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1. Introduction

In the last 10 years after the discovery of neutrino osdailieg [1], there has been much
progress in our understanding of neutrino oscillationsn@dpheric and solar neutrino experiments
have played essential roles in this period. Small but firgtetrino masses are believed to be related
to the physics at the very high energy scale. Furthermoespltlysics of the neutrino masses might
be related to the baryon asymmetry of the Universe. It idylikeat the neutrino physics contributes
to our deeper understanding of the nature. Therefore wddliguto get as much information as
possible from neutrino oscillation experiments. In thipgr status and prospects for solar and
atmospheric neutrino experiments are discussed.

In the 3-flavor neutrino oscillation framework, there are &ing angles 012, 63, 6:13), one
CP phasedq), and 2 neutrino mass squared differendess,, Am2, (= Amz,)). Sincebs is known
to be small and sincAm?, << AmZ,, it is approximately correct to assume the 2 flavor oscilla-
tion approximation. Therefore, in most part of this papes, imterpret the solar and atmospheric
neutrino data within the 2 flavor oscillation framework.

2. Resultsfrom solar neutrino experiments - M easurements of sir? 81, and Ané, -

SNO finished théHe phase (NCD phase) of the experiment in the late 2006. Darta this
phase have been published recently [2]. In the NCD phasdromsuproduced by neutral current
(NC) interactions in RO are measured by an array¥fe proportional counters;

n+3He— p+t+0.76MeV (2.1)

Figure 1 shows the NC signal observed in thie counters during 385 live days. A signal peak is
clearly seen above the background.
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Figure 1: Neutron counter energy spectrum together with Monte Camalipted signal and background
spectra as well as the best fit to the data. Data from 385 liye dBSNO NCD phase are shown [2].

Due to the completely different detection method of the Nfhiai, the*He phase has different
systematic errors from the pureD and salt phases, and therefore gives an important chebk of t
earlier data. A smaller contamination of the NC events inNIZD phase in the measurement of
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charged current (CC) and elastic scattering (ES) intenastby the Cherenkov detection should
also be noticed.
The observed NC and CC fluxes and the CC/NC flux ratio in the NG&e are [2];

ONc = 5.54" 033 (stat) 333 (syst) (2.2)
@ec = 1.67 005 (stat) T3 o5 (syst) (2.3)
CC/NC = 0.301+0.033total ). (2.4)

We find that the measured fluxes and the ratio are essenttadbistent with the previous measure-
ments [3]. We also notice that the ratio is slightly smalleart the previous value, although the
difference is not statistically significant. Since the CC/Mtio is approximately equal to $ifl,

it will be very interesting to know the best fit $ifl,. We will discuss the fitted oscillation param-
eters later.

KamLAND is a long baseline reactor neutrino experiment. iffean distance to the surround-
ing reactors is 180 km. This experiment is contributing ®discillation studies very substantially.
Since there is no other paper in these proceedings thatsdissithe KamLAND data in detail, we
discuss the main result from KamLAND in this paper. The KanNDAcollaboration published the
results based on 2,881 tgear detector exposure [4]. KamLAND measures the energstrspe
of candidatev, interactions. Then assuming a single distance from théoesatn KamLAND (L
=180 km), the oscillation probabilities as a function of ldEe plotted (L/E plot). Figure 2 shows
the observed L/E distribution of the candidate reactor meutevents. A clear L/E dependent
sinusoidal oscillation has been observed.
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Figure 2: Ratio of the background subtracted readfgrspectrum to the no-oscillation expectation as a

function of Lo/E. 2881 toryear of the KamLAND data are usedg E 180 km is assumed. (From Ref. [4].)

Finally, we remark that a substantial fraction of the sokawtrino data related to the oscilla-
tion parameter measurements are obtained by the measusenfiime high-energy solar neutrinos
above~5 MeV. It is important to confirm that the oscillation probilitigi for lower-energy solar
neutrino is as expected by the standard LMA solution. In tamidi there have been suggestions
that new physics effects might appear in the oscillatiorbahility for the sub-MeV solar neutrinos
[5, 6]. Therefore, itis important to study the sub-MeV saiautrinos.
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BOREXINO is a real-tim&’Be solar neutrino experimenfBe solar neutrinos are measured
by the neutrino-electron scattering. It has been taking dizice May 2007 [7]. The updated data
were presented this year with the total exposure of 192 laxesd8]. The observed event rate of
Be solar neutrinos was; 493(gtat) + 4(syst)/counts/day/100tons, while the predicted event rate
by the LMA solution was 48 4/counts/day/100tons. The observed event rate of Beesolar
neutrinos was consistent with the prediction by the LMA 8ol further confirming the standard
oscillation scenario.

