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Bayesian constraints on 93 from solar and KamLAND neutrino data
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We present the results of a Bayesian analysis of solar and KamLAND neutrino data in the framework of
three-neutrino mixing. We adopt two approaches for the prior probability distribution of the oscillation
parameters Am3,, sin?¥5, sin>th3: (1) a traditional flat uninformative prior; and (2) an informative prior
which describes the limits on sin?®},; obtained in atmospheric and long-baseline accelerator and reactor
neutrino experiments. In both approaches, we present the allowed regions in the sin? 1913—Am% , and
sin®,-sin>¥5 planes, as well as the marginal posterior probability distribution of sin?:;. We confirm
the 1.2 hint of 93 > 0 found in [G. Fogli et al., Phys. Rev. Lett. 101, 141801 (2008).] from the analysis
of solar and KamLAND neutrino data. We found that the statistical significance of the hint is reduced to
about 0.8 by the constraints on sin>¢;; coming from atmospheric and long-baseline accelerator and
reactor neutrino data, in agreement with [T. Schwetz, M. Tortola, and J. W.F. Valle, New J. Phys. 10,

113011 (2008).].
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I. INTRODUCTION

Neutrino oscillation experiments have shown that neu-
trinos are massive and mixed particles (see Refs. [1-3]).
Solar and KamLAND neutrino experiments observed
(13)8 -9 u,7 transitions due to neutrino oscillations gener-
ated by a squared-mass difference

Am2o =8 X 1075 eV2 (1.1)

Atmospheric and long-baseline accelerator neutrino ex-

. ) ) . .
periments measured v, — v, transitions due to neutrino
oscillations generated by a squared-mass difference

Am3py =2.5X 1073 eV2, (1.2)

Hence, there is a hierarchy of squared-mass differences:

Am3 gy = 30Am2,, . (1.3)

This hierarchy is easily accommodated in the framework of
three-neutrino mixing, in which there are two independent
squared-mass differences. We label the neutrino masses in
order to have

Amgo, = Amj), (1.4)

Amiry = [Am3 | = |Am3,|. (1.5)

The two possible schemes are illustrated in Fig. 1. They
differ by the sign of Am3, =~ Am3,.

For the 3 X 3 unitary mixing matrix of neutrinos we
adopt the standard parametrization in Eq. (A2) of
Appendix A [4,5]. The negative results of the Chooz [6]
and Palo Verde [7] long-baseline neutrino oscillation ex-
periments, together with the evidence of neutrino oscilla-
tions in atmospheric and long-baseline accelerator neutrino
experiments, imply that the mixing angle 45 is small [8]
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(see Ref. [9] for updated bounds). On the other hand, the
values of the other two mixing angles are known to be large
from the results of solar and KamLAND experiments (1)
and the results of atmospheric and long-baseline accelera-
tor neutrino experiments (,3).

In Ref. [10] we presented the results of a Bayesian
analysis of the solar and KamLAND neutrino data in the
framework of two-neutrino mixing, which is obtained from
three-neutrino mixing in the approximation of negligible
ths. In this paper, we extend our Bayesian analysis to the
framework of three-neutrino mixing, aiming at the deter-
mination of the constraints on the value of the small mixing
angle 3 implied by solar and KamLAND neutrino data.

The plan of the paper is as follows. In Sec. II we present
the constraints on the value of 5 in a standard y? analy-
sis, to be compared with the Bayesian results with an
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FIG. 1. The two three-neutrino schemes allowed by the hier-

archy Am2o;, < Amiqy-
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uninformative prior presented in Sec. III. In Sec. IV we
present the results obtained with an informative prior
which represents information on 3 obtained in atmos-
pheric and long-baseline accelerator and reactor neutrino
experiments, independently from solar and KamLAND
neutrino data. The conclusions are given in Sec. V.

II. x? ANALYSIS

The traditional way to extract information on the neu-
trino mixing parameters from solar neutrino data is based
on the standard least-squares method, also called “y?
analysis.” The least-squares function y? is given by y? =
—21InL + constant, where L is the likelihood function. In
this section we present our results in a traditional least-
squares analysis of solar and KamLAND neutrino data.
The least-squares function described in this section will be
used in the Bayesian analysis presented in Sec. III for the
calculation of the sampling probability distribution, which
is proportional to the likelihood function.

We consider the data of the following solar neutrino
experiments: Homestake [11], GALLEX/GNO [12],
SAGE [13], Super-Kamiokande [14,15], and SNO [16].
The least-squares function of solar neutrino data is given
by

Ny
X5 = DR = RV DR — R @)

i,j=1

Here R} are the solar data points, whose number is Ny =
80, accounted as follows:

(i) the rate of the Homestake *’Cl experiment [11];

(i) the combined rate of the 7'Ga experiments
GALLEX/GNO [12] and SAGE [13];

(ii1) the day and night energy spectra of the Super-
Kamiokande experiment [14] (21 + 21 bins) and
Super-Kamiokande experiment [15];

(iv) the day and night energy spectra of charged-current
events in the SNO experiment [16] (17 + 17 bins);

(v) the neutral-current event rate in the salt phase of the

SNO experiment [16];

(vi) the neutral-current detection array neutral-current

event rate in the SNO experiment [17].

The corresponding theoretical rates R™ depend on the
neutrino oscillation parameters. The covariance error ma-
trix Vg takes into account the correlations of theoretical
uncertainties, according to the discussions in Refs. [18—
21]. In our analysis, the initial flux of 3B solar neutrinos is
considered as a free parameter to be determined by the fit,
mainly through the SNO neutral-current data. For the other
solar neutrino fluxes, we assume the BP04 standard solar
model [22]. The transition probability in the Sun is calcu-
lated using the standard method [23] based on the hier-
archy of squared-mass differences in Eq. (1.3), which
implies that the oscillations generated by the large mass-
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squared difference Am3y are averaged out (see Refs. [1-
3]). For the calculation of the regeneration of solar »,’s in
the Earth, we use Eq. (A12), derived in Appendix A.

