
Yusuke Koshio
Okayama University

for Super-Kamiokande collaboration
Neutrino 2014, 3 June, 2014

Solar results from 
Super-Kamiokande



Neutrino 20143rd June, 2014 2

Contents

✓ Introduction
- Solar neutrinos
- Super-Kamiokande
✓Recent results in Super-Kamiokande
- Flux
- Day-Night asymmetry
- Energy spectrum
- Neutrino oscillation analysis
✓ Future prospects
✓Summary



Introduction



Neutrino 20143rd June, 2014 4
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Solar neutrino energy spectrum
Serenelli, Haxton, Pena-Garay
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Super-Kamiokande (SK)
41

.4
 m

39.3 m

50000 tons of
Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

~1km

~3km ~2km
(2700 mwe)

Phase Period Livetime 
(days) 

Fiducial vol. 
(kton)

# of 
PMTs

Energy 
thr.(MeV)

SK-I 1996.4 ~
2001.7 1496

22.5

11146
(40%) 4.5

SK-II 2002.10 ~2005.10 791
22.5 5182

(20%) 6.5

SK-III 2006.7 ~2008.8 548 22.5 (>5.5MeV)
13.3 (<5.5MeV) 11129

(40%)

4.5

SK-IV 2008.9 ~ 1669
22.5 (>5.5MeV)
13.3 (4.5<E<5.5)
 8.8 (<4.5MeV)

11129
(40%) 3.5

(For Solar neutrino analysis)

total 4504 days 

Kamioka mine Japan

ID

OD

(coverage) (Kinetic 
energy)
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✓Find solar direction
✓Realtime measurements
- day-night flux differences
- seasonal variation
✓Energy spectrum

7

ν+ e- → ν+ e-Typical event 

Solar neutrino observation in SK

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
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See the neutrino oscillation MSW effect directly
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Motivation of the measurement
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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
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-2%
-3%
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Improvement in SK-IV
Lower background

SK-IVSK-III

Event rate becomes low and stable in SK-IV 
by improvement of the water system.

Reduce systematic error

(4.0-4.5 MeV(kin.))

Total        1.7 %       2.1 %
(+3.5, -3.2 % for SK-I)

achieved 3.5 MeV(kin.) 
energy threshold

Source
SK-IV flux

(3.5-19.5MeV)
SK-III flux

(4.5-19.5MeV)
energy scale +1.14, -1.16% ±1.4%

energy resolution +0.14, -0.08% ±0.2%
B8 spectrum +0.33, -0.37% ±0.2%
trigger efficiency ±0.1% ±0.5%
angular resolution +0.32, -0.25% ±0.67%
vertex shift ±0.18% ±0.54%
BG event cut ±0.36% ±0.4%
hit pattern cut ±0.27% ±0.25%

another vertex cut removed ±0.45%
spallation cut ±0.2% ±0.2%
gamma cut ±0.26% ±0.25%
cluster hit cut +0.45, -0.44% ±0.5%
BG shape ±0.1% ±0.1%

signal extraction ±0.7% ±0.7%
cross section ±0.5% ±0.5%



SK all phase combined results
(updated with latest SK-IV result)

- Flux -
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Observed solar neutrino signal

Sunecos
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No correlation with solar activity is seen.
More sophisticated analyses such as 
yearly flux plot are being prepared.
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Sun spot number
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Signal in the lowest energy bins
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SK-IV 1668.8 days 3.5 - 4.0 MeV(kin.)
Signal = 1047 + 140 - 138(stat.) events

SK-IV 1668.8 days 4.0 - 4.5 MeV(kin.)
Signal = 1200 + 90 - 88(stat.) events

@~7.5 σ level

preliminary

3.5-4.0

4.0-4.5



SK all phase combined results
(updated with latest SK-IV result)

- Day/Night -
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Zenith angle distribution

Earth

θz

Solar best fit 

Solar+KamLAND 

preliminary

path exactly through day and night points

SK-I - IV combined
(Eth=4.5 MeV for SK-I,III,IV

6.5 MeV for SK-II)
statistic error only sin2θ12=0.308

Δm221=7.50x10-5eV2

sin2θ12=0.311
Δm221=4.85x10-5eV2

Sun

sin2θ12=0.311
Δm221=4.17x10-5eV2
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Day/Night differences
Amplitude fitAmplitude fit Straight calc.

(D-N)/((D+N)/2)Δm221=4.84x10-5 eV2 Δm221=7.50x10-5 eV2
Straight calc.
(D-N)/((D+N)/2)

SK-I -2.0±1.8±1.0% -1.9±1.7±1.0% -2.1±2.0±1.3%
SK-II -4.4±3.8±1.0% -4.4±3.6±1.0% -5.5±4.2±3.7%
SK-III -4.2±2.7±0.7% -3.8±2.6±0.7% -5.9±3.2±1.3%
SK-IV -3.6±1.6±0.6% -3.3±1.5±0.6% -4.9±1.8±1.4%

combined -3.3±1.0±0.5% -3.1±1.0±0.5% -4.1±1.2±0.8%
non-zero significance 3.0σ 2.8σ 2.8σ

Recoil Electron Kinetic Energy (MeV)
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Δm221 dependence

sin2θ12=0.311, sin2θ13=0.025
1σ KamLAND1σ Solar

SK-I,II,III,IV best fit

expected
2.8σ2.9σ3.0σ

Solar region
✓ differ from zero 

by 2.9~3.0σ
✓agree with expect 

by 1.0σ

✓ differ from zero 
by more than 2.8σ
✓agree with expect 

by 1.3σ

KamLAND region

preliminary
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Δm221 dependence

sin2θ12=0.311, sin2θ13=0.025
1σ KamLAND1σ Solar

SK-I,II,III,IV best fit

expected
2.8σ2.9σ3.0σ ✓ differ from zero 

by 2.9~3.0σ
✓agree with expect 

by 1.0σ

✓ differ from zero 
by more than 2.8σ
✓agree with expect 

by 1.3σDay/Night asymmetry
(straight calculation)

Solar region

KamLAND region

preliminary



SK all phase combined results
(updated with latest SK-IV result)

- Spectrum -
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Recoil electron spectrum
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0.6 SK I/II/III/IV LMA SpectrumSK I/II/III/IV LMA Spectrum

20

Recoil electron spectrum

(statistic error only)

(total # of bins of SKI - IV is 83) χ2
Solar+KamLAND 70.13

Solar 68.14
quadratic fit 67.67
exponential fit 66.54

All SK phase are combined without regard to 
energy resolution or systematics in this figure

preliminary

MSW is slightly disfavored by ~1.7σ 
using the Solar+KamLAND best fit 
parameters, and ~1.0σ using the Solar 
best fit parameters.
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✓ Neutrino energy spectrum was de-convoluted from the 
electron recoil spectrum.

✓ The following generic functions are used as a survival 
probability;

- quadratic

- exponential

✓ All the SK-I to IV recoil electron spectrum constrain 
the fit parameters (ei, ci) of these functions, including 
the correlation between SK phases and energy bins.

✓ Get the allowed Pee(Eν) using allowed (ei, ci).
21

Neutrino energy spectrum shape

Pee(E�) = e0 +
e1

e2

�
exp
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e2(
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MeV
� 10)

�
� 1
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Pee(E�) = c0 + c1

�
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�
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�
E�

MeV
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�2
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Allowed survival probability

SK

Solar+KamLAND

Solar

Pee(E�) = c0 + c1
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�
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�
E�
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�2

✓MSW (solar+KamLAND) is consistent at ~1.6σ
✓MSW (solar) fits better (at ~0.7σ)

sin2θ12=0.308
Δm221=7.50x10-5eV2

sin2θ12=0.311
Δm221=4.85x10-5eV2

preliminary
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Allowed survival probability
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Solar
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✓SK more stringent <7.5 MeV, SNO >11.5 MeV
✓MSW is consistent at 1~1.5σ

sin2θ12=0.308
Δm221=7.50x10-5eV2

sin2θ12=0.311
Δm221=4.85x10-5eV2

preliminary
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Allowed survival probability
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✓SK and SNO is complementary shape constraints
✓MSW is consistent at 1σ

sin2θ12=0.308
Δm221=7.50x10-5eV2

sin2θ12=0.311
Δm221=4.85x10-5eV2

preliminary



Neutrino 20143rd June, 2014 25

Allowed survival probability

SK+SNO

Borexino (8B)

all solar (pp)

i Energy in MeV
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SK I - IV combined

