
Other neutrino oscillation 
measurements

Yusuke Koshio
Kamioka observatory,
ICRR, Univ. of Tokyo

XXXII Physics in Collision 2012, Strbske Pleso, Slovakia
September 13, 2012



Neutrino oscillation 
results before 2011 

36 13. Neutrino mixing
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Figure 13.6: Allowed region for the νµ ↔ ντ oscillation parameters from the
MINOS results published in 2011. The 68 % and 90 % CL allowed regions are shown
together with the Super-Kamiokande and MINOS 2008 90% CL allowed regions.
This figure is taken from Ref. 130.

hypotheses of neutrino decay and neutrino decoherence, and they are excluded at more
than 3σ in comparison with the neutrino oscillation interpretation. For the constraints
obtained from the L/E analysis, see Fig. 13.6.

13.5.2. Results from accelerator experiments :

The ∆m2 ≥ 2 × 10−3 eV2 region can be explored by accelerator-based long-baseline
experiments with typically E ∼ 1 GeV and L ∼ several hundred km. With a fixed
baseline distance and a narrower, well understood neutrino spectrum, the value of |∆m2

A|
and, with higher statistics, also the mixing angle, are potentially better constrained in
accelerator experiments than from atmospheric neutrino observations.

The K2K (KEK-to-Kamioka) long-baseline neutrino oscillation experiment [19] is the
first accelerator-based experiment with a neutrino path length extending hundreds of
kilometers. K2K aimed at confirmation of the neutrino oscillation in νµ disappearance in
the |∆m2

A| ≥ 2×10−3 eV2 region. A horn-focused wide-band muon neutrino beam having
an average L/Eν ∼ 200 (L = 250 km, 〈Eν〉 ∼ 1.3 GeV), was produced by 12-GeV protons
from the KEK-PS and directed to the Super-Kamiokande detector. The spectrum and
profile of the neutrino beam were measured by a near neutrino detector system located
300 m downstream from the production target.
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of Figure 1 of [25]. The oscillation probability is calcu-
lated using three-flavor vacuum oscillation. The amount
of background and systematic uncertainties for each en-
ergy bin are read from Figure 1 of [25]. The background is
fixed in our calculation of χ2. The systematic uncertainty
for each energy bin is treated as an energy-uncorrelated
systematic uncertainty. The systematic uncertainty of
event rate on Table 1 of [25] is also taken into account.
We checked that the contour of the two-flavor analysis in
Figure 2 of [25] was reproduced with θ13 = 0 at first. We
also checked that our three-flavor contour was very close
to the contour presented in [28], and consistent with their
latest result [29].

The oscillation parameters are scanned in the fol-
lowing regions: 10−5 eV 2 < ∆m2

12 < 2 × 10−4 eV 2,
0.1 < tan2 θ12 < 1.0, and 0 < sin2 θ13 < 0.25. Figure
25 shows the allowed region of the solar neutrino param-
eters, (θ12,∆m2

12), obtained by the three-flavor analysis
of the global solar results. The allowed region for Kam-
LAND obtained by our three-flavor analysis and the al-
lowed region for global solar and KamLAND combined
analysis are also shown in Figure 25. Inclusion of another
oscillation parameter results in a weaker constraint on
the solar parameter space, but the agreement between
the global solar allowed region and the KamLAND al-
lowed region improves.

Figure 26 shows the allowed region in (θ12, θ13) space
obtained from the global solar analysis and our Kam-
LAND analysis. As shown in the figure, in the global
solar contour the larger value of θ13 prefers the larger
value of θ12, while in the KamLAND contour the larger
value of θ13 prefers the smaller value of θ12. The
global solar analysis finds that the best fit values at
sin2 θ12 = 0.31 ± 0.03(tan2 θ12 = 0.44 ± 0.06) and
∆m2

21 = 6.0+2.2
−2.5 × 10−5eV2. Combined with KamLAND

result, the best-fit oscillation parameters are found to be
sin2 θ12 = 0.31+0.03

−0.02(tan
2 θ12 = 0.44+0.06

−0.04) and ∆m2
21 =

7.7± 0.3× 10−5eV2. The best fit value of sin2 θ13 is 0.01,
and an upper bound is obtained sin2 θ13 < 0.060 at the
95% C.L. for the global solar analysis. Combining with
the KamLAND contour, the best fit value of sin2 θ13 is
0.025+0.018

−0.016 and the 95% C.L. upper limit of the sin2 θ13
is found to be 0.059.