Neutrino oscillations due to the same mixing parameters
which generate the oscillations of solar neutrinos have
been observed in the KamLAND very-long-baseline reac-
tor neutrino oscillation experiment [24]. The KamLAND
least-squares function is'

Ng
X5 = D (N7 = NV (N7P = N,

ij=1

2.2)

where Ng = 17 is the number of energy bins, N;' " is the
number of events measured in the ith bin and N is the
corresponding theoretical value, which depends on the
neutrino oscillation parameters. The covariance error ma-
trix Vi takes into account the statistical uncertainties and
the correlated and uncorrelated systematic uncertainties,
all added in quadrature.
The global least-squares function is

X: = )(% + X% (2.3)
We minimized 3 with respect to the three mixing parame-
ters Am3,, sin?®,, and sin’®,3. We found the best-fit point

Am3, = 7.58 X 1075 eV?, sind, = 031,

2.4
Sin21913 = 0.021.

The 90%, 95%, and 99.73% C.L. regions in the
sin?d3-Am3,; and sin’9,-sin’J;3 planes are shown, re-
spectively, in Figs. 2 and 3. These regions correspond to
2 degrees of freedom. The third parameter (v, in Fig. 2
and Am?, in Fig. 3) is marginalized by minimizing 2.

From Figs. 2 and 3, one can see that KamLAND data
constrain 3 more than solar data.

Figure 4 shows the difference A y? of y? from its mini-
mum value as a function of sin?5. The resulting 90%,
95%, and 99.73% C.L. upper bounds for sin’3, deter-
mined by the intersection of the Ay? curve with the
straight horizontal lines in Fig. 4, are, respectively,

sin 243 < 0.051(90%), 0.057(95%),

(2.5)
0.076(99.73%).

It is interesting to note that the best-fit point for sin?,5
in Eq. (2.4) is slightly larger than zero, in agreement with
the value obtained in Ref. [27] (see also Refs. [9,28]),
sin’d; = 0.021 = 0.017. Since we have sin’d; =
0.021 = 0.018, our hint of 93 >0 is at the 1.20 level

"In Ref. [10] and in the first version of this paper
(arXiv:0810.5443v1) we adopted a different least-squares func-
tion, which is appropriate for a Poisson distribution (see
Refs. [5,25]). We think that the Gaussian least-squares function
in Eq. (2.2) is more appropriate for the analysis of KamLAND
data, because it allows us to take into account the systematic
uncertainty in each energy bin, as discussed in Ref. [26].
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FIG. 2 (color online). The 90%, 95%, and 99.73% C.L. regions in the sin?«},3-Am3, plane obtained in the least-squares analysis. The
solid and dotted lines enclose, respectively, the regions obtained with solar data and KamLAND data. The shadowed areas are obtained
from the combined analysis of solar and KamLAND data. The figure on the right is an enlargement of the interesting area of the figure
on the left. The dot, cross, and asterisk indicate, respectively, the best-fit points of the solar, KamLAND, and combined analyses.

(the precise value of A y? for ¢35 = 0 is 1.33, correspond-
ing to 1.150).
II1. BAYESIAN ANALYSIS

In the Bayesian approach, the analysis of the data allows
us to calculate the posterior probability distribution of the
mixing parameters, assuming a prior probability distribu-
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FIG. 3 (color online). The 90%, 95%, and 99.73% C.L. regions
in the sin®4,-sin>®},5 plane obtained in the least-squares analy-
sis. The solid and dotted lines enclose, respectively, the regions
obtained with solar data and KamLAND data. The shadowed
areas are obtained from the combined analysis of solar and
KamLLAND data. The dot, cross, and asterisk indicate, respec-
tively, the best-fit points of the solar, KamLLAND, and combined
analyses.

tion which quantifies the prior knowledge. Denoting with
M = {Am3,, sin®I,, sin? I3} the set of mixing parame-
ters to be determined by the analysis, the normalized
posterior probability distribution of the mixing parameters
is given by

p(DIM, I)p(M|I)

p(MID, I) = [dMp(DIM, I)p(M|I)’

(3.1

where p(D|M, I)is the sampling probability distribution,
p(M|I) is the prior probability distribution, and dM =
dAm3, dsin’>9,dsin?93. The symbols D and I represent,
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FIG. 4. Ax? as a function of sin?¢,5. The straight horizontal
lines show the levels corresponding to 90%, 95%, and
99.73% C.L.
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FIG. 5 (color online). The 90%, 95%, and 99.73% Bayesian credible regions in the sin’®;3-Am3, plane obtained with an
uninformative constant prior probability distribution. The solid and dotted lines enclose, respectively, the credible regions obtained
with solar data and KamLAND data. The shadowed areas are obtained from the combined analysis of solar and KamLAND data. The
figure on the right is an enlargement of the interesting area of the figure on the left. The dot, cross, and asterisk indicate, respectively,

the best-fit points of the solar, KamLAND, and combined analyses.

respectively, the experimental data and all the prior general
knowledge and assumptions on solar and neutrino physics.
The sampling probability distribution is given by

p(DIM, I) o (|Vs||Vi]) =1/ 2e X2, (3.2)
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FIG. 6 (color online). The 90%, 95%, and 99.73% Bayesian
credible regions in the sin?d,-sin’#5 plane obtained with an
uninformative constant prior probability distribution. The solid
and dotted lines enclose, respectively, the regions obtained with
solar data and KamLAND data. The shadowed areas are ob-
tained from the combined analysis of solar and KamLAND data.
The dot, cross, and asterisk indicate, respectively, the best-fit
points of the solar, KamLLAND, and combined analyses.

with the least-squares function x7 given in Eq. (2.3). The
normalization factor is irrelevant, since it cancels in
Eq. (3.1). We retained only the coefficient (|V||Vg|)~'/2,
which depends on the neutrino mixing parameters in M
(see Ref. [21]).