SK

KamLAND

SK+KamLAND

sin2 �12 = 0.312+0.033
�0.025

sin2 �12 = 0.339+0.027
�0.024

sin2 �12 = 0.322+0.022
�0.019

✓SK favors LMA solution > 3σ
✓~2σ tension with KamLAND 
in Δm221

sin2θ13=0.0242±0.0026

The unit of Δm221 
is 10-5 eV2

8B flux is constraint by SNO NC data

preliminary

�m2
21 = 4.74+1.6

�0.79

�m2
21 = 7.50+0.19

�0.17

PRD88, 3,033001 (2013)
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sin2 �12 = 0.317+0.017
�0.027
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SK and SNO

SKSNO

SK+SNO

sin2 �12 = 0.339+0.027
�0.024

sin2 �12 = 0.313+0.014
�0.014

✓SNO better in θ12, 
SK better in Δm221

sin2θ13=0.0242±0.0026

preliminary

The unit of Δm221 
is 10-5 eV2

�m2
21 = 5.4+2.2

�1.1

�m2
21 = 4.74+1.6

�0.79

�m2
21 = 4.86+1.4

�0.62

PRC88, 025501 (2013)
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Data set for global solar analysis

✓ SK:
- SK-I 1496 days, spectrum 4.5-19.5 MeV(kin.)+D/N:Ekin>4.5 MeV 
- SK-II 791 days, spectrum 6.5-19.5 MeV(kin.)+D/N: Ekin>7.0 MeV
- SK-III 548 days, spectrum 4.0-19.5 MeV(kin.)+D/N: Ekin>4.5 MeV
- SK-IV 1669 days, spectrum 3.5-19.5 MeV(kin.)+D/N: Ekin>4.5 MeV

✓ SNO:
- Parameterized analysis (c0, c1, c2, a0, a1) of all SNO phased. (PRC88, 

025501 (2013))
    (Note: the same method is applied to both SK and SNO with a0 and a1 to LMA expectation.)

✓ Radiochemical: Cl, Ga
- Ga rate: 66.1±3.1 SNU (All Ga global) (PRC80, 015807 (2009))
- Cl rate: 2.56±0.23 SNU(Astrophys. J.496, 505 (1998) )

✓ Borexino: Latest 7Be flux (PRL 107, 141302 (2011))
✓ KamLAND reactor : Latest (3-flavor) analysis (PRD88, 3, 033001 (2013))
✓ 8B spectrum: Winter 2006 (PRC73, 73, 025503 (2006))
✓ 8B and hep flux free, if not mentioned.

The most up-to-date data are used
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Solar all
sin2 �12 = 0.312+0.033

�0.025

sin2 �12 = 0.311+0.014
�0.014

sin2 �12 = 0.308+0.013
�0.013

✓Same ~2σ tension with 
KamLAND in Δm221

sin2θ13=0.0242±0.0026

KamLAND
Solar+KamLAND

Solar

preliminary

The unit of Δm221 
is 10-5 eV2

�m2
21 = 7.54+0.19

�0.18

�m2
21 = 4.85+1.4

�0.59

�m2
21 = 7.50+0.19

�0.18
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Without reactor θ13 constraint

Solar

KamLAND

Solar+KamLAND

sin2 �12 = 0.326+0.044
�0.037

sin2 �13 = 0.010+0.033
�0.034

sin2 �12 = 0.310+0.021
�0.017

sin2 �13 = 0.027+0.024
�0.028

sin2 �12 = 0.309+0.014
�0.013

sin2 �13 = 0.027+0.016
�0.014

✓Non-zero θ13 from solar
+KamLAND at 2σ

Reactor

preliminary



Future prospects
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SK-IV Energy Spectrum
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Target in future
To see the spectrum “upturn”

i Energy in MeV
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✓Reduce B.G. and enlarge F.V.

3.5-4.5 MeV
8.8 kton

✓Reduce energy correlated systematic error

✓More solar neutrino signal in low energy region 
-> new trigger system
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WIT (Wide-band Intelligent Trigger)

G. Carminati - UCIrvine

• 7 WIT’s receive raw data from SN Rec.

