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Request from committee

This overview talk should cover  
all large neutrino detectors projects
both for atmospheric and solar neutrino..
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Atmospheric and solar neutrinos in 
neutrino oscillation
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Mixing angle : Maki-Nakagawa-Sakata Matrix

Atm. and Acc. Solar and KamLANDReactor and Acc.
✓13 ⇠ 9�

δcp and Mass hierarchy of 2-3 are unknown 
Atmospheric, Accelerator, Reactor

Atmospheric and solar neutrinos play crucial role 
for determining the neutrino oscillation parameters
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Atmospheric neutrinos
Cosmic rays strike air nuclei and 

the decay of the out-going 
hadrons gives neutrinos.

✓Flux measurement by SK 
✓Model calculation is consistent with data.
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 (PRD 94, 052001 (2016))
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Super-Kamiokande
41

.4
 m

39.3 m

50000 tons of 
Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

~1km

~3km ~2km
(2700 mwe)

Phase Period Fiducial vol. 
(kton)

# of 
PMTs

Energy 
thr.(MeV)

SK-I 1996.4 ~ 2001.7
22.5

11146 
(40%) 4.5

SK-II 2002.10 ~ 2005.10 5182 
(20%) 6.5

SK-III 2006.7 ~ 2008.8 22.5 (>5.5MeV) 
13.3 (<5.5MeV) 11129 

(40%)

4.5

SK-IV 2008.9 ~
22.5 (>5.5MeV) 
16.5 (4.5<E<5.5) 
 8.9 (<4.5MeV)

3.5

Kamioka mine Japan

ID

OD

(coverage) (Kin. energy)

Running and improvements over 20 years
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8Super-K Atmospheric n Event Topologies 
Fully Contained (FC)

Upward-going Muons (Up-µ) 

Par,ally Contained (PC)

 Average energies 
� FC: ~1 GeV  , PC: ~10 GeV,  UpMu:~ 100 GeV

7

Super-Kamiokande
41

.4
 m

39.3 m

50000 tons of 
Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

ID

OD

Fully-contained 
single ring multi ring 

e-like 

µ-like 

Partially-contained 

Upward-going muon 

stop through 

as an atmospheric neutrino detector

parent neutrino spectra Event topology

• (quasi-)elastic scattering : ν + N → l + N’ 
• single meson production : ν + N → l + N’ + meson 
• deep inelastic interaction : ν + N → l + N’ + hadrons 
• coherent pion production : ν + 16O → l + 16O + π

Neutrino interactions in SK
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Consider all the sub-leading effects (Δm221, matter) 
•Mass hierarchy : resonance in multi-GeV νe or νe 
•Octant θ23 : magnitude of the resonance 
•δCP : interference btw two Δm2 driven oscillation

8

3 flavor neutrino oscillation analysis

Fractional change of upward νe flux (cosθzenith = -0.8)

9
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FIG. 34. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 5). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓12, sin
2 ✓13, sin

2 ✓23, �,�m2
21,�m2

32) = (0.31, 0.025, 0.6, 40�, 7.6⇥10�5eV2,+2.4⇥10�3eV2) unless oth-

erwise noted. The ✓23 octant e↵ect can be seen by comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). �

value is changed to 220� in (c) to be compared with 40� in (b). The mass hierarchy is inverted only in (d)

so ✓13 resonance (MSW) e↵ect disappears in this plot. For the inverted hierarchy the MSW e↵ect should

appear in the ⌫̄e flux, which is not shown in the plot.

happens with neutrinos in the case of normal mass hierarchy (�m2

32

> 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m2

32

< 0).

In order to demonstrate the behavior of these three terms, Fig. 34 shows how the ⌫e flux changes

as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in

which the matter density profile in the Earth is taken into account [25, 68]. We adopted an

Earth model constructed by the median density in each of the dominant regions of the preliminary

reference Earth model (PREM) [69]: inner core (0  r < 1220km) 13.0 g/cm3, outer core (1220 

r < 3480km) 11.3 g/cm3, mantle (3480  r < 5701km) 5.0 g/cm3, and the crust (5701  r <

6371km) 3.3 g/cm3. In Fig. 34 dotted lines correspond to the ✓
13

resonance term (the third term

in Eq. 5), which could make a significant contribution in the 5 ⇠ 10 GeV region if sin2 ✓
13

is a few

“Fractional change of upward νe flux (cosΘzenith=-0.8)”

sin2θ23=0.4 or 0.6

CP=40o or 220o

Hierarchy is 
NH or IH

Resonance in νe 
(not shown) in the 

case of IH.