The flux value of 8B neutrino can be extracted using
the oscillation parameters obtained from the fitting of the
global solar and KamLAND result. As in Equation 4.1,
the β is a free parameter to minimize the χ2 and there is
no constraint from the SSM prediction in the χ2

SK+SNO.
Table VII summarizes the scaled 8B flux values by using
the βm at the best fit point obtained by the global solar
analysis and the global solar + KamLAND analyses in
both two and three flavor analyses. The size of error
corresponds to the maximum and minimum flux values
among the 1σ oscillation parameter region. As shown in
the table, the 8B flux agrees well with the latest SSM
prediction [30], and the size of unceratinty is 2 ∼ 3%
which is consistent with the SNO result [20].
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FIG. 25: Allowed region in solar parameter space (θ12,∆m2)
obtained by the three-flavor analysis. The thick lines and
the star mark show the allowed regions and the best fit point
of the global solar analysis. The thin lines and the square
mark show the allowed regions and the best fit point of our
KamLAND analysis. The filled areas and the filled circle
mark show the allowed regions and the best fit point of the
combined analysis. For all regions, the innermost area (red),
the middle area (green) and the outermost area (blue) show
68.3, 95, 99.7 % C.L. respectively.

8B flux (×106cm−2s−1)
Global solar (2 flavor) 5.3 ±0.2
Global solar + KamLAND (2 flavor) 5.1 ±0.1
Global solar (3 flavor) 5.3 ±0.2
Global solar + KamLAND (3 flavor) 5.3 +0.1

−0.2

TABLE VII: 8B neutrino flux obtained from the oscillation
parameter fitting.

V. CONCLUSION

Super-Kamiokande has measured the solar 8B flux to
be (2.32±0.04(stat.)±0.05(sys.))×106 cm−2sec−1 during
its third phase; the systematic uncertainty is smaller than
for SK-I. Introducing SK-III data improves the accuracy
of the global analysis. Combining all solar experiments
in a two flavor fit, the best fit is found to favor the LMA
region at sin2 θ12 = 0.30+0.02

−0.01(tan
2 θ12 = 0.42+0.04

−0.02) and

∆m2
21 = 6.2+1.1

−1.9 × 10−5eV2. Combined with KamLAND
result, the best-fit oscillation parameters are found to
be sin2 θ12 = 0.31 ± 0.01(tan2 θ12 = 0.44 ± 0.03) and
∆m2

21 = 7.6±0.2×10−5eV2, in excellent agreement with
previous solar neutrino oscillation measurements. In a
three-flavor analysis combining all solar neutrino exper-
iments and the KamLAND result, the best fit value of
sin2 θ13 is found to be 0.025+0.018

−0.016 and an upper bound is
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Neutrino Oscillation
Mixing angle

(N.H.) (I.H.)

Mass differences

In 2012, discovery of surprisingly large θ13

atm.-nu, acc.-nu solar-nu, reactor (KamL.)acc.-nu, reactor (SBL)

What does non-zero θ13 
affect other parameters?

sin2 2�13 = 0.099± 0.014



SOLAR NEUTRINOS



Solar neutrinos

4p➔2He+2e++2νe
(~6.6x1010neutrinos/sec/cm2)

温度~15.5 millionK

密度~146 g/cm3

This reaction is actually realized 
through pp-chain / CNO cycle.

Core

radiative zone

convection zoneSun Nuclear fusion reaction 
deep inside the Sun

• Measurement of the current 
status in the center of the Sun
• Study of
- a mechanism of the energy 
generation in the Sun
- a property of neutrinos



Solar neutrino spectrum
pp

pep

hep

7Be

8B

13N

15O

17F

7Be

Neutrino energy (MeV)

Super-Kamiokande (1996~)
SNO (1999~2006)

(Bahