence of AE,?V in the SK data is most likely
the main cause of the sensitivity to Amsw in the region Apmsw > 1. The simple model cannot
explain the behavior of A y? in region Amsw < 1 in Figure 1, because the other more powerful
mechanism is at work to lead to stronger bound on Apmgsw, as discussed above.

To what extent an improved knowledge of 61, affects Amsw? It was suggested that
a dedicated reactor neutrino experiment can measure sin%0y, to =2% accuracy [52, 53]. It is
also expected that precision measurement of pp spectrum could improve the accuracy of 81>
determination to a similar extent [48]. Therefore, it is interesting to examine to what extent
an improved knowledge of 0;, affects the constraint on Aysw. Therefore, we recompute the
Ay? curves presented in Figure 1 by adding the artificial term (sin?6;, — BEST)?/0.02 in the
A y? assuming 2% accuracy in sin’0;, determination. The result of this computation is given
in Table 2 in parentheses. As we see, size of the effect of improved 61, knowledge is not very
significant.

3.2. Spectrum of Solar Neutrinos at High Energies

Evidence for the upturn of B neutrino spectrum must contribute to constrain the larger
values of Aymsw because Apgsw could be very large without upturn, if day-night asymmetry
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is ignored. We discuss the impact on Aysw of seeing the upturn in recoil electron energy
spectrum with 3o significance, which we assume to be in the region E, > 3.5 MeV. To calculate
A x* we assume the errors estimated by the SK collaboration [23]. Adding the simulated data
to the currently available dataset produces the magenta dashed line in Figure 1. We find a
25% reduction of the 3o allowed range, Amsw = 1.34;8%(1%22) at 1o (30) CL. We can see that
it does improve the upper bound on Aysw, for which the current constraint (blue solid line)
is rather weak, but the improvement in the precision of Answ is still moderate.

Some remarks are in order about the minimum point of Ay?. The best fit point with
the present data is at Apmsw > 1 as we saw above. For the analysis with future data discussed
in this and the subsequent subsections, we assume that the Ay? minimum is always at
Amsw = 1 for simulated data. Therefore, the analysis with the present plus simulated data
tends to pull the Ay? minimum toward smaller values of Ayisw, and at the same time make
the A y? parabola narrower around the minimum. By conspiracy between these two features
the current constraint (blue solid line) is almost degenerate to the other lines at Apsw < 1, the
ones with spectral upturn (magenta dashed line) and low-energy neutrinos (red dash-dotted
line). These features can be observed in Figure 1 and in Table 2.

3.3. Spectrum of Solar Neutrinos at Low Energies

Now, let us turn to the low-energy solar neutrinos, “Be and pep lines. The Borexino collabo-
ration has already measured the ”Be neutrino-electron scattering rate to an accuracy of = +5%
[15], which we assume throughout this section. For pep neutrinos we assume measurement
with 3% precision in the future. See [24] for the first observation of pep neutrinos and its
current status of the uncertainties.

The measurement of the pep flux has two important advantages, when compared
to the “Be flux, in determining Apmsw: (a) the neutrino energy is higher, 1.44 MeV, so the
importance of the solar matter effects is larger and (b) the uncertainty in the theoretical
estimate is much smaller. Firstly, the ratio of the pep to the pp neutrino flux is robustly
determined by the SSM calculations, so it can be determined more accurately than the
individual fluxes because the ratio depends only weakly on the solar astrophysical inputs.
Secondly, a very precise measurement of the “Be flux, with all the other solar data and
assuming energy conservation (luminosity constraint) leads to a very precise determination
of the pp and pep flux, at the level of ~1% accuracy [48]. On the other hand, to determine
Be flux experimentally, we have to use the SSM flux to determine the neutrino survival
probability, and therefore, the uncertainties in the theoretical estimate [16] limit the precision
of the "Be flux measurement.

The red dash-dotted line in Figure 1 shows the result of the combined analysis of
future low energy data, an improved "Be measurement with 5% precision, and a future
pep measurement with 3% precision, added to the current data. The obtained constraint on
Amsw is Amsw = 1.25 + 0.28(;?:88) at 1o (3o) CL. The resultant constraint on Apsw from
above is much more powerful than the one obtained with spectrum upturn of high-energy *B
neutrinos at 3c.