These data are used to constrain the oscillation param®fersin® 8;, andAm?,. Figure 3
shows the allowed oscillation parameter region from tharsahd the KamLAND experiments.
TheArn{2 region is most accurately determined by the KamLAND enemgcsum. On the other
hand, the mixing parameter is strongly constrained by th® 8XC/NC measurement, because the
CC/NC flux ratio is approximately equal to 8ify,. We also note that the high statistics KamLAND
data begin to constrain the mixing parameter as well. Fragtbbal fit [9], 6,0 = 33.5" i;g deg.
andAmg, = 7.65'333 x 10-%eV2 at 10 has been obtained. We find that the parameters are already
determined accurately.
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Figure 3: Allowed region of neutrino oscillation parameters by thtasand the KamLAND experiments.
(From Ref. [9].)

3. Results from atmospheric neutrino experiments - M easurements of sir’ 26,3 and

[AMG4] -

The total exposure of the Super-Kamiokande (Super-K) gbimeric neutrino data in the whole
Super-K-I [10] and -II periods is 141 kteyears. Recently, the Super-K collaboration updated the
atmospheric neutrino analysis with a new flux model [11], MoGarlo simulation and event re-
construction [12]. As an example, the updated L/E distriouts shown in Fig. 4, and is explained
well by the 2-flavorv,, — v; oscillations.
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Figure 4: L/E distributions observed in Super-K-I+1l (141 ktgear exposure, preliminary). The solid
(blue), dashed (green), and dotted (red) histograms sheweht-fit predictions based on neutrino oscilla-
tion, decay and decoherence models, respectively.
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Figure5: Estimated allowed regions of, — v; oscillation parameters from the atmospheric [12] and long
baseline neutrino oscillation experiments [13], [14] a¥%68.L. (dotted) and 90% C.L. (solid).

Figure 5 shows the estimated allowed regions of 2-flayor- v; oscillation parameters from
the atmospheric and the long baseline neutrino oscillaggreriments. We find that the allowed
regions overlap well, suggesting further that the stan@aftdvor neutrino oscillation approxima-
tion is fine. From this figure, we find that the most accuraterimfation onAm2, is obtained by
the long baseline experiments, while the mixing parametstili measured most accurately by the
Super-K atmospheric neutrino experiment. According toglobal fit [9], 6,3 = 45+ 4 deg. and
AmZ, = 2407912 x 10-3eV?2 at 10 has been obtained. The parameters are also determined rathe
accurately.

4. 613

There have been no single experiment that showed evidenoeriezerof;3. Only the upper
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limit is known; sirf26;3 < 0.15 [15]. However, it might be possible to get some hint for non
zero 6,3 by an analysis that combine many experimental results éfjlabalysis). The data used
in these analyses are from solar, atmospheric, reactor @adeaator long baseline experiments.
In Ref. [16], it was pointed out that an global analysis basedhe most updated data indicated
non-zeroB3 at 90% C.L. The indication comes from; (a) a slight disagrernin the best fiD;»

from solar and KamLAND experiments in the 2 flavor framewahgd (b) atmospheric neutrino
data combined with accelerator and CHOOZ data. This is @ndsting hint. However, the result
still depends on the details of the analysis. Indeed, in R&¥. the analysis result showed less
significant indication for non-zeré;3 (slightly less than I effect). The situation is not clear yet.
However, these analyses indicate the importance for inipgabhe accuracy of the data further.

5. Prospectsfor future solar neutrino experiments

Solar neutrino problem has been solved essentially by thé/NIBIA solution. Probably, the
main goals for future solar neutrino experiments shouldtbdiss of the Sun knowing the nature
of neutrinos, further confirmation of the MSW-LMA solutiondisearches for new physics beyond
the standard MSW oscillation.

Currently, Super-K is trying to lower the analysis threshiolr the solar neutrino measurement.
Super-K has been improving the radio purity in the detectatew Recent data have shown that
the background level at the upper-central region of the fadwolume has been reduced by about
a factor of 3 relative to the Super-K-I purity [12]. It is likethat Super-K can lower the analysis
threshold below 5 MeV. In SNO, there is an activity to lowes tinalysis threshold below 5 MeV
[17]. The study suggests that this should be possible. Hervawgood understanding of the radio
purity is required. These studies in Super-K and SNO cow@d te the observation of the predicted
up-turn of the oscillation probability in the low energy paf the®B spectrum.

Be solar neutrinos have been measured by Borexino. The najeir moals in this energy
region should be the detection@NO and pep solar neutrinos, the measuremen€dfO neutrinos
should give important information on the interim of the Siiihe flux of pep neutrinos have been
predicted accurately (2%). Therefore, a precise measumeofi¢he flux of pep neutrinos should
give important information on the oscillation parameters.

In addition to Borexino, KamLAND [18] and SNO+ [19] are trgino measure these neutri-
nos. KamLAND is purifying the liquid scintillator in the dettor. The purification activity in 2007
showed that it is possible to purify the scintillator substly. The purification has been contin-
uing in 2008. SNO+ is likely to start the experiment with treutle beta decay mode. However,
the measurement of tH8e, pep andCNO solar neutrinos is also a serious option. Finally we note
that there are many activities that try to measpipesolar neutrinos (see, for example [17]).

6. Prospectsfor future atmospheric neutrino experiments

Atmospheric neutrino experiments have been contributinghé oscillation studies related
to 6,3 and Am§3. At present there are many large scale activities to studyrine oscillations
in more detail using accelerator beams. It is likely thaséh&uture accelerator experiments will
take over studies that have been carried out by atmospheuicimo experiments. Probably, future
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atmospheric neutrino experiments should try to carry oigueanmeasurements that are relatively
difficult by accelerator experiments.

The neutrino flight length ranges up to 12800 km in atmosphegutrino experiments. There-
fore a large matter resonance is expected to occur for negtfanti-neutrinos) in the energy range
of 5 to 10 GeV, if the mass hierarchy is normal (inverted). rEHeave been studies carried out for
a large water Cherenkov detector [20, 21] and for a large ¢éadarimeter experiment (INO) [22].
In a water Cherenkov experiment, a resonant electron agpeaisignal can mainly be measured,
while in an iron calorimeter experiment, a change in the mdisappearance probability at the
resonance energy region can be measured. In a magnetinezhlovimeter experiment, the charge
of the muon is measured. Therefore, it is possible to disoate the mass hierarchy. On the other
hand, in a water Cherenkov detector, it is possible to knaidfresonant appearance is due/do
or Ve by studying the d/dy distribution, wherey is (Ey — Ejepton)/Ev. Detailed studies showed that
if the total exposure exceeds approximately 1 Myomnd if sir? 26,5 is larger than about 0.05, it
is possible to determine the mass hierarchy [20, 21, 22].

So far, we have neglected the oscillation terms that ardecklBp solar neutrinosf{, and
Amé,). The oscillation length relevant taé, is shorter than the diameter of the earthEgrbelow
1 GeV. Therefore the effects due to the solar oscillatiomgaran be visible in atmospheric neutrino
experiments. It has been pointed out that these terms cdaydupique roles in the atmospheric
neutrino oscillations, such as the possible measuremesit’al,s, (i.e., the discrimination of the
octant of6,3) [23]. For simplicity, we assume th&t; = 0. The change in the atmosphevicflux
due to oscillations driven by the solar oscillation termwigten as [23];

0sC
I:V e

0
Fue

—1=P,(rcog 63 —1), (6.1)

whereFs¢ and R, are the atmospherig. fluxes with and without oscillations,(= F},/F3.) is
the ratio of the un-oscillated atmospherig and ve fluxes, andP, is the two neutrino transition
probability (Ve — V) in matter driven by the solar oscillation term$, is large for neutrinos
passing through the earth with the energies below 1 GeV. fitmisub-GeV atmospheric neutrinos
play an important role in observing the solar term effectnc8ithev,, and ve flux ratio () is
approximately 2 in the sub-GeV neutrino energy region RfE/F2, value in Eq.6.1 is very close
to 1 in the case of the maximal 2-3 mixing (i.8;3 = 45°). However, according to Eq.6.1,83 is

in the first (second) octanBfz < 45° (> 45°)), an excess (deficit) of the sub-GeMike events is
expected. Future atmospheric neutrino experiments shave a unique possibility of measuring
the octant oft,3 [24].

7. Summary

The studies of the atmospheric and solar neutrinos havedm#ributing significantly to the
understanding of the neutrino masses and mixing anglesg, |, sir’ 26,3 A, and sirf 6, are
already measured accurately. Future long baseline expatarare likely to take over some of the
topics so far studied by these experiments. However, we\methat future solar and atmospheric
neutrino experiments can still get unique information &f gnoperties of neutrinos.
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