In Ref. [10] we have shown that the choices of
constant uninformative priors in the sin*®,-Am3, or
log sin?¥,- logAm3, planes are practically equivalent, be-
cause of the excellent quality of the data. Hence, in the
three-neutrino mixing analysis we assume a constant prior
in the three-dimensional space of the parameters Am3,,
sin’4,, and sin’d,5.

Figures 5 and 6 show the resulting credible regions with
90%, 95%, and 99.73% probability in the sin®d3-Am3,
and sin”4,,-sin>®,5 planes, respectively. A credible region
is the smallest region with the given integral posterior
probability. In practice, a credible region is calculated as
the two-dimensional region surrounded by an isoprobabil-
ity contour which contains the point of highest posterior
probability. In each plane of parameters, the probability
distribution is calculated by integrating p(M|D, I) over
the third parameter (sin’®;, in the plane sin*®;3-Am3, and
Am3, in the plane sin®9,-sin’9;3).

The credible regions in Figs. 5 and 6 are similar but
slightly lager than the y?-allowed regions in Figs. 2 and 3.
The comparison of the two types of region is shown in
Fig. 7 and 8. It is fair to conclude that the Bayesian analysis
with an uninformative prior confirms the results obtained
with the traditional y? analysis.

Figure 9 shows the marginal posterior probability distri-
bution of sin?1,3, which is given by
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FIG. 7 (color online). Comparison of the allowed regions in the sin?¢;3-Am3, plane obtained with the y? analysis and the Bayesian
approach. The light-shadowed and light + dark-shadowed areas cover, respectively, the Bayesian credible regions with & probability
and the y? region with & C.L. In the three figures, from left to right, & = 90%, 95%, 99.73%.
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FIG. 8 (color online).

Comparison of the allowed regions in the sin?d,-sin>d; plane obtained with the y? analysis and the

Bayesian approach. The light-shadowed and light + dark — shadowed areas cover, respectively, the Bayesian credible regions with &
probability and the x? region with & C.L. In the three figures, from left to right, & = 90%, 95%, 99.73%.
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FIG. 9. Marginal posterior probability distribution of sin?®;5
obtained with an uninformative constant prior probability distri-
bution. The straight vertical lines show the levels of 90%, 95%,
and 99.73% integrated probability.

p(sin? 9D, T) = f dAm, [ dsin? 9, p(M|D, T).
(3.3)

The resulting credible upper bounds for sin’,; with 90%,
95%, and 99.73% probability are, respectively,

sin 23 < 0.048(90%), 0.054(95%),

(3.4)
0.075(99.73%).

These limits are similar to those in Eq. (2.5), in agreement
with the above conclusion that an uninformative-prior
Bayesian analysis confirms the results obtained with a y?
analysis.

We investigated also the hint of 3 > 0 in the Bayesian
approach. Since the probability of the smallest posterior
credible region which includes %3 = 0 is 0.86, consider-
ing the rescaled probability corresponding to a two-tailed
posterior Gaussian distribution we obtain a hint of ¥y3 >0
at the 1.20 level, as in the y? analysis (see the discussion at
the end of Sec. II).
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As a caveat on the comparison of frequentist and
Bayesian results, let us remind that the two theories are
based on different definitions of probability. Hence,
although “numerical results tend to be the same for the
two approaches in the asymptotic regime, that is, when
there are a lot of data, and statistical uncertainties are small
compared with the distance to the nearest physical bound-
ary” [29], the interpretation is different.

In the frequentist theory the probability of a class of
random events is the relative frequency of occurrence of
these events when the total number of events tends to
infinity. In parameter estimation, a confidence interval
with @ C.L. is an element of a hypothetical set of con-
fidence intervals which have a frequentist probability « of
covering the true value of the parameter (see
Refs. [29,30]). Notice that in frequentist statistics it is not
allowed to make any statement about the true value of the
parameter, which is a fixed unknown number, not a random
variable, albeit in practice frequentist statistics is very
often applied to quantities which are not random variables,
as systematic errors. The correct frequentist statements in
parameter estimation concern intervals in the parameter
space and the frequency of their coverage of the unknown
true value in the asymptotic limit. This is the meaning of
the allowed regions in Figs. 2 and 3. The 1.2 hint of 93 >
0 discussed at the end of Sec. II means that the best-fit
value of sin’d5 is 1.20" away from sin’>d3 = 0, i.e. the
confidence intervals obtained in the y? analysis with less
than about 76% C.L. do not include sin’¢; = 0.

In the Bayesian theory probability represents the degree
of belief based on the available knowledge. Hence it is
possible to estimate a probability for any kind of event, not
only for random variables as in frequentist statistics. In
particular, systematic errors can be treated without any
inconsistency. Moreover, there is no need to consider
hypothetical quantities, since the posterior probability dis-
tribution is straightforwardly obtained from the prior
probability distribution and the sampling probability dis-
tribution using Bayes’ theorem, as in Eq. (3.1). The only
difficult task in Bayesian theory probability is the estima-
tion of the prior probability distribution on the basis of the
available knowledge. In parameter estimation, one can
calculate the Bayesian probability of the true value of the
parameter to lie in an interval by integrating the posterior
probability distribution. The 1.2¢ hint of 3 >0 dis-
cussed above means that the credible intervals obtained
with a Gaussian approximation of the posterior probability
density having less than about 76% probability do not
include sin?;; = 0. Note that the Gaussian approxima-
tion of the posterior probability density is defined on the
whole real axis of sin’; for the comparison with the
analogous frequentist result using the traditional terminol-
ogy. In fact, the least-squares analysis leads to correct
frequentist confidence intervals only in the case of a
Gaussian likelihood in which the mean values of the data
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points are linear functions of the parameters. In practice
this requirement is approximately satisfied in a region
around the minimum of the y? if the data are abundant
and the minimum of the y? lies far from any boundary of
the parameters. Since in the case under consideration we
are close to the boundary sin?¢; = 0, we can compare the
Bayesian result with the frequentist least-squares result in
which the boundary has not been taken into account only
by relaxing the boundary restriction.