By having solar neutrino spectrum information both at high and low energies it is
tempting to ask how tight the constraint becomes if we combine them. The result of this
exercise is plotted by the red dashed line in Figure 1 and is also given in Table 2. The resultant
constraint on Aysw is Amsw = 1.22;8:%; ;?:g{) at1o (30) CL.
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3.4. Day-Night Asymmetry

To have a feeling on to what extent constraint on Apsw can be tightened by possible
future measurement, we extend the simple-minded model discussed in Section 3.1, but with
further simplification of assuming Aysw = 1 as the best fit. Let us assume that the day-
night asymmetry ALY, can be determined with (2/N)% accuracy, an evidence for the day-
night asymmetry at No CL. Then, the appropriate model Ay? is given under the same
approximations as in Section 3.1 as Ay? = N2(Aysw — 1)°. We boldly assume that the day-
night asymmetry at 30 CL would be a practical goal in SK. It predicts Ay? = 9(Amsw — 1)?,
which means that Aymsw can be constrained to the accuracy of 33% uncertainty at 1o CL.

Now, we give the result based on the real simulation of data. The black dotted line in
Figure 1 shows the constraint on Apsw obtained by future 30 CL measurement of the day-
night asymmetry, which is added to the present solar neutrino data. As we see, the day-night
asymmetry is very sensitive to the matter potential despite our modest assumption of 30 CL
measurement of AL} (Given the powerfulness of the day-night asymmetry for constraining
Anmsw, it is highly desirable to measure it at higher CL in the future. Of course, it would be
a challenging task and probably requires a megaton class water Cherenkov or large volume
liquid scintillator detectors with solar neutrino detection capability. They include, e.g., Hyper-
Kamiokande [54], UNO [55], or the ones described in [56]). The obtained constraint on Aysw
is Amsw = 11792 (103]) at 10 (30) CL. The obtained upper bound on Aysw is actually
stronger than the one expected by our simple-minded model Ay?. Apart from the shift of
the bast fit to a larger value of Amsw, the behavior of A XZ is more like A xz = 14(Amsw — 1)2 in
the region Amsw > 1. It can also be seen in Figure 1 that the upper bound on Aysw due to the
day-night asymmetry at 30 CL (black dotted line) is stronger than the one from combined
analysis of all the expected measurements of the shape of the spectrum (red dashed line)
discussed at the end of Section 3.3.

3.5. Global Analysis

We now discuss to what extent the constraint on Aysw can become stringent when all the data
of various observable are combined. The solid green line in Figure 1 shows the constraint on
Anmsw obtained by the global analysis combining all the datasets considered in our analysis.
The obtained sensitivity reads Amsw = 1.12;8%(;8%2) at 1o (30) CL. Therefore, the present
and the future solar neutrino data, under the assumptions of the accuracies of measurement
stated before, can constrain Aysw to =15% (40%) at 1o (30) CL from below and to =20% (60%)
at 10 (30) CL from above. If we compare this to the current constraint Ayisw = 1.47,08((7%3
the improvement of the errors for Aysw over the current precision is, very roughly speaking,
a factor of =1.5-2 in region Amsw < 1, and it is a factor of =2 at Amsw > 1. Noticing that
the efficiency of adding more data to have tighter constraint at Aysw < 1 is weakened by
shift of the minimum of A le improvement of the constraint on Aysw is more significant at
AMSW > 1.

4. Summary

In this paper, we have discussed the question of to what extent tests of the MSW theory can be
made stringent by various solar neutrino observables. First, we have updated the constraint
on Awmsw, the ratio of the effective coupling constant of neutrinos to Gr, the Fermi coupling
constant with the new data including SNO ®B spectrum and SK day-night asymmetry. Then,
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we have discussed in detail how and to what extent the solar neutrino observable in the
future tightens the constraint on Apsw.
The features of the obtained constraints can be summarized as follows.

(i) Interpretation of solar neutrino data at high energies by the vacuum oscillation is
severely excluded by the SNO and SK experiments, which leads to a strong and
robust lower bound on Aysw. On the other hand, the day-night asymmetry at =20
level observed by SK dominates the bound at high Amsw side. We find that present
data lead to Amsw = 1.47.52(083) at 1o (30) CL. The Standard Model prediction
Awmsw = 11is outside the 1o CL range but only by tiny amount.

