
Yusuke Koshio
Okayama University

Kavli IPMU, Univ. of Tokyo
Multi-Messenger bi-monthly meeting, 15 April, 2014

Super-Kamiokande 
low energy
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2km!3km!

1km!
(2700mwe)!
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Water Chernkov detector 

Cherenkov light 

Charged 
particle Outer detector: 

1885 of 8” PMT 
remove cosmic ray µ 
γ and n shield from rock 

Inner detector: 
11129 of 20” PMT 
with acrylic cover 

50,000 tons of pure water 

Since 1996 
SK-1 (1996~2001) 
SK-2 (2002~2005) 
SK-3 (2006~2008) 
SK-4 (2008~present)�

Kamioka observatory�

39.3m neutrinos 

(2700 mwe)

3.5MeV(kin.) energy threshold
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Super-Kamiokande
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What’s “low energy”

Super&K(
low(energy(

SN#ν#@#G.C.#

Solar#ν#

Atmospheric(ν(

MeV( GeV( TeV(

T2K(ν(

Relic#SN#ν#
MeV~100MeV region

Main target:
✓Solar neutrino
✓Super Nova neutrino



Solar neutrinos in 
Super-K
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νsolar"

electron�

Cherenkov light�

ν+ e- → ν+ e-

neutrino-electron elastic scattering
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Observation in Super-K
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νsolar"

electron�

Cherenkov light�

neutrino-electron elastic scattering

✓Find solar direction
✓Realtime measurements
- day-night flux differences
- seasonal variation
✓Energy spectrum

6

Observation in Super-K

ν+ e- → ν+ e-
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Solar neutrino spectrum
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See the neutrino oscillation MSW effect directly

Spectrum distortion

The MSW resonance will lead to 
the energy dependence of the 

neutrino survival probability with 
the signature “upturn”. Vacuum oscillation 

dominant

Matter oscillation 
dominant

8

Motivation of the Super-K solar ν
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Super-K can search for the 
“upturn” in its recoil electron 

energy spectrum
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See the neutrino oscillation MSW effect directly

9

Motivation of the Super-K solar ν

Day-Night flux asymmetry

sin2(O12)=0.304±0.013 6m2
21=(7.44+0.20
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Adn=(day-night)/((day+night)/2)
(expected)
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4%
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Regenerate νe by 
earth matter effect



Results in Super-K
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Data set

• 16 years (1996~2012) of data

- 1496 days (SK-I), 791 days (SK-II),      
548 days (SK-III), 1306 days (SK-IV)

• Improvement for SK-IV

- Lower background

- Reduce systematic error

- Lower threshold (3.5MeV(kin.))

1.7% for flux
(2.1% for SK-III)
(3.2% for SK-I)
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Solar angle distribution  
of lower energy 

●3.5-4.0MeV(kin)  
Detection efficiency ~ 86%  
 

●4.0-4.5MeV(kin)  
Detection efficiency ~ 99% 
Clear excess / using oscillation analysis [event/day/kton @ 4.0-4.5MeV(kin.)]

2007/      2008/      2010/               2012/  
  01           10           01                    03�

SK-III � SK-IV �

Achieve stable low 
background level

Solar angular distribution 
(3.5~4.0MeV(kin.))

13

Lower background

Signal @~7σ level
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Observed solar neutrino events
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n SK-I,II,III,IV 3904 days

SIGNAL = 57721.3 events
   : Data 
   : Background 
   : Best Fit  

2.37+/'0.02(stat.)+/'0.04(syst.)0
[x106/cm2/s]0

More than 60,000 
extracted solar neutrinos! 

3.5 MeV ≤ E≤ 19.5 MeV 

SK I ~ IV

Statistical 
average:  
0.451+/-0.007 SK-IV�

stat. 
err. 

stat.2 + syst.2  

*Assuming a pure νe flavor content* 

Flux in each SK phase



Spectrum
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Recoil electron spectrum
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Upturn?
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sin2θ12=0.304 , Δm2=7.41∙10-5eV2


sin2θ12=0.314 , Δm2=4.9∙10-5eV2


General cubic function


General exponential/quadratic function


Pee
d (Eν ) = c + c1(Eν −10)+ c2 (Eν −10)