IV. AN INFORMATIVE PRIOR

In the previous section we analyzed the solar and
KamLAND neutrino data assuming a constant uninforma-
tive prior probability distribution in the three-dimensional
space of the parameters Am3,, sin’d¥,, and sin’d;.
However, as remarked in the introductory Sec. I, the value
of 95 was known to be small before the analysis of solar
and KamLLAND neutrino data from the negative results of
the Chooz [6] and Palo Verde [7] long-baseline neutrino
oscillation experiments combined with the evidence of
neutrino oscillations in atmospheric and long-baseline ac-
celerator neutrino experiments. In the Bayesian approach it
is natural to try to express this prior knowledge through a
prior probability distribution. The resulting posterior
probability distribution of the mixing parameters Am3,,
sin’4,,, and sin?45 is interpreted as our knowledge about
their values obtained from solar and KamLAND neutrino
data, taking into account the information on ;5 obtained
in atmospheric and long-baseline accelerator and reactor
neutrino experiments.

Since we do not have the machinery for the fit of the data
of atmospheric and long-baseline accelerator and reactor
neutrino experiments, we constructed a prior probability
distribution for 1,5 using the x> reported in Fig. 24 of
Ref. [31], where such fit was performed. In Fig. 24 of
Ref. [31] there are two slightly different curves corre-
sponding to the normal and inverted schemes (see
Fig. 1), which depict x?*(cosdsint};) for the two
CP-conserving cases cosé = *1, where § is the phase in
the mixing matrix in Eq. (A2). Since we do not have any
information on the value of 8, for each scheme we consid-
ered a prior probability distribution for ;3 marginalized
over coséd = *1:

(_ x>(cosé sintdy3)

p(d3]I) = Z €xp 3

). 4.1)
cosd==*1
For sin*9;, and Am3, we assumed constant uninformative
priors as in Sec. IIL

The prior distributions (4.1) in the normal and inverted
schemes are depicted by the dotted curves in Fig. 12, from
which one can see that they have a maximum for sin’®,; =
0. Hence, they disfavor the hint of 93 > 0. The 90%, 95%,
and 99.73% prior upper bounds for sin?%,5 are
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0.030, 0.036,0.051 (normal scheme),
0.033,0.039, 0.057 (inverted scheme).

4.2)

sin?d; < {

Notice that such disfavoring of the hint of 9,3 > 0 obtained
from the x? in Fig. 24 of Ref. [31] in the Bayesian
approach is in contrast with a faint hint of 3 > 0 which
can be obtained in the frequentist approach by considering
the minimum of y? at cosd sini; = —0.1 and A y* ~ 0.2
at U3 = 0 (see the discussion in Ref. [31]). The contrast is
due to the different marginalization procedures in the
frequentist and Bayesian theories: in the frequentist theory
only the minimum of y? with respect to the marginalized
parameters is considered, whereas in the Bayesian theory
marginalization is implemented by integrating over the
distribution of the marginalized parameters, as we have
done, for example, in Eq. (3.3). In the case of the margin-
alization over cosé = =1, the Bayesian procedure of sum-
ming the prior probability distribution over cosé = *1 in
Eq. (4.1) for each value of sinds is different from the
frequentist consideration of y?(sint3) for cosd = —1
only, which is due to x?(sinds|coséd = —1)<
x?(sind}3| cosd = 1). In general, the Bayesian marginali-
zation procedure has the merit to take into account all the
distribution of the marginalized parameters, which gives
more information than the single point of minimum of 2.

Using the informative prior on ;3 in Eq. (4.1), from the
analysis of solar and KamLAND data We found the best-fit
point, corresponding to the maximum of the posterior
probability distribution,
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Am3; =7.58 X 1075 eV?, sin®dy, = 0.31,

(4.3)
Sil’lz’l?m = 0.012.

The shadowed areas in Figs. 10 and 11 show the posterior
credible regions with 90%, 95%, and 99.73% probability in
the sin?93-Am3, and sin’*$¥,,-sin’$,5 planes, respectively.
The boundaries of the corresponding regions obtained with
an uninformative prior, shown in Figs. 5 and 6, are depicted
with solid lines.

Since the prior information constrains only 5, the best-
fit values and allowed ranges of Am? and ¥, are similar to
those obtained in Sec. III with an uninformative prior. A
small change is due to the correlation with 5.

On the other hand, one can see that the assumption of the
informative prior in Eq. (4.1) leads to a significant reduc-
tion of the allowed range of 3 with respect to that
obtained with an uninformative prior, as should have
been expected.

A curious feature of Figs. 10 and 11 is that the 90% and
95% allowed ranges of sin’1},5 seem to be larger than those
allowed by the prior distribution (vertical straight lines in
Fig. 10 and horizontal straight lines in Fig. 11). Such a
conclusion would be erroneous, because the prior distribu-
tion in Eq. (4.1) concerns only one parameter, whereas the
credible regions in Figs. 10 and 11 constrain two parame-
ters taking into account their correlation.