(ii) We have explored the improvements that could be achieved by solar neutrinos
experiments, ongoing and in construction. We discussed three observables that are
sensitive enough to significantly improve the limits on Amsw, particularly in the
region Amsw > 1: (a) upturn of the ®B solar neutrino spectra at low energies at 30
CL, (b) high precision measurement of monoenergetic low-energy solar neutrinos,
"Be (5% precision), and pep (3% precision) neutrinos, and (c) day-night asymmetry
of the 8B solar neutrino flux at 3c CL. They lead to the improvement of the bound
as follows:

(a) Amsw = 1.34.932(10%) at 1o (30) CL,
(b) Amsw = 1.25+0.28(;7%9) at 1o (30) CL,
(c) Amsw = 11722 (103)) at 1o (30) CL.

It could be expected that future measurement by SNO+ [57, 58] and KamLAND
[59] may detect spectrum modulation of B neutrinos at low energies at CL higher
than 3o.

Finally, by combining all the datasets we have considered we obtain Aysw =

1127317 0e) at 1o (30) CL.

(iii) As mentioned in Section 1, the issue of effective neutrino matter coupling in a
wider context may be better treated in the framework of NSI. If we think about the
extended setting together with accelerator and atmospheric neutrino measurement
to look for effects of NSI, the off-diagonal elements £,5 (a#f) can be better
constrained by long-baseline experiments. In fact, in a perturbative treatment with
small parameter € = Am%l/ Amé1 with the assumption g,p ~ €, the terms with &,
and ¢, are of second order in e, while €, comes only at third order in e [60].
The analyses show that the sensitivity to €. is indeed lower at least by an order
of magnitude compared to the ones to &, or &.,. See the analysis in [61] and
the references cited therein. It is also known that ¢, can be severely constrained
by atmospheric neutrinos [62]. Hence, we feel that the solar neutrinos are still a
powerful and complementary probe for € in such extended setting.

In conclusion, testing the theory of neutrino propagation in matter deserves further
endeavor. The lack of an accurate measurement of the matter potential felt by solar neutrinos
reflects the fact that solar neutrino data only do not precisely determine the mass square
splitting. The good match of the independently determined mass square splitting by solar
neutrino data and by reactor antineutrino data will confirm the Standard Model prediction
of the relative index of refraction of electron neutrinos to the other flavor neutrinos. The lack
of match of both measurements would point to new physics like the one tested here.



Advances in High Energy Physics 13

Acknowledgments

We thank the Galileo Galilei Institute for Theoretical Physics and the organizers of the
workshop “What is v?” for warm hospitality. C. Pefia-Garay is supported in part by the
Spanish MICINN Grants FPA-2007-60323 and FPA2011-29678, the Generalitat Valenciana
Grant PROMETEQO/2009/116, and the ITN INVISIBLES (Marie Curie Actions, PITN-GA-
2011-289442). H. Minakata is supported in part by KAKENHI, Grant-in-Aid for Scientific
Research No. 23540315, Japan Society for the Promotion of Science.

References

[1] L. Wolfenstein, “Neutrino oscillations inmatter,” Physical Review D, vol. 17, no. 9, pp. 23692374, 1978.

[2] S.P.Mikheev and A.Y. Smirnov, “Resonance enhancement of oscillations in matter and solar neutrino
spectroscopy,” Soviet Journal of Nuclear Physics, vol. 42, pp. 913-917, 1985.

[3] S.P.Mikheev and A. Y. Smirnov, “Resonance enhancement of oscillations in matter and solar neutrino
spectroscopy,” Yadernaya Fizika, vol. 42, pp. 1441-1448, 1985.

[4] S.P.Mikheev and A. Y. Smirnov, “Resonant amplification of v oscillations in matter and solar-neutrino
spectroscopy,” Il Nuovo Cimento C, vol. 9, no. 1, pp. 17-26, 1986.

[5] J. N. Bahcall, Neutrino Astrophysics, Cambridge University Press, Cambridge, UK, 1989.

[6] B. T. Cleveland et al., “Measurement of the solar electron neutrino flux with the homestake chlorine
detector,” The Astrophysical Journal, vol. 496, no. 1, p. 505, 1998.

[7] J. N. Abdurashitov, E. P. Veretenkin, V. M. Vermul et al., “Solar neutrino flux measurements by the
Soviet-American gallium experiment (SAGE) for half the 22-year solar cycle,” Journal of Experimental
and Theoretical Physics, vol. 95, no. 2, pp. 181-193, 2002.

[8] J. N. Abdurashitov, E. P. Veretenkin, V. M. Vermul et al., “Solar neutrino flux measurements by
the Soviet-American gallium experiment (SAGE) for half the 22-year solar cycle,” Zhurnal Eksper-
imental'no i Teoretichesko Fiziki, vol. 122, no. 2, pp. 211-226, 2002.