Through the matter effect in the Earth, we study on
• Mass hierarchy : resonance in multi-GeV νe or νe 
• CP δ               : interference btw two Δm2 driven oscill.
• θ23 octant        : magnitude of the resonance

3-flavor oscillation study
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as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in
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6371km) 3.3 g/cm3. In Fig. 34 dotted lines correspond to the ✓
13

resonance term (the third term

in Eq. 5), which could make a significant contribution in the 5 ⇠ 10 GeV region if sin2 ✓
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is a few

CP=40o or 220o

sin2θ23=0.4 or 0.6

Hierarchy is 
NH or IH

Resonance in νe 
(not shown) in the 

case of IH.
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Preliminary

Parameter determination (SK+T2K)
Inverted
Normal

δCPsin2θ23

|Δm232| 
|Δm213|

Fit (585 dof) χ2 sin2θ13 δCP sin2θ23 |Δm232|eV2

SK+T2K (IH) 644.82 0.0219 (fix) 4.538 0.55 2.5x10-3

SK+T2K (NH) 639.61 0.0219 (fix) 4.887 0.55 2.4x10-3

✓Δχ2=χ2NH-χ2IH=-5.2 
✓Probability for IH is 0.024 (sin2θ23=0.6) and 0.001 (sin2θ23=0.4), 

while for NH is 0.43 (sin2θ23=0.6) Friday afternoon: F.d.M.Blaszczyk
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τ neutrino appearance

τ

 ντ

 multi ring 

 decay-e 

Hard to identify event by event 
but can be statistically seen

Search for events consistent with 
hadronic decays of tau lepton 
using neural network method

SK-I - IV combined

τ fraction is found to be 1.47±0.32, 
which is 4.6σ from 0.

Multi-ring e-like sample

Preliminary

data=PDF(BG)+α x PDF(τ)+Σεi x PDFi

PDF of i-th sys. error shifting by 1σ
Friday afternoon: F.d.M.Blaszczyk
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Hyper-Kamiokande (future)

Atm. and acc. ν 
measurements in 
Hyper-K will make 
much more precise 
determination for 
 mass hierarchy, 
 octant θ23, 
 δCP  
be available.

See E. O’Sullivan and C. Bronner’s presentation in more detail

~10 times larger volume 
than Super-K

2 tanks x
with staging

H
60

m

Φ74m
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DUNE (future)
Atmospheric neutrinos 

06.09.16 26 

• Atmospheric neutrino flux is very sensitive to matter effects, to both 
Dm2 values, and covers a wide range of L/E. 

• MH with atmospheric neutrinos is nearly independent from the CP-
violating phase. 

• Event rate: 14k e-like, 20k m-like fully contained for 350kt-yr exposure. 

CDR, arXiv: 1512.06148  

Dorota Stefan  

Event rate: 14k e-like, 20k μ-like fully contained for 350kt-year exposure
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IceCube DeepCore

3

description (⌫µ ! ⌫⌧ ) is an adequate approximation. In
this scenario, the muon neutrino survival probability is

P (⌫µ ! ⌫µ) = 1� sin2(2✓23) sin
2(1.27�m2

23L/E) (1)

where �m2
23 is the atmospheric mass-squared di↵erence

in eV2, ✓23 is the atmospheric mixing angle, L is the
propagation distance in km, and E is the neutrino energy
in GeV. Full numerical three-flavor calculations in matter
found di↵erences from this formula of less than a few
percent. Given the resolution of the present analysis,
this approximation is su�ciently accurate.

This analysis uses data collected from May 2010 to
May 2011 by the IceCube neutrino telescope, including
its low-energy sub-detector DeepCore [2]. IceCube is a
cubic-kilometer neutrino detector installed in the ice at
the geographic South Pole [3]. Neutrino detection relies
on the optical detection of Cherenkov radiation emitted
by secondary particles produced in neutrino interactions
in the surrounding ice or the nearby bedrock. This anal-
ysis detects muons produced in charged current interac-
tions of ⌫µ which can travel large distances in the ice.
Their long tracks can be reconstructed and provide in-
formation about the direction of the initial neutrino. Ice-
Cube’s optical sensors, Digital Optical Modules (DOMs),
consist of 25.4 cm photomultipliers tubes in a glass pres-
sure housing with in-situ pulse digitization [4, 5]. The
sensors are arranged on 86 vertical strings, each hold-
ing 60 DOMs. The primary (high-energy) detector has a
spacing of 17 m between sensors and an average horizon-
tal distance of 125 m between neighboring strings. The
low-energy infill array DeepCore consists of eight dedi-
cated strings with a typical spacing of 70 m deployed near
the center of the IceCube array. On the dedicated Deep-
Core strings, the sensors are concentrated in the clear-
est deep ice, with a denser 7 m vertical spacing. This
analysis uses data taken while 79 detector strings were
operational (IceCube-79), including six of the dedicated
DeepCore strings. A total of 318.9 days of high-quality
data were collected in this configuration, excluding pe-
riods of calibration runs, partial detector configurations
and detector downtime.

The aim of this analysis was to experimentally mea-
sure an expected modification of the atmospheric neu-
trino zenith angle distribution due to oscillation-induced
muon neutrino disappearance. From Eq. (1) we expected
the e↵ect to be strongest for vertical events with neutrino
energies around 25 GeV. Two samples of upward-going
muon neutrino events were extracted from data. The first
sample was obtained from relatively high-energy events
using data from the entire IceCube detector. The second
sample, selected from events starting in the DeepCore
volume, was very pure in lower energy neutrinos after
using the surrounding IceCube array as an active veto
to reject atmospheric muon background and high-energy
(> 100 GeV) neutrinos [6]. Standard neutrino oscilla-
tions are expected to a↵ect only the low-energy sample.

log(neutrino energy/GeV)
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

ra
te

 [H
z]

-610

-510

-410

nu
m

be
r o

f e
ve

nt
s

210

310

low-energy sample

high-energy sample

FIG. 1. Expected distribution of the neutrino energy of at-
mospheric neutrinos in the low-energy (DeepCore) and in the
high-energy (IceCube) samples according to simulations.

The high-energy reference sample provided high statistics
outside the signal region and served to constrain system-
atic uncertainties. The low-energy sample contained 719
events, while the high energy sample contained 39, 638
events after final cuts.
The directions of the neutrino-induced muon tracks in

the high-energy sample were determined with the stan-
dard maximum likelihood muon track reconstruction of
IceCube [7]. For low-energy events, the same method was
applied as an initial step. However, the standard hypoth-
esis of a through-going track is not appropriate at low en-
ergies. In a subsequent step, the length and end points of
the track are reconstructed and the likelihood of wether
the track started and/or stopped inside the detector vol-
ume is calculated [6]. Misreconstructed downward-going
tracks originating from cosmic ray muons are rejected by
quality cuts on reconstruction variables like the number
of unscattered photons and the track likelihood. The re-
sultant neutrino energy distributions of the two samples
are shown in Fig. 1.
The dominant background in the low-energy sample

was misidentified (as track-like) ⌫e events, with a contri-
bution of 10 � 15% as estimated from simulations. The
event selection has a non-zero e�ciency for ⌫⌧ events,
and some of the ⌫µ that oscillate into ⌫⌧ will thus be re-
tained in the sample. We therefore included the ⌫e back-
ground and the e↵ect of ⌫⌧ appearance due to ⌫µ ! ⌫⌧
in the analysis. In 11 days of simulated cosmic ray air
shower data no events were found to pass the final cuts
of the low-energy sample. The dominant background
in the high-energy sample was mis-reconstructed cosmic
ray-induced muons contributing 5%.
The resolution of the reconstructed zenith angle is an

essential parameter given that the neutrino propagation
length is proportional to the cosine of the zenith angle.
The variation in zenith angles alters L/E and thus the
survival probability. The angular resolution of the low-
energy sample was 8� with respect to the neutrino direc-

10    100 (GeV)

• 8 dedicated string fill ~107 m3 of ice 
with a typical spacing of 70m. 

• Sensors are concentrated in the 
clearest deep ice, with a denser 7m 
vertical spacing. 

• Energy range is 5.6 to 56 GeV, in which 
Deep Inelastic Scattering is dominant.
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IceCube DeepCore

6

cal e�ciency as function of the incident photon angle.
The e↵ect of the refrozen ice column is modeled by two
e↵ective parameters controlling the shape of the DOM
angular acceptance curve.

The first parameter controls the lateral angular ac-
ceptance (i.e., relative sensitivity to photons traveling
roughly 20� above versus below the horizontal) and is rel-
atively well constrained by LED calibration data. Five
MC data sets were generated covering the �1� to +1�
uncertainty from the LED calibration, and parametrized
in the same way as the overall optical e�ciency described
above. A Gaussian prior based on the calibration data is
applied.

The second parameter controls sensitivity to photons
traveling vertically upward and striking the DOMs head-
on, and is not well constrained by string-to-string LED
calibration. That e↵ect is modeled using a dimensionless
parameter ranging from �5 (corresponding to a bubble
column completely obscuring the DOM face for vertically
incident photons) to 2.5 (no obscuration). A value of zero
corresponds to constant sensitivity for angles of incidence
from 0� to 30� from vertical. Six MC sets covering the
range from -5 to 2 were used to parametrize this e↵ect.
No prior is used for this parameter due to lack of infor-
mation from calibration data.

The last nuisance parameter controls the amount of
atmospheric muon contamination in the final data sam-
ple. As described above, a data-driven method is used
to estimate the shape of this background in the analy-
sis histogram, including binwise uncertainties. Since the
absolute e�ciency for tagging background events with
this method is unknown, the normalization of the muon
contribution is left free in the fit.

In addition to the systematic uncertainties discussed
above, we have considered the impact of seed dependence
in our event reconstruction, di↵erent optical models for
both the undisturbed ice and the refrozen ice columns,
and an improved detector calibration currently being pre-
pared. In all these cases the impact on the final result
was found to be minor, and they were thus omitted from
the fit and the error calculation.

RESULTS AND CONCLUSION

The analysis procedure described above gives a best fit
of �m2

32

= 2.31+0.11
�0.13⇥10�3 eV2 and sin2 ✓

23

= 0.51+0.07
�0.09,

assuming normal neutrino mass ordering. For the in-
verted mass ordering, the best fit shifts to �m2

32

=
�2.32 ⇥ 10�3 eV2 and sin2 ✓

23

= 0.51. The pulls on the
nuisance parameters can be found in Table I. Our results
are still statistics limited.

The data agree well with the best-fit MC data set, with
a �2 of 117.4 for both neutrino mass orderings. This
corresponds to a p-value of 0.52 given the 119 e↵ective
degrees of freedom estimated via toy MCs, following the

FIG. 2. Data projected onto L/E for illustration. The black
dots indicate the data along with their corresponding statis-
tical errors. The dotted line shows the expectation in the
absence of neutrino oscillations. The stacked hatched his-
tograms are the predicted counts given the best-fit values of
all parameters in the fit for each component. The �uncor

⌫+µatm

uncertainty as defined in Eq. (2) is also shown. The bottom
plots show the ratio of the data to the fitted prediction.

procedure described in Ref. [27].

To better visualize the fit, Fig. 2 shows the results
of the fit projected onto a single L/E axis, for both the
track-like and cascade-like events. The two peaks in each
distribution correspond to down-going and up-going neu-
trino trajectories. Up-going ⌫µ + ⌫̄µ are strongly sup-
pressed in the track-like channel due to oscillations. Some
suppression of up-going cascade-like data is also visible,
due to disappearance of lower-energy ⌫µ which are not
tagged as track-like events by our reconstruction.