The posterior probability distribution of sin’#,; ob-
tained from the marginalization in Eq. (3.3) implies an
allowed range of sin?%;; which is smaller than that given
by the prior distribution, as one can see from Fig. 12. We
obtained the 90%, 95%, and 99.73% upper bounds
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FIG. 10 (color online). Shadowed areas: 90%, 95%, and 99.73% Bayesian credible regions in the sin21913—Am%l plane obtained with
the informative prior probability distribution in Eq. (4.1). The regions enclosed by solid lines correspond to those in Fig. 5, obtained
with an uninformative prior. The straight vertical dotted lines enclose, respectively, the 90%, 95%, and 99.73% prior credible regions
of sin®d%,3. The left and right plots correspond, respectively, to a normal and an inverted scheme (see Fig. 1). The cross and asterisk
indicate, respectively, the best-fit points of the analyses with uninformative and informative priors.

053009-7



H.L. GE, C. GIUNTI, AND Q.Y. LIU

PHYSICAL REVIEW D 80, 053009 (2009)

011 ' ' NORMAL ' ' 011 ' ' INVERTED ' '
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FIG. 11 (color online).

Shadowed areas: 90%, 95%, and 99.73% Bayesian credible regions in the sin®,-sin’>d3 plane obtained

with the informative prior probability distribution in Eq. (4.1). The regions enclosed by solid lines correspond to those in Fig. 6,
obtained with an uninformative prior. The straight horizontal dotted lines enclose, respectively, the 90%, 95%, and 99.73% prior
credible regions of sin?1},5. The left and right plots correspond, respectively, to a normal and an inverted scheme (see Fig. 1). The cross
and asterisk indicate, respectively, the best-fit points of the analyses with uninformative and informative priors.

0.027,0.030,0.045 (normal scheme),
0.030, 0.033, 0.048 (inverted scheme),

4.4

sin 25 < {

which are smaller than the corresponding ones in Eq. (4.2).
These bounds are also about 60% smaller than those ob-
tained in Eq. (3.4) with an uninformative prior. Figure 13
shows the comparison of the posterior probability with the

NORMAL
60 T

sof

0
0 0.01 0.02

1 s

0.04

.2
sin 613

0.03 0.06 0.07

0.08

one in Fig. 9, which has been obtained with an uninforma-
tive flat prior.

It is interesting to note that the bounds on sin’5 in
Eq. (4.4) are similar to those obtained with a global y?
analysis of neutrino oscillation data in Ref. [9] (see, how-
ever, the caveat on the comparison of frequentist and
Bayesian results discussed at the end of Sec. III). Our
results also agree with the weakening of the hint of 95 >
0 discussed in Ref. [9] coming from the addition of atmos-

INVERTED

60 .

.2
P(sin 913|D,I)

0.04

.2
sin 913

0 ! ! L
0 0.01 0.02 0.03

0.05 0.06 0.07 0.08

FIG. 12. Marginal posterior probability distribution of sin?s},; obtained with the informative prior probability distribution in
Eq. (4.1). The dotted curve shows the prior distribution in Eq. (4.1). The long (short) straight vertical lines show the 90%, 95%,
and 99.73% posterior (prior) probability levels. The short straight dotted vertical lines have been slightly shifted to the right to avoid

superposition [compare with Eqs. (4.2) and (4.4)].
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35 [
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25 f L U

20
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P(sin 913|D,I)

15F
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—

0.04 0.05 0.06 0.07

L2
sin 913
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0.08

PHYSICAL REVIEW D 80, 053009 (2009)
INVERTED

45

.2
P(sin 913|D,I)

——

0.05

0.04
.2
sin 913

0.02 0.03

0 0.01

FIG. 13. Marginal posterior probability distribution of sin?¢; obtained with the informative prior probability distribution in
Eq. (4.1). The dotted curve shows the marginal posterior distribution in Fig. 9, obtained with an uninformative flat prior. The long
straight vertical lines show the 90%, 95%, and 99.73% posterior probability levels in Eq. (4.4). The short straight vertical lines show
the corresponding probability levels in Eq. (3.4), obtained with an uninformative flat prior. The short straight dotted vertical line in the
figure on the right has been slightly shifted to the right to avoid superposition [compare with Egs. (3.4) and (4.4)].

pheric and long-baseline accelerator and reactor neutrino
data to the analysis of solar and KamLLAND data: using the
method described in Sec. I11, the significance of the hint of
U3 > 0 is reduced from about 1.2¢ to about 0.8 (with
0.72 and 0.75 respective probabilities of the smallest pos-
terior credible region which includes ;3 = 0 in the nor-
mal and inverted schemes). The discrepancy with the 1.60
reported in Ref. [27] is probably due to the marginalization
over cosé = *1 in Eq. (4.1). In fact, for cosdé = —1
Fig. 24 of Ref. [31] implies a prior in favor of 3 >0,
which leads to a global hint of 3 > 0 at the 1.50 level
(with 0.93 probability of the smallest posterior credible
region which includes 3 = 0), in agreement with the
value in Ref. [27] (1.60). Let us however emphasize that,
since the marginalization over the unknown value of § is
the correct procedure in the Bayesian approach, our result
for the statistical significance of the global hint of 3 >0
is 0.80.

Let us finally remark that the results presented in this
section depend on the choice of the prior probability
distribution for 19,3 obtained from the fit of the data of
atmospheric and long-baseline accelerator and reactor neu-
trino experiments. In Eq. (4.1), instead of the yx? of
Ref. [31] we could have used, for example, the x> of one
of Refs. [9,32-34]. However, since in these papers the
same data have been fitted with similar assumptions and
methods, using one of these y?’s would not change dra-
matically the numerical results presented above. For ex-
ample, we considered the y? in Fig. 3 of Ref. [9], which
corresponds to the prior upper bounds

sin 295 < 0.030(90%), 0.039(95%), “5)
0.063(99.73%).
We obtained the best-fit values
Am3, =758 X 107% eV?, sin®d, = 0.31,
sin?9,; = 0.008, 0
and the posterior upper limits
sin 253 < 0.030(90%), 0.033(95%), @7
0.051(99.73%).