2

Pee
d (Eν ) = c + c1(Eν −10)+ c2 (Eν −10)

2 + c3(Eν −10)
3

Pee
d (Eν ) = e +

e1
e2
(ee2 (Eν−10) −1)
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Allowed survival probability
P e
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Day-Night flux 
differences
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Analysis -1-

ADN =
ΦD −ΦN

1/ 2(ΦD +ΦN )

Day/Night asymmetry

Day-Night 
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Analysis -2-

Day/Night amplitude
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Results

Recoil Electron Kinetic Energy (MeV)
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experiment D/N amplitude ADN

SK-I -2.0±1.7±1.0% -2.1±2.0±1.3%
SK-II -4.3±3.8±1.0% -5.5±4.2±3.7%
SK-III -4.3±2.7±0.7% -5.9±3.2±1.3%
SK-IV -3.4±1.8±0.6% -5.3±2.0±1.4%

SK comb. -3.2±1.1±0.5% -4.2±1.2±0.8%

Day/Night asymmetry derivates from zero by
2.7 σ
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Δm2 dependence
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Neutrino oscillation 
analysis
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Neutrino oscillation
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•  Mixing angle 

•  Neutrino mass differences 
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Theta-13

sin2(O12)=0.306+0.014
 -0.013

sin2(O13)=0.026+0.017
 -0.012

sin2(O12)=0.308+0.021
 -0.018

sin2(O13)=0.023+0.028
 -0.021

sin2(O12)=0.326+0.044
 -0.037

sin2(O13)=0.010+0.033
 -0.034

si
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KamLAND only�

Filled area: 3σ 

PDG average 2012: 
(PRD86,010001) 
0.0251+/-0.0034�

Consistent with PDG average (=reactor experiments)�

Solar ν only�



Multi-Messenger  bi-monthly meeting15th April, 2014 27

Result in Super-K
6
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!  sin2θ13 is fixed at 0.025 

SK spectrum,  
flux unconstrained�

SK D/N,  
flux unconstrained�

SK D/N+spectrum,  
flux constrained�

sin2θ12 = 0.342+0.029-0.025 
Δm21

2 = 4.8+1.8-0.9 x10-5 eV2 

sin2θ13 constrained to 0.0242±0.0026 

SK rate constrained:�
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KamLAND�

Solar global:�
sin2θ12 = 0.307±0.014 
Δm21

2 = 5.90±1.1 x10-5 eV2 

sin2θ13 constrained to 0.0242±0.0026 Filled area: 3σ 

sin2θ12 = 0.305±0.013 
Δm21

2 = 7.49+0.19-0.17 x10-5 eV2 

sin2θ13 constrained to 0.0242±0.0026 

Solar global + KamLAND:�

Solar ν  
experiments�

SK+SNO�

28

All solar neutrino data with 
KamLand



Supernova Relic 
Neutrinos

the diffuse neutrino background originates all the past supernovae
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Constant'SN'(Totani'et#al.,'1996)'
Totani'et#al.,'1997'
Hartmann,'Woosley,'1997'
Malaney,'1997'
Kaplinghat'et#al.,'2000''
Ando'et'al.,'2005'
Lunardini,'2006'(dash)'
Fukugita,'Kawasaki,'2003'

30

Predicted SRN flux
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νe+ p → e+ + n
Dominant process is inverse beta decay

✓Only positron is used for the 
current analysis.

(Ee=Eν−1.3[MeV])
✓2.2MeV gamma tagging is 
also going on.

Expected number of SRN events
1.3 - 6.7 ev/yr/22.5kton for Ee : 10-30MeV
0.3 - 1.9 ev/yr/22.5kton for Ee : 16-30MeV

Electron)energy)[MeV])
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Observation in Super-K
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Background
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20#38&degrees& 38#50&degrees& 78#90&degrees&
E (MeV) 

SK#I/III& data&
νµ CC&
νe&CC&
NC&elas8c&
µ/π&>&C.&thr.&
all&background&
relic&

Signal region�
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Phys. Rev. D 85, 052007 (2012)

33

Spectrum fit
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It is notable that this result is less stringent than the 2003
result of 1:2 !! cm!2 s!1 positron energy >18 MeV. There
are multiple reasons for this.

