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Observation in Super-K
νsolar"

electron�

Cherenkov light�

Neutrino-electron elastic scattering

ν + e! → ν + e!
• Find solar direction
• Realtime measurements

- day/night flux differences
- Seasonal variation

• Energy spectrum



Solar neutrino spectrum
pp

pep

hep

7Be

8B

13N

15O

17F

7Be

±5.8%

±5.8%

±0.5%

+15%
−14%

+16%
−15%

+19%
−17%

±X％ is theoretical uncertainties

7Be, pep : integrated ßux

Neutrino energy (MeV)

±1.1%

±11.3%

±15.5%

Super-Kamiokande

(Bahcall-Pena-Garay-Serenelli 2008)

N
eu

tr
in

o 
Fl

ux
 (c

m
!2

/se
c/

M
eV
)



Motivation
See the MSW e"ect directly

Spectrum distortion Day/Night flux asymmetry
Neutrino survival probability 

measured by several experiments

Vacuum oscillation 
dominant

Matter oscillation 
dominant

See this up-turn!

Solar & KamLAND

(SK Zenith Seasonal Spectrum)
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RESULTS



WhatÕs new
mistake in SK-III calculation of expected solar neutrino event rate : 
best fit flux changes

First results from SK-IV (1069.3 days of data)

- Large statistics with lower backgrounds.

- Reduce systematic error (1.7% for flux)

- new electronics : 

- better timing determination

- better MC model of trigger eff.

- Lower threshold (~3.5MeV (kin.))

Introduce multiple scattering goodness

2.32➛2.40×106/(cm2∙sec)

lower energy

higher energy

hit pattern

more isotropic

more forward

�.�V�M�U�J�Q�M�F���T�D�B�U�U�F�S�J�O�H���F$Ž�F�D�U

2.1% (SK-III)
3.4% (SK-I)



Lower background
[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

SK-III�

SK-IV�
B8#neutrino#signal##
###=#763+1135111#(stat.)##

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

Signal @~7σ level



Total solar neutrino event

SK phase
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SK-I,II,III,IV 3904 days
SIGNAL = 57721.3 events

best fit: 0.451±0.007

φ8B=5.25×106/(cm2∙sec) 
φhep=7.88×103/(cm2∙sec)

• about 19,000 events more than from pure νe
• small systematic uncertainty
• rate is consistent between all the SK phases



SPECTRUM
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Recoil electron spectrum
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oscillation par’s
*) sin2θ13=0.025

χ2 φ8B             
/(cm∙sec)

sin2θ12=0.304 *), 
Δm2=7.41∙10-5eV2

SK spec: 78.51 
(global: 82.55)

5.37∙106

(5.24∙106)

sin2θ12=0.314 *), 
Δm2=4.8∙10-5eV2

SK spec: 75.76 
(global: 79.33)

5.48∙106

(5.32∙106)
flat probability SK spec 74.68 5.55∙106

flat prob., dσ ratio SK spec 73.10 5.53∙106

φ8B=5.25×106/(cm2∙sec)                              φhep=7.88×103/(cm2∙sec)

unoscillated shape 
favored ~1.1 to 1.9 σ



Comparison with other experiments
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DAY/NIGHT FLUX 
DIFFERENCES



Day/Night variation
SK-I/II/III/IV Combine Day/Night Asymmetry

Recoil Electron Kinetic Energy (MeV)
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sin2θ12=0.314; Δm212=4.8∙10-5eV2

Day/Night Asym.: ADN=2(φD-φN)/(φD+φN)

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% -6.3±4.2±3.7
%SK-III -4.3±2.7±0.7% -5.9±3.4±1.3
%SK-IV -2.8±1.9±0.7% -5.2±2.3±1.4
%SK comb. -2.8±1.1±0.5

%
-4.0±1.3±0.8

%

from Phys.Rev. D69 011104 (2004): Δm212=6.3∙10-5eV2

Day-Night amplitude 
consistent with zero 

@ 2.3 σ



Day/Night amplitude Þts
as a function of  !m2
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Allowed oscillation parameter 
region from Day/Night
!"#$%$$%$$$%$&'()*+,-.'/01%2,345'()-5)67'

1)Sigma)Allowed)
1)Sigma)Kamland)

SK Day/Night Amplitude 1σ

KamLAND 1σ



NEUTRINO 
OSCILLATION ANALYSIS
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Summary
Solar neutrino data taking in Super-K successfully keep 
going and improvement, e.g. lower threshold, lower 
background, small systematic uncertainties, large statistics, 
etc...

No significant spectrum distortion can be seen.

Some hint of non-zero day/night flux asymmetry. (2.3σ)

Neutrino oscillation parameters are updated from Solar
+KamLand global analysis; Δm221=7.44     10!5eV2, 
sin2θ12=0.304±0.013, sin2θ13=0.030

+0.20
-0.19

+0.017
-0.015



BACK UP



Problem in Solarν MC 
vector generation in SK-III

F (Te)dTe =

! " E !,max

0
! (E! )

d"
dTe

dE!

#

dTe

Expected solar neutrino rate 

�
�C�� �
�D�� �
�E��

Figure 8.3: (a)! ! e total cross section,(b)di! erential cross section, (c) total recoil energy for8B
solar neutrino.

section by " 2% for the 8B energy region [45]. The recoil electron energy distribution is then
calculated as:

F (Te)dTe =
! " E! ,max

0

d" ! e(E! , Te)
dTe

#(E! )dE!

#
dTe (8.14)

where#(E! ) is the solar neutrino ßux as a function of neutrino energy. Figure 8.3-(c) shows the
energy distribution of the recoil electron for 8B solar neutrinos.

In the second step, in order to take into account the detector response in the observed energy
distribution prediction, we actually carry out the full detector simulation. In that simulation,
electrons which obey the recoil energy distribution are generated, and the real run time is also
simulated so that the solar neutrino MC events can be directly compared with the data for the
time variation or the day-night asymmetry study.

Finally, the same reconstruction tools and reduction steps are applied to the solar neutrino
MC events, and the MC Þnal sample is made. The expected fraction in each energy bin,Yi is
obtained from the energy distribution of the solar neutrino MC Þnal sample. Figure 8.4 shows
the predicted energy distribution of the MC Þnal sample.

For muon and tau neutrinos, the total cross section is
2) ! µ," e! ! ! µ," e!

" ! µ,τ e! " ! µ,τ e! = 1.559 " 10! 44 E! (MeV )
10(MeV )

(cm2) (8.11)

which is about 1/6 smaller than that of electron neutrino. The scattering angle is determined by kinematics, such
as:

cos # =
1 + me

Eν√
1 + 2me

Te

(8.12)

in case of me # Te

cos # > 1 $
me

Te
(8.13)

which shows a strong correlation between the incident neutrino direction scattering angle of the recoil electron.

92

Not include this energy dependence...



How does it affect?
�wNo energy dependence in 

differential cross section.

�wThe shape was shifted 
directed to higher region.

�wThe Total flux was not 
changed.

�w If you apply the energy cut, 
e.g. above 5MeV, though the 
spectrum was not changed, 
the expected flux became 
large. Recoil electron total energy (MeV)

Theoretical calculation

Our MC result

Expected spectrum



How are the results 
changed?
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Flux results:
 2.40 (fixed)
 2.32 (before)

3% difference
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Recoil electron spectrum
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energy scale error
ν spectrum error
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Recoil electron spectrum
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Day/Night amplitude Þts
as a function of  sin2" 12
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SK Day/Night picks best-fit solar Δm21; 
allowed regions much smaller