Figure 3 shows the region of sin2 ✓
23

and �m2

32

allowed
by our analysis at 90% C.L., along with our best-fit point
and several other leading measurements of these param-
eters [12–14, 16]. The contours are calculated using the
approach of Feldman and Cousins [47] to ensure proper
coverage.

Our results are consistent with those from other ex-
periments [12–16], albeit with significantly higher energy
neutrinos and are subject to a di↵erent set of systematic
uncertainties. Our data prefer maximal mixing, similar
to the result from T2K [13]. The best-fit values from the
NO⌫A experiment [14] are disfavored by ��2 = 8.9 (first
octant) or ��2 = 8.8 (second octant), corresponding to
a significance of 2.6� using the method of Feldman and
Cousins, although there is considerable overlap in the
90% confidence regions of the two measurements. Fur-
ther improvements to our analysis are underway, includ-
ing the incorporation of additional years of data, ongoing
extensions of our event selections, and improved calibra-
tion of the detector response.

7

FIG. 3. The 90% allowed region from this work (solid line)
compared to other experiments [12–14, 16] (dashed lines).
The cross marks our best-fit point. The outer plots show the
results of the 1-D projections after profiling over the other
variables along with the 68% CL ��2

c threshold estimated
using the Feldman-Cousins method [47].
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Friday afternoon: T.Ehrhardt, P.Eller
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IceCube-Gen2 (future)

Jakob van Santen – ICRC 2017 – Prospects for IceCube-Gen2

23The IceCube-Gen2 facility

IceCube-Gen2  
High-Energy Array

IceCube-Gen2 Surface Veto

IceCube

DeepCore

PINGU

Multi-component observatory: 
• IceCube-Gen2 High-Energy Array  
• Surface air shower detector 
• Sub-surface radio detector  
• PINGU

A wide band neutrino observatory (MeV – EeV) using several detection 
technologies – optical, radio, and surface veto – to maximize the science 

~10x IceCube volume

low energy

J. van Santen at ICRC 2017

Friday afternoon: T.Ehrhardt, P.Eller
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Jakob van Santen – ICRC 2017 – Prospects for IceCube-Gen2

27IceCube-Gen2 Phase 1

Science goals:
• νμ disappearance 
• ντ appearance 
• Precise calibration of IceCube optical 

properties and DOM response 
16

IceCube-Gen2 (future)
J. van Santen at ICRC 2017
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Jakob van Santen – ICRC 2017 – Prospects for IceCube-Gen2

28
Phase 1 science: precision νμ disappearance 

Gen2 Phase 3 years

Precision significantly improved over DeepCore

DeepCore

Gen2 Phase 1

17

IceCube-Gen2 (future)
J. van Santen at ICRC 2017
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For the non-oscillation hypothesis, i.e. sin2 2θ23 = 0, χ2/NDF = 31.1/23 is obtained. The pull factors in this case
are ϵ = −0.302 and η = −0.196. The event deficit in the single-line channel is seen here as ϵ becoming lower than η.
Requiring in addition ϵ = η the χ2 increases further to χ2/NDF = 40.0/24, which has a probability of only 2.1%.

This measurement is converted into contours of the oscillation parameters and is shown in Figure 5. With 68%

23θ22sin
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Figure 5: 68% and 90% C.L. contours (solid and dashed red lines) of the neutrino oscillation parameters as derived from the fit of the ER/ cosΘR
distribution. The best fit point is indicated by the triangle. The solid filled regions show results at 68% C.L. from K2K [20] (green), MINOS [21]
(blue) and Super-Kamiokande [22] (magenta) for comparison.

C.L. sin2 2θ23 > 0.70 is found and ∆m232 is constrained to values in the range [2.2, 4.2] · 10
−3eV2. If maximal mixing

is imposed (sin2 2θ23 = 1), the obtained range of ∆m232 is

∆m232 = (3.1 ± 0.9) · 10
−3eV2. (8)

The results are in agreement with other measurements from K2K [20], MINOS [21] and Super-Kamiokande [22].