• Same 7 WIT’s trigger and reconstruct raw data

• 1 WIT merges and organizes all reconstructed data

• Organized data are stored on offline disk

WIT system

4

Reconstruction and Reduction just after Front-end

Just started
G. Carminati - UCIrvine

WIT Trigger Efficiency

3
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WIT system 
complete

• (8) PCs: Dual 8-core (with Hyper-
threading) Intel Xeon E5-2680 at 
2.7GHz with 64GB DDR3 RAM    
➟ 128 (256 HT) cores in total

• (3) Merger PCs: Dual quad-code 
Intel Xeon Harpertown 5462 at 
2.8GHz with 16GB RAM                
➟ 24 cores in total

• (2) network switches:

• HP ProCurve Switch 2900-24G (20-Port 
1 Gb-E + 4-Port 10 Gb-E)

• HP ProCurve Switch 6600-24XG (24-
Port 10 Gb-E) 3

100% trigger efficiency 
above 2.5MeV(kin.)
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Summary
✓ SK has observed ~70000 solar neutrino interactions in ~4500days 

(1.5 solar cycles), by far the largest sample of solar neutrino events in 
the world.

✓ SK data provide the first indication (at 2.8~3.0 sigma) of terrestrial 
matter effects on 8B solar neutrino oscillation. This is the first 
observation using a single detector and identical neutrino beams that 
matter affects neutrino oscillations.

✓ SK has successfully lowered the analysis threshold to ~3.5 MeV 
kinetic recoil electron energy.

✓ SK gives the world’s strongest constraints on the shape of the 
survival probability Pee(Eν) in the transition region between vacuum 
oscillations and MSW resonance.

✓ SK spectrum results slightly disfavor the MSW resonance curves, but 
are consistent with MSW prediction within 1-1.7 sigma.
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Summary
✓ SK measurements strongly constrain neutrino oscillation parameters:

- SK uniquely selects the Large Mixing Angle MSW region by 
>3sigma,

- gives world’s best constraint on solar Δm2 using neutrinos,

- and significantly contributes to the measurement of the solar angle.

✓ There is a 2 sigma tension between SK’s neutrino and KamLAND’s 
anti-neutrino measurement of the solar Δm2.

✓ Last month SK started taking data at ~2.5 MeV at ~100% trigger 
efficiency. Stay tuned for very low energy SK solar neutrino data.

See also the Y.Nakano’s poster (#145 session 1) 

Thank You!



Backup
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Day/Night differences
Amplitude fitAmplitude fit Straight calc.

(D-N)/((D+N)/2)Δm221=4.84x10-5 eV2 Δm221=7.50x10-5 eV2
Straight calc.
(D-N)/((D+N)/2)

SK-I -2.0±1.8±1.0% -1.9±1.7±1.0% -2.1±2.0±1.3%
SK-II -4.4±3.8±1.0% -4.4±3.6±1.0% -5.5±4.2±3.7%
SK-III -4.2±2.7±0.7% -3.8±2.6±0.7% -5.9±3.2±1.3%
SK-IV -3.6±1.6±0.6% -3.3±1.5±0.6% -4.9±1.8±1.4%

combined -3.3±1.0±0.5% -3.1±1.0±0.5% -4.1±1.2±0.8%
non-zero significance 3.0σ 2.8σ 2.8σ

expected time variation as a function of cosθz

preliminary(sin2θ12=0.311, sin2θ13=0.025)
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exponential parameterization

preliminary

Pee(E�) = e0 +
e1

e2

�
exp

�
e2(

E�

MeV
� 10)

�
� 1

�

✓SK spectrum, red : exponential, green : quadratic

Solar+KamLAND

Solar

sin2θ12=0.308
Δm221=7.50x10-5eV2

sin2θ12=0.311
Δm221=4.85x10-5eV2
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SK I - IV combined

SK
KamLAND

SK+KamLAND

✓SK favors LMA solution > 3σ
✓another contour at 4, 5 σ 
below old “LOW” solution.

sin2θ13=0.0242±0.0026
8B flux is constraint by SNO NC data

preliminary
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SK and SNO

SK
SNO SK+SNO

sin2θ13=0.0242±0.0026

preliminary