[9] W. Hampel, J. Handta, G. Heusser et al., “GALLEX solar neutrino observations: results for GALLEX
IV,” Physics Letters B, vol. 447, no. 1-2, pp. 127-133, 1999.

[10] M. Altmanna, M. Balatab, P. Belli et al., “Complete results for five years of GNO solar neutrino
observations,” Physics Letters B, vol. 616, no. 3-4, pp. 174-190, 2005.

[11] J. Hosaka, K. Ishihara, J. Kameda, Y. Koshio et al., “Solar neutrino measurements in Super-Kamiok-
ande-1,” Physical Review D, vol. 73, no. 11, Article ID 112001, 33 pages, 2006.

[12] K. Abe, Y. Hayato, T. Iida et al., “Solar neutrino results in Super-Kamiokande-III,” Physical Review D,
vol. 83, Article ID 052010, 19 pages, 2011.

[13] B. Aharmim, Q. R. Ahmad, S. N. Ahmed et al., “Determination of the v, and total 8B solar neutrino
fluxes using the Sudbury Neutrino Observatory Phase I data set,” Physical Review C, vol. 75, no. 4,
Article ID 045502, 69 pages, 2007.

[14] B. Aharmim, S. N. Ahmed, A. E. Anthony et al., “Electron energy spectra, fluxes, and day-night
asymmetries of 8B solar neutrinos from the 391-day salt phase SNO data set,” Physical Review C, vol.
72,no. 5, Article ID 055502, 47 pages, 2005.

[15] G. Bellini, J. Benziger, D. Bick et al. et al., “Precision measurement of the ”Be solar neutrino interaction
rate in borexino,” Physics Review Letters, vol. 107, no. 14, Article ID 141302, 5 pages, 2011.

[16] A.M. Serenelli, W. C. Haxton, and C. Pena-Garay, “Solar models with accretion. I. Application to the
solar abundance problem,” Astrophys. ], vol. 743, no. 1, article 24, 2011.

[17] A. Gando, Y. Gando, K. Ichimura et al., “Constraints on 0;3 from a three-flavor oscillation analysis of
reactor antineutrinos at kamLAN,” Physical Review D, vol. 83, no. 5, Article ID 052002, 11 pages, 2011.

[18] H. Minakata, “Measuring earth matterdensity and testing the MSW theory,” http://arxiv.org/abs/
0705.1009.

[19] G. Bellini, J. Benziger, S. Bonetti et al., “Measurement of the solar 8B neutrino rate with a liquid
scintillator target and 3 MeV energy threshold in the Borexino detector,” Physical Review D, vol. 82,
no. 3, Article ID 033006, 10 pages, 2010.

[20] S. Abe, K. Furuno, A. Gando et al., “Measurement of the B solar neutrino flux with the kamLAND
liquid scintillator detector,” Physical Review C, vol. 84, no. 3, Article ID 035804, 6 pages, 2011.

[21] B. Aharmim, S. N. Ahmed, A. E. Anthony et al., “Low energy threshold analysis of the phase I and
phase II data sets of the sudbury neutrino observatory,” Physical Review C, vol. 81, no. 5, Article ID
055504, 49 pages, 2010.



14 Advances in High Energy Physics

[22] B. Aharmim et al., “Combined analysis of all three Phases of solar neutrino data from the sudbury
neutrino observatory,” http://arxiv.org/abs/1109.0763.

[23] M. Smy, “Talk at XXIV international conference on neutrino physics and astrophysics (Neutrino
2012),” in Proceedings of the 25th International Conference on Neutrino Physics and Astrophysics (Neutrino
"12), Kyoto, Japan, June 2012.

[24] G. Bellini, J. Benziger, D. Bick et al., “First evidence of pep solar neutrinos by direct detection in Borex-
ino,” Physical Review Letters, vol. 108, no. 5, Article ID 051302, 6 pages, 2012.

[25] G. Fogli and E. Lisi, “Evidence for the MSW effect,” New Journal of Physics, vol. 6, p. 139, 2004.

[26] G. L. Fogli, E. Lisi, A. Palazzo, and A. M. Rotunno, “Solar neutrino oscillations and indications of
matter effects in the Sun,” Physical Review D, vol. 67, no. 7, Article ID 073001, 2003.