9. Conclusions

Based on data taken by the ANTARES neutrino telescope from 2007 to 2010, constraints on the neutrino os-
cillation parameters sin2 2θ23 and ∆m232 have been derived. If maximal mixing is assumed, a value ∆m

2
32 = (3.1 ±

0.9) · 10−3eV2 is obtained. The result agrees well with current world data and demonstrates a good understanding of
the performance of the ANTARES telescope at its lowest accessible energies. It is the first such measurement by a
high energy neutrino telescope and underlines the potential of future low energy extensions of the existing neutrino
telescopes for such physics.
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ANTARESMediterranean Detectors 
•  25 storeys / 

line 
•  3 PMTs / 

storey 
•  900 PMTs 

~70 m 

350 m 

100 m 

14.5 m 

~20m/90m 

~200m/~650m 

230 ARCA + 115 ORCA lines New Generation 

•  18 storeys / 
line 

•  1 DOM / 
storey 

•  ~200 000 
PMTs 

ANTARES Complete since 2008 KM3NeT Under Construction 

12 lines  
First Generation 

First line since 10 years 

Compact 

Same size (43cm) 

4 

~1 Gton                 ~8 Mton 
~10 Mton 

•  DOM: 31 3” PMTs  
•  Digital photon counting 
•  Directional information 

•  Wide angle of view 
•  Cost reduction wrt ANTARES 

Mediterranean detector since 2008
• Studying the upgoing muon rate as a 
function of reconstructed muon energy 

• Energy is above 20GeV

Physics Letters B, 714, 24 (2012)
863 days from 2007 to 2010

P
o
S
(
I
C
R
C
2
0
1
7
)
1
0
2
6

ANTARES Atmospheric Neutrino Oscillations I. Salvadori

Parameter Test Point Value Prior
N 1.00 FREE

Dm2
32 [10�3 eV2] 2.43 FREE

q23 [�] 41.50 FREE
q13 [�] 8.41 8.41±0.28
q12 [�] 33.46 FIXED

Dm2
21 [10�5 eV2] 7.53 FIXED

dCP [�] 0.00 FIXED

Table 1: Oscillation parameters (first column), values used to construct the pseudo-data sample (second
column) and eventual prior (third column).

6. ANTARES Sensitivity to the Atmospheric Neutrino Oscillation Parameters

The sensitivity region is presented in form of confidence intervals in the parameter space q23�
Dm2

32, which have been computed by looping on a fine grid of values around the minimum, and
using tabulated critical values for c2 with 2 degrees of freedom (dof). In Figure 1 the sensitivity at
90% C.L. obtained from the analysis of the pseudo-data sample used is compared with the results
from other experiments. The one-dimensional contours are also shown. They have been obtained
by looping over the same grid of values of Dm2

32 and q23, respectively, and minimizing with respect
to the other free parameters of the fit.

Figure 1: Result obtained from our pseudo-experiment simulating 2236 days of ANTARES lifetime. The
red-dashed curve represents the allowed parameter region at 90% C.L. The one-dimensional contours for
the two oscillation parameters under study are also shown. For comparison, results from MINOS [13],
NOvA [14], T2K [15], IceCube (DeepCore) [16] and Super Kamiokande [17] are also shown.

7. ANTARES Expected Sensitivity to Sterile Neutrinos

The existence of additional neutrinos, which do not take part in the weak interaction but whose

3

Sensitivity for 2236 days

I. Salvadori 
PoS(ICRC2017)1026
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KM3NeT-ORCA (future)

Friday afternoon: M.Circella

A. Kouchner at ICRC 2017

~210 m 

~200 m
 

20 m 

•  ~6 Mton instrumented 
•  115 strings 
•  18 DOMs / str 
•  31 PMTs / DOM 
•  Total: 64k 3’’PMTs 

2475m depth • Study atmospheric neutrinos in 5-50GeV 
region which is unique for determination 
of the mass hierarchy. 

• Sensitivity is 3σ in 4 years, or better

Sensitivity to Mass Ordering 

Worst case 3σ in 4 years  
Combination of  NO and upper octant of θ23 -- > 5σ in 3 years  

 δcp small but non-negligible ~0.5� impact on sensitivity 

3 yrs 

S
ys

te
m
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ic

s 

10 

0       1       2        3       4     yrs   
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• Full 3 flavor oscillation analysis is performed 
to extract mass hierarchy, Octant θ23, δCP. 