One can see that these values are close to the corresponding
ones in Egs. (4.2), (4.3), and (4.4). For the hint of ¢35 >0
we have a 0.9¢ statistical significance (with 0.78 proba-
bility of the smallest posterior credible region which in-
cludes 3 = 0), in perfect agreement with Ref. [9].

V. CONCLUSIONS

In this paper we presented the results of a Bayesian
analysis of the solar and KamLLAND neutrino data with
the aim of determining the value of the unknown mixing
angle 3 in the framework of three-neutrino mixing.

We found that with an uninformative flat prior distribu-
tion in the relevant mixing parameters Am?,, sin’®d,,
sin”d;, the Bayesian credible regions in the
sin?¥3-Am7, and sin?$,-sin’ 9,5 planes are only slightly
smaller than the allowed regions obtained with a traditional
least-squares analysis, implying a rather stringent upper
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bound for sin?®,5. Our analysis confirms the 1.2¢ hint of
3 > 0 found in Ref. [27].

We also performed an analysis with an informative prior
which represents information on ;3 obtained in atmos-
pheric and long-baseline accelerator and reactor neutrino
experiments, independently from solar and KamLAND
neutrino data. We found that such a prior implies a signifi-
cant decrease of the upper bound on 3 with respect to
that obtained with an uninformative prior and the hint of
th3 > 0 is reduced to a 0.8¢ level. Our results are similar
to those obtained with a global y? analysis of neutrino
oscillation data in Ref. [9] (see, however, the caveat on the
comparison of frequentist and Bayesian results discussed at
the end of Sec. III).

Let us finally emphasize that Bayesian inference (see
Refs. [35-39]) is founded on a consistent theory and can
always be implemented in a correct way (given enough
computational power). On the other hand, the frequentist
method is based on an unphysical definition of probability
and in most cases of interest cannot be implemented in a
correct way. In particular, a dramatic flaw of the frequentist
method is that the frequentist definition of probability does
not allow the treatment of theoretical and systematic errors
as random variables. Hence, the aim of the frequentist
statistics approach of extracting objective statistical infor-
mation from data cannot be realized in practice. Since the
Bayesian theory does not suffer from such shortcomings,
we think that it is preferable for attaining reliable results
from the analysis of experimental data.

C12C13
— _ _ io
U= $12€23 — C128238513¢€"

_ is
S12823 = C12€23513€

where c,;, = cost,, and s,, = sind,,. The three mixing
angles ¥,, 93, 3 take values in the ranges 0 = J,, =
/2. The CP-violating phase § is confined in the interval
0 = 6 <2m. We neglected possible Majorana phases,
which are irrelevant for neutrino oscillations [42—44].

A solar neutrino, created in the core of the Sun as a v»,,
arrives in a detector as a superposition of v, v,, and v5.
However, since the neutrino squared-mass differences are
relatively large [ee Eqgs. (1.1), (1.2), (1.3), (1.4), and (1.5)],
the average of the oscillation probability over the energy
resolution of the detector washes out the interference terms
between the massive neutrinos [45]. This is due to the fact
that the vacuum oscillation lengths are much shorter than
the Sun—Earth distance:

4mE E
Lo — —— =~ 30 km|——),
Iy m(MeV)
. . (A3)
.
LS ~]0¢ =___ ~1k I~ )
32 I Ama,| m(MeV)
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APPENDIX: REGENERATION OF SOLAR v»,’S IN
THE EARTH

Solar neutrinos arriving at a detector during nighttime
pass through the Earth, where the matter effect (also called
“MSW effect” [40,41]) can cause a change in the flavor
composition, which is called “‘regeneration of solar v,’s in
the Earth.” In this appendix, we derive the connection
between the averaged probability of survival of solar elec-
tron neutrinos passing through the Earth, P3"2Fath which
is measured during nighttime, the averaged probability of
v, survival from the core of the Sun to the surface of the
Earth, P, , which is measured during daytime, and the
probability of v, — v, transitions in the Earth, P],:;;‘L“‘Ve. We
also discuss the connection between PE;“_‘PW in the case of
three-neutrino mixing and the probability of v, — v, tran-
sitions in the Earth in the case of two-neutrino mixing.

The mixing of neutrino states is given by

3
lva) =D Uilv)  (@=ep7), (Al
k=1

where U is the 3 X 3 unitary mixing matrix of the neutrino
fields (see Refs. [1-3]). We adopt the standard parametri-
zation [4,5]

—i8
$12€13 spze!
_ 5
C12€23 — S12823813€" $23¢13 > (A2)
_ _ is
C12823 = 812€23513€ C€23C13

I
where E is the neutrino energy, which in solar neutrino

experiments varies in the interval

0.2 MeV = E < 15 MeV. (A4)

Then, the measurable averaged survival probability of
solar electron neutrinos after crossing the Earth is given by

3
p SuntEarth — Z pSun

VeV, VeV
k=1

PEarth

ViV,

(A5)

where P,S;‘;E,,,k is the probability of v, — v, transitions
from the solar core to the surface of the Earth and P5™,
is the probability of »; — v, transitions in the passage
through the Earth.