[27] A. M. Dziewonski and D. L. Anderson, “Preliminary reference Earth model,” Physics of the Earth and
Planetary Interiors, vol. 25, no. 4, pp. 297-356, 1981.

[28] L. Wolfenstein, “Neutrino oscillations in matter,” Physical Review D, vol. 17, no. 9, pp. 23692374, 1978.

[29] J. W. E. Valle, “Resonant oscillations of massless neutrinos in matter,” Physics Letters B, vol. 199, no. 3,
pp. 432436, 1987.

[30] M. M. Guzzo, A. Masiero, and S. T. Petcov, “On the MSW effect with massless neutrinos and no
mixing in the vacuum,” Physics Letters B, vol. 260, no. 1-2, pp. 154-160, 1991.

[31] E. Roulet, “Mikheyev-Smirnov-Wolfenstein effect with flavor-changing neutrino interactions,”
Physical Review D, vol. 44, no. 4, pp. R935-R938, 1991.

[32] Y. Grossman, “Non-standard neutrino interactions and neutrino oscillation experiments,” Physical
Letters B, vol. 359, no. 1-2, pp. 141-147, 1995.

[33] Z.Berezhiani and A. Rossi, “Limits on the non-standard interactions of neutrinos from e*e~ colliders,”
Physical Letters B, vol. 535, no. 1-4, Article ID 011113, pp. 207-218, 2002.

[34] S.Davidson, C. Pena-Garay, N. Rius, and A. Santamaria, “Present and future bounds on non-standard
neutrino interactions,” Journal of High Energy Physics, vol. 2003, no. 03, article 011, 2003.

[35] C. Biggio, M. Blennow, and E. Fernandez-Martinez, “General bounds on non-standard neutrino
interactions,” Journal of High Energy Physics, vol. 2009, no. 08, article 090, 2009.

[36] A. Friedland, C. Lunardini, and C. Pena-Garay, “Solar neutrinos as probes of neutrino-matter inter-
actions,” Physics Letters B, vol. 594, no. 3-4, pp. 347-354, 2004.

[37] K. Abe, N. Abgrall, Y. Ajima et al., “Indication of electron neutrino appearance from an accelerator-
produced off-axis muon neutrino Beam,” Physical Review Letters, vol. 107, no. 4, Article ID 041801, 8
pages, For more recent update, see: T. Nakaya, Talk at XXIV International Conference on Neutrino
Physics and Astrophysics (Neutrino 2012), Kyoto, Japan, June , 2012.

[38] P. Adamson, D. J. Auty, D. S. Ayres et al., “Improved search for muon-neutrino to electron-neutrino
oscillations in MINOS,” Physical Review Letters, vol. 107, no. 18, Article ID 181802, 6 pages, 2011.

[39] Y. Abe, C. Aberle, T. Akiri et al., “Indication of reactor 7, disappearance in the double chooz,” Physical
Review Letters, vol. 108, no. 13, Article ID 131801, 7 pages, 2012, For update, see: M. Ishitsuka, Talk at
Neutrino 2012.

[40] E P. An,]. Z. Bai, A. B. Balantekin et al., “Observation of electron-antineutrino disappearance at Daya
Bay,” Physical Review Letters, vol. 108, no. 17, Article ID 171803, 7 pages, 2012.

[41] J. K. Ahn, S. Chebotaryov, J. H. Choi et al., “Observation of reactor electron antineutrino disappear-
ance in the RENO experiment,” Physical Review Letters, vol. 108, no. 19, Article ID 191802, 6 pages,
2012.

[42] S.]. Parke, “Nonadiabatic level crossing in resonant neutrino oscillations,” Physical Review Letters, vol.
57, no. 10, pp. 1275-1278, 1986.

[43] C.-S.Lim, Brookhaven National Laboratory Report BNL-39675-mc, BNL Neutrino, 1987.

[44] X. Shi and D. N. Schramm, “An update on the solar neutrino problem and the three-family MSW
effect allowing for astrophysical uncertainties,” Physics Letters B, vol. 283, no. 3-4, pp. 305-312, 1992.

[45] P. C. de Holanda, W. Liao, and A. Y. Smirnov, “Toward precision measurements in solar neutrinos,”
Nuclear Physics B, vol. 702, no. 1-2, pp. 307-332, 2004.

[46] M. C. Gonzalez-Garcia, C. Pena-Garay, Y. Nir, and A. Y. Smirnov, “Phenomenology of maximal and
near-maximal lepton mixing,” Physical Review D, vol. 63, no. 1, Article ID 013007, 23 pages, 2001.

[47] M. C. Gonzalez-Garcia, C. Pena-Garay, and A. Y. Smirnov, “Zenith angle distributions at Super-
Kamiokande and SNO and the solution of the solar neutrino problem,” Physical Review D, vol. 63,
no. 11, Article ID 113004001231, 18 pages, 2001.

[48] J.N.Bahcall and C. Pena-Garay, “A road map to solar neutrino fluxes, neutrino oscillation parameters,
and tests for new physics,” Journal of High Energy Physics, vol. 2003, no. 11, article 004, 2003.



Advances in High Energy Physics 15

[49] M. Spiro and D. Vignaud, “Solar model independent neutrino oscillatiion signals in the forthcoming
solar neutrino experiments?” Physics Letters B, vol. 242, no. 2, pp. 279-284, 1990.

[50] J. N. Bahcall, “The luminosity constraint on solar neutrino fluxes,” Physical Review C, vol. 65, no. 2,
Article ID 025801, 5 pages, 2002.

[51] M. C. Gonzalez-Garcia, M. Maltoni, and J. Salvado, “Updated global fit to three neutrino mixing: sta-
tus of the hints of theta 613 > 0,” Journal of High Energy Physics, vol. 2010, no. 4, article 56, 2010.

[52] H. Minakata, H. Nunokawa, W. J. C. Teves, and R. Zukanovich Funchal, “Reactor measurement of
612: principles, accuracies, and physics potentials,” Physical Review D, vol. 71, no. 1, Article ID 013005,
17 pages, 2005.

[53] A.Bandyopadhyay, S. Choubey, S. Goswami, and S. T. Petcov, “High precision measurements of 6,
in the solar and reactor neutrino experiments,” Physical Review D, vol. 72, no. 3, Article ID 033013, 21
pages, 2005.

[54] K. Abe, T. Abe, H. Aihara et al., “Letter of intent: the hyper-kamiokande experiment—detector design
and physics potential,” http:/ /arxiv.org/abs/1109.3262 .

[55] C. K. Jung, “Feasibility of a next generation underground water Cherenkov detector: UNO,” in Next
Generation Nucleon Decay And Neutrino Detector (NNN '99), vol. 533 of AIP Conference Proceedings, pp.
29-34, Stony Brook, NY, USA, September 1999.

[56] A. Rubbia, “The LAGUNA Design Study—towards giant liquid based underground detectors for
neutrino physics and astrophysics and proton decay searches,” Acta Physica Polonica B, vol. 41, no. 7,
p- 1727, 2010.

[57] M. C. Chen, “SNO and SNO+,” in Proceedings of the Next Generation Nucleon Decay and Neutrino Detec-
tor (NNN '99), vol. 944 of AIP Conference Proceedings, pp. 25-30, 2007.

[58] A. B. McDonald, “Talk at XXIV International Conference on Neutrino Physics and Astrophysics
(Neutrino 2012),” in Proceedings of the 25th International Conference on Neutrino Physics and Astrophysics
(Neutrino '12), Kyoto, Japan, June 2012.

[59] K. Inoue, privatecommunications.

[60] T.Kikuchi, H. Minakata, and S. Uchinami, “Perturbation theory of neutrino oscillation with nonstan-
dard neutrino interactions,” Journal of High Energy Physics, vol. 2009, no. 03, article 114, 2009.

[61] P. Coloma, A. Donini, J. Lopez-Pavon, and H. Minakata, “Non-standard interactions at a neutrino
factory: correlations and CP violation,” Journal of High Energy Physics, vol. 2011, no. 08, article 036,
2011.

[62] N. Fornengo, M. Maltoni, R. Tomas, and J. W. F. Valle, “Probing neutrino non-standard interactions
with atmospheric neutrino data,” Physical Review D, vol. 65, no. 1, Article ID 013010, 11 pages, 2002.



Journal of Journal of The SCientiﬁC Journal of

Advances in

Gravity e Photonics World Journal SOft Matter sed Matter Physics

Journal of

Aerodynamics

Journal of

Fluids

Hindawi

Submit your manuscripts at
http://www.hindawi.com

International Journal of

Optics

International Journal of

Statistical Mechanics

Journal
=

W Thermodyna

Journal of ‘
Computational
Methods in Physics

W Journal of
International Journal of Journal of Atomic and
Biophysics Molecular Physics

Journal of Journal of

Solid State Physics Astrophysics