• Tests of various non-standard scenarios are 
possible. 

• Several large detector experiments are 
proposed, and determine those parameters 
in near future.

Summary of atmospheric ν
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Solar neutrinos

p + p → �H�e++	
	�           p + e�+ p → ��H +	
	�� 

2H + p → 3He + γ 
 

  �He+ �He →α+ 2p   �He +α → 7Be +γ   �He + p → 4He + e++ ν	 
 

7Be + e� → 7Li + ν	�������������� 7Be + p → 8B + γ 
 

 7Li + p  → 2α������������������8B → 8Be* + e�+ ν	  
 

                                                                                                         
8Be* → 2α 

�
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Solar neutrino energy spectrum
Serenelli, Haxton, Pena-Garay ApJ, 743, 24 (2011)
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✓Find solar direction 
✓Realtime measurements 

- day-night flux differences 
- seasonal variation 
✓Energy spectrum

ν+ e- → ν+ e-
neutrino-electron elastic scattering

41
.4

 m

39.3 m

50000 tons of 
Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

ID

OD

Super-Kamiokande
as a solar neutrino detector
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✓Find solar direction 
✓Realtime measurements 

- day-night flux differences 
- seasonal variation 
✓Energy spectrum

ν+ e- → ν+ e-Typical event 

ID

OD

vertex 55cm hit timing
direction 23deg. hit pattern
energy 14% # of hits.

Detector performance
resolution (10 MeV)

~ 6 hits/MeV 
well calibrated by LINAC and DT 
within 0.5% precision

information

neutrino-electron elastic scattering

Ee = 8.6 MeV (kin.) 
cosθsun = 0.95

Super-Kamiokande
as a solar neutrino detector
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Motivation of the measurement
See the neutrino oscillation MSW effect directly
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Day-Night flux asymmetry

Expected 
(day-night)/((day+night)/2)

Regenerate νe by 
earth matter effect5

Spectrum distortion

Super-K can search for the spectrum “upturn” 
expected by neutrino oscillation MSW effect

Super-K

Vacuum oscillation 
dominant

Matter oscillation 
dominant

-1%

-2%
-3%
-4%

up-turn
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Neutrino oscillation
~2σ tension between solar global 
and KamLAND in Δm221

�m2
21 = 7.54+0.19

�0.18

The unit of Δm221 is 10-5 eV2

sin2 ✓12 = 0.316+0.034
�0.026

sin2 ✓12 = 0.308± 0.014

�m2
21 = 4.85+1.33

�0.59

sin2 ✓12 = 0.307+0.013
�0.012

�m2
21 = 7.49+0.19

�0.18
Solar global

KamLANDSolar+ 
KamLAND

sin2θ13=0.0219±0.00148B flux is constraint by SNO NC data

PRD94, 052010 (2016)
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Day/Night asymmetry
expected time variation as a function of cosθz

R
at

e/
R

at
e a

ve
ra

ge

θz
Sun

Earth

Δm221=4.84x10-5 eV2 

sin2θ12=0.311 
sin2θ13=0.025

Day/Night Amplitude was fitted to
-3.3±1.0±0.5%

in SK-I to IV (4499 days)
2.9σ

Non-zero significance was

PRD94, 052010 (2016)

expected

Δm221=4.84x10-5 eV2 
sin2θ12=0.342

PRL112, 091805 (2014)

KamLAND

Solar

SK-I,II,III,IV best fit

expected
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Recoil electron spectrum
Preliminary

SK spectrum data is consistent within 1σ 
for the Solar best fit parameters, while 
marginally consistent within 2σ for the 
Solar+KamLAND best fit parameters.