In matter, electron neutrinos feel a charged-current po-
tential Vioc = \/EGFNe, where G is the Fermi constant
and N, is the electron number density. The quantity which
gives the matter effect in the evolution equation of neutrino
flavors is
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N, E
Acc = 2EVee = 1.53 X 1077 V2<—e)< ),
¢ ¢ © N, cm3/\MeV
(A6)

where N, is the Avogadro number. The electron number
density in the solar core is about 100N, cm ™. In the Earth,
the electron number density varies from about 2.2N, cm 3
in the mantle to about 5.5N, cm ™ in the core. Thus, for
solar neutrinos we have Acc =< 2.3 X 10~ eV?, which is
much smaller than the atmospheric squared-mass differ-
ence Am3%py [see Eq. (1.2)]. This means that the matter
effect cannot induce transitions between v; and the two
neutrinos v, and v,, since the two groups are separated by
the large atmospheric squared-mass difference Am3%qy
[see Eq. (1.5) and Fig. 1]. In other words, the massive
neutrino component v3 propagates without disturbance
from the core of the Sun to the detector and the corre-
sponding transition probabilities in Eq. (A5) are simply
given by

— PEarth

Plszl:llg r—rv, |<V3|ye>|2 = |Ue3|2' (A7)

Furthermore, taking into account the conservation of
probability, we have

PSun =1- PSun _ PSun =1- |Ue3|2 _ PSun

PHYSICAL REVIEW D 80, 053009 (2009)

Earth _ 1 _ pEarth _ pEarth _ 1 _ 2 __ pEarth
PVI—'VE =1 Pl/3—>1/e PVQ—'I/E =1 |Ue3| Pvz—we-
(A9)

_ Let us now express the averaged survival probability
PS'  of electron neutrinos from the solar core to the

Vo—V,
surface of the Earth in terms of the transition probabilities
PSun

V,—V*

Py, = K lSlv)l? =

3 2
Z<Velyk><yk|8| Ve)
k=1

3
= > U, PP, (A10)
k=1

where S is the evolution operator. We neglected the inter-
ference terms for the reason discussed above, before
Eq. (AS5). Using Egs. (A7), (A8), and (A10), we can
express P3™,, in terms of P35, , :

_ |Ue]|2(1 - |Ue3|2) + |Ue3|4 - Pls/l;lve (A11)

PSun —
|l]el|2 - |U€2|2

Ve—V)

VeV Ve V3 Ve V2 VeV Finally, using Egs. (A7)—(A9) and (A11), we obtain, from
(A8)  Eq.(A5),
|
PSun+Earth _ PSun + [(1 - |Ue3|2)2 - 2(P1S/Blue - |Ue3|4)][ngr—lthe - |U62|2]' (A12)
V=V, Vo=V, |Ue1|2 — |Ue2|2

Since in practice |U,|> > |U,,|?, because sin®9, < 1 (see W, 0 0 0
Refs. [10,31]), and |U,5|* is small, there is a regeneration _ 2= lo Am? 0
of electron neutrinos in the Earth if PE, > |U,,|%. Note Vr Vi | AM el ) ’
that in the absence of matter effects, we have PL, = Vs 0 0 Amg
|<V2|Ve>|2 = |U€2|2 and Prszl:lt/]::anh = Prs/l:lug ACC 0 0

Let us now discuss the calculation of P]f;fih,,e. The evo- A= 0O 0 0 (A15)
lution of neutrino flavors in matter is governed by the 0 0 0

Schrodinger equation (see Refs. [1-3])

d
la"PF = I]_I]F\IIF, (A13)
with the effective Hamiltonian
1

and

Here, ¢, = (v,|v) is the amplitude of the flavor « in the
state |v) which describes a propagating neutrino. The
column matrix W of flavor amplitudes is related to the
column matrix W,, = (¢, ,, ¥3)7 of mass amplitudes

(. = (wilv)) by

In the calculation of P5, | the initial mass and flavor

amplitudes are
lr//k(o) = 61{2: 'ﬁa(o) = UaZ'

The probability of v, — v, transitions at a distance x from
neutrino production is given by

(A17)
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Py, () =1 (O

Taking into account the fact that the mixing matrix in the
parametrization in Eq. (A2) can be written as

(A18)

U = RBWB3R!Z, (A19)
with
crn Spp O 1 0 0
RZ2=|—sp ¢cpn 0} R =10 ¢y 5|
0 0 1 0 —sy3 23
13 0 s;ze ™
wh = 0 1 0 , (A20)

_S]3€i6 0 C13

2 2 2

| [ SAmy + C123ACC
C12S12Am21

_ i
c13813€'Acc

From Eq. (A21), we have i3 = i5. Therefore, 5 is the
amplitude of v3. Since Am3, > Acc, in practice the third
eigenvalue of H is equal to Am3,/2E and the matter effect
cannot induce transitions between v; and the other two
massive neutrinos, as discussed above. Furthermore, since
3(0) = ¢3(0) = 0 [from Eq. (A17)], in practice the con-
tribution of »; is negligible and PE*™, can be calculated
by solving the effective two-neutrino evolution equation

d - -~ -
ia\lf =MHV, (A25)
with ¥ = (¢, §r2)" = (¢, )" and
i — L(s%zAm%I + chAce  crasipAm, ) (A26)
2F 012512Am51 C%ZAm%I

This effective Hamiltonian coincides with the effective
Hamiltonian in the case of two-neutrino mixing (see
Refs. [1-3]), with the matter contribution Acc multiplied
by the three-neutrino mixing factor c?,. The initial column

PHYSICAL REVIEW D 80, 053009 (2009)

it is convenient to work with the new column matrix of
amplitudes ¥ = (¢, 5, ¥3)7 defined by

¥ = WBtR2TY, = RI2Y,, (A21)
which follows the evolution equation
d g
i—V=HWV. (A22)
dx

Since R*} commutes with the matter potential matrix A, the
new effective Hamiltonian H is given by

1

M= E(R12Ar\\/ﬂzk12T + WBtAW), (A23)
Explicitly, we have
cpspAm3  —cp3size PAcc
C%zAm%I 0 (A24)
0 Am%l + S%?,ACC

[
matrix of amplitudes is explicitly given, from Eqs. (A17)
and (A21), by

~ c s 0 s
o=, 20)-(2)
= /A1 C12
The probability of v, — v, transitions at a distance x from
neutrino production is given by

(A27)

Py, (1) = [RPWET LI = 310 (017 (A28)
Therefore, in practice, the probability of v, — v, transi-
tions in the Earth is given by

PR, = (1 — U4 PR, (A29)

where P52 is the probability of v, — v, transitions
calculated in the case of two-neutrino mixing with an

effective matter contribution multiplied by ¢33 =
1 - IU e3|2.