First, a 0th order approximation of the inverse beta cross
section was then used. Now, the full cross section from [25]
is used. This raises the limit by about 8%. If events with
postactivity are also removed, the old-style analysis limit
becomes 1:35 cm!2 s!1. Furthermore, the binned "2

method used assumed Gaussian statistics, while
Poissonian statistics are more appropriate considering the
low statistics. This alone would change the limit from 1.2
to 1:7 cm!2 s!1. When all these corrections are combined,
the original analysis result of 1:2 !! cm!2 s!1 instead be-
comes 1:9 !! cm!2 s!1.

With our improved analysis, if we neglect atmospheric !
background systematics (which were not fully included in
the 2003 study), the SK-I only LMA result is
1:6 !! cm!2 s!1 (> 18 MeV positron energy), which is
more stringent than the published analysis with these cor-
rections. However, the SK-II and SK-III data show a hint of
a signal, which causes the limit to become less stringent
when all the data are combined, for the final LMA result
(with all systematics) of 2:0 !! cm!2 s!1 > 18 MeV posi-
tron energy, or 2:9 !! cm!2 s!1 > 16 MeV positron energy.

B. Typical SN ! emission limit

Most of the elements involved in a comprehensive pre-
diction of the SRN flux are now fairly well-known [32]
(e.g., initial mass functions, cosmic star formation history,
Hubble expansion, etc.), and thus we can parametrize
typical supernova neutrino emission using two effective
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FIG. 17 (color). True positron spectra in SK for each neutrino
temperature, from 3 to 8 MeV in 0.5 MeV steps (SN !!e

luminosity of 5" 1052 ergs assumed).
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FIG. 18 (color online). Results plotted as an exclusion contour
in SN neutrino luminosity vs neutrino temperature parameter
space. The Irvine-Michigan-Brookhaven (IMB) and
Kamiokande allowed areas for 1987A data are shown (originally
from [35]) along with our new 90% C.L. result. The dashed line
shows the individual 90% C.L. results of each temperature
considered separately, which is not a true two-dimensional
exclusion contour. Results are in the form of Fig. 6 from [32].

4 MeV

6 MeV

LMA

CGI

FSCE

HMA

SK 1497+794+562 Days

Excluded (E>16MeV)

νe→e+ (90%C.L.)

e+  c
an

di
da

te
s>

16
M

eV
/2

2.
5k

to
n 

ye
ar

0

1

2

3

4

5

6

7

8

9

Tν in MeV
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

FIG. 19 (color online). Exclusion contour plotted in a parame-
ter space of SRN event rate vs neutrino temperature. The red
shaded contour shows our 90% C.L. result. The dashed line
shows the individual 90% C.L. results of each temperature
considered separately, which is not a true two-dimensional
exclusion contour. CGI is cosmic gas infall model, HMA is
heavy metal abundance model, CE is chemical evolution model,
LMA is large mixing angle model, FS is failed supernova model,
and the 6 and 4 MeV cases are from [13]. For the 4 and 6 MeV
cases a total uncertainty is provided and shown, and the HMA
model gives a range which is shown. Other models have no given
range or uncertainty and are represented by a star.

TABLE V. 90% C.L. flux limit ( !! cm!2 s!1), E! > 17:3 MeV.

Model SK-I SK-II SK-III All Predicted

Gas infall (97) <2:1 <7:5 <7:8 <2:8 0.3
Chemical (97) <2:2 <7:2 <7:8 <2:8 0.6
Heavy metal (00) <2:2 <7:4 <7:8 <2:8 <1:8
LMA (03) <2:5 <7:7 <8:0 <2:9 1.7
Failed SN (09) <2:4 <8:0 <8:4 <3:0 0.7
6 MeV (09) <2:7 <7:4 <8:7 <3:1 1.5
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Summary
• Super-Kamiokande is successfully keep going and has 

several improvement.

• Solar Neutrinos:

• No significant spectrum distortion can be seen.

• First indication for the solar neutrino day/night flux 
asymmetry (@2.7σ), gives direct indication for matter 
enhanced neutrino oscillation.

• Supernova Relic Neutrinos:

• Combined analysis from SK-1 to 3 have done.

• No significant signal can be seen, but SK derives the 
most severe constraint results.