(statistic error only)

Solar+KamLAND	parameter�
Solar	global	parameter�
Quadra6c	spectrum	best-fit	�

Exponen6al	spectrum	best-fit�

SK-I~IV combined
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Yearly solar neutrino flux
Preliminary

SK-I

SK-II

SK-III

SK-IV
8B flux vs sun spot
No correlation with 11 years 
solar activity is observed

χ2=15.52/19 (dof) 
Prob. = 68.9%

Solar neutrino rate measurement in SK is fully consistent 
with a constant solar neutrino flux emitted by the Sun

Sun spot number : http://www.sidc.be/silso/datafiles 
Source: WDC-SILSO, Royal Observatory of Belgium, 
Brussels
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Borexino
Liquid scintillator 

270 t PC+PPO (1.5g/l) 
in nylon vessel (R=4.25m)

2212 8” PMTs 
with light guide cone

✓High light yield 
- lowering energy threshold 
- good energy resolution 
✓Realtime measurements 
✓No neutrino directional information 

- background reduction and 
understanding are critical

ν+ e- → ν+ e-
neutrino-electron elastic scattering

Gran Sasso in Italy since 2007
(10th years anniversary)

https://agenda.infn.it/conferenceDisplay.py?confId=12485



26 Sep., 2017 NUFACT2017

*oscilla(on	parameters	from:	I.Esteban,	MC.Gonzalez-Concha,	M.Maltoni,	I.Mar4nez-
Soler	and	T.Schwetz,	Journal	of	High	Energy	Physics	01	(2017)	

31

Borexino

arXiv: 1707.09279

Extract the each solar neutrino rate and 
the BG contribution from the spectrum

•Pee(pp) = 0.57 ± 0.10 
• Pee(7Be, 862keV) = 0.53 ± 0.05 
• Pee(pep) = 0.43 ± 0.11
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Borexino

arXiv: 1707.09279

Astrophysical point of view

BX results seem to give a hint towards the High Metallicity 
hypothesis in spite of the large theoretical error
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Solar neutrinos in Hyper-K
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Solar neutrinos in Hyper-K

0.3 %

0.1 %

0.3 %

b/w zero D/N and Solar of Δm221
b/w Solar and KamLAND 
of Δm221

Sensitivity of Day/Night flux asymmetry
Systematic error

E. O’sullivan, C. Bronner
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• Current running detectors are Super-Kamiokande and 
Borexino. 

• Indication of Day-Night asymmetry has been found in 
Super-K at 3σ level. 

• Precise measurements of pp, 7Be, pep has succeeded 
in Borexino 

• 2σ tension between solar and KamLAND Δm212 is seen. 
Day-night measurement in Hyper-K can determine the 
parameter.

Summary of solar ν
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Inverse beta decay
νe!

e+!

p 
n 

γ#

γ#p 

Gd 

(2.2MeV)

~8MeV

Dissolve Gadolinium into Super-K 
J.Beacom and M.Vagins, 

 Phys.Rev.Lett.93(2004)171101

Delayed coincidence
1.

2.

3.

TIME AXIS

z = 0

"

"

z = 1

z = 5

We need information 
concerning...

WE ARE 

HERE.

2. Formulation and Models
How to Calculate the SRN Flux

S.Ando

First observation of neutrinos 
emitted from past supernovae

Super-K Gd



26 Sep., 2017 NUFACT2017 37

Super-K Gd

201X� 201X+1� 201X+2� 201X+3� 201X+4�

Fill	water(~2month)�

Pure	water		
circula;on	

T1	=	Load	first	Gd2(SO4)3		up	to	10t=0.02%�

Stabilize	
water	transparency	

Physics	run�

T2	=	Load	full	Gd2(SO4)3	
												100t=0.2%	�

Physics	run�

�
�
�
�

�
�
�
�

T0	=	Start	leak	stop	work(~3.5	month)�

Tank open on June 1st, 2018
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Around this time next yearT2K Exotics Report 
 
 
 
 
  

Yusuke Koshio, Alexander Izmaylov 
for T2K Exotics WG 

May 28, 2016 
 T2K Collaboration Meeting 

 

Open the Super-K tank since 2006
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Around this time next yearT2K Exotics Report 
 
 
 
 
  

Yusuke Koshio, Alexander Izmaylov 
for T2K Exotics WG 

May 28, 2016 
 T2K Collaboration Meeting 

 

Open the Super-K tank since 2006

Stay tuned!
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