[1] S.M. Bilenky, C. Giunti, and W. Grimus, Prog. Part. Nucl.
Phys. 43, 1 (1999).

[2] C. Giunti and M. Laveder, in Developments in Quantum
Physics—2004, edited by F. Columbus and V.
Krasnoholovets (Nova Science, Hauppauge, New York,
2003), p. 197.

[3] C. Giunti and C.W. Kim, Fundamentals of Neutrino
Physics and Astrophysics (Oxford University, New York,
2007).

[4] L.L. Chau and W.Y. Keung, Phys. Rev. Lett. 53, 1802
(1984).

[5] W.M. Yao et al., J. Phys. G 33, 1 (2006).

[6] M. Apollonio et al. (Chooz Collaboration), Eur. Phys. J. C
27, 331 (2003).

[7] F. Boehm et al. (Palo Verde Collaboration), Phys. Rev. D
64, 112001 (2001).

[8] S.M. Bilenky and C. Giunti, Phys. Lett. B 444, 379
(1998).

053009-12



BAYESIAN CONSTRAINTS ON ;3 FROM ...

[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]

(21]

T. Schwetz, M. Tortola, and J. W.F. Valle, New J. Phys.
10, 113011 (2008).

B.L. Chen et al., Mod. Phys. Lett. A 21, 2269 (2006).
B.T. Cleveland et al., Astrophys. J. 496, 505 (1998).

M. Altmann et al. (GNO Collaboration), Phys. Lett. B
616, 174 (2005).

J.N. Abdurashitov et al. (SAGE Collaboration), J. Exp.
Theor. Phys. 95, 181 (2002).

J. Hosaka et al. (Super-Kamkiokande Collaboration),
Phys. Rev. D 73, 112001 (2006).

J. Cravens et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 78, 032002 (2008).

B. Aharmim et al. (SNO Collaboration), Phys. Rev. C 72,
055502 (2005).

B. Aharmim et al. (SNO Collaboration), Phys. Rev. Lett.
101, 111301 (2008).

G. L. Fogli and E. Lisi, Astropart. Phys. 3, 185 (1995).
G.L. Fogli et al., Phys. Rev. D 62, 013002 (2000).

M. V. Garzelli and C. Giunti, Phys. Lett. B 488, 339
(2000).

M. V. Garzelli and C. Giunti, J. High Energy Phys. 12
(2001) 017.

J.N. Bahcall and M. H. Pinsonneault, Phys. Rev. Lett. 92,
121301 (2004).

X. Shi and D. N. Schramm, Phys. Lett. B 283, 305 (1992).
S. Abe et al. (KamLAND Collaboration), Phys. Rev. Lett.
100, 221803 (2008).

S. Baker and R. D. Cousins, Nucl. Instrum. Methods Phys.
Res., Sect. A 221, 437 (1984).

M. Maltoni, T. Schwetz, and J. Valle, Phys. Rev. D 67,
093003 (2003).

G. Fogli et al., Phys. Rev. Lett. 101, 141801 (2008).

(28]
[29]
(30]
(31]
(32]
(33]

[34]
(35]

(36]

[37]

(38]
[39]

[40]
[41]

[42]
[43]

[44]
[45]

053009-13

PHYSICAL REVIEW D 80, 053009 (2009)

A.B. Balantekin and D. Yilmaz, J. Phys. G 35, 075007
(2008).

F. James, Statistical Methods in Experimental Physics
(World Scientific, Singapore, 2006).

C. Amsler et al., Phys. Lett. B 667, 1 (2008).

G.L. Fogli et al., Prog. Part. Nucl. Phys. 57, 742 (2006).
M. C. Gonzalez-Garcia and M. Maltoni, Phys. Rep. 460, 1
(2008).

J. Escamilla, D.C. Latimer, and D.J. Ernst, arXiv:
0805.2924.

A. Bandyopadhyay et al., arXiv:0804.4857.

H. Jeffreys, Theory of Probability (Oxford University,
New York, 1961), first published in 1939.

T.J. Loredo, in Maximum-Entropy and Bayesian Methods,
Dartmouth, 1989, edited by P. Fougere (Kluwer
Academic, Dordrecht, The Netherlands, 1990), p. 81.
T.J. Loredo, in Statistical Challenges in Modern
Astronomy, edited by E.D. Feigelson and G.J. Babu
(Springer-Verlag, New York, 1992), p. 275.

E.T. Jaynes, Probability Theory: The Logic of Science
(Cambridge University Press, Cambridge, England, 2003).
G. D’Agostini, Bayesian Reasoning in Data Analysis, A
Critical Introduction (World Scientific, Singapore, 2003).
L. Wolfenstein, Phys. Rev. D 17, 2369 (1978).

S.P. Mikheev and A.Y. Smirnov, Nuovo Cimento Soc.
Ital. Fis. C 9, 17 (1986).

S.M. Bilenky, J. Hosek, and S. T. Petcov, Phys. Lett. 94B,
495 (1980).

M. Doi et al., Phys. Lett. 102B, 323 (1981).

P. Langacker et al., Nucl. Phys. B282, 589 (1987).

A.S. Dighe, Q.Y. Liu, and A.Y. Smirnov, arXiv:hep-ph/
9903329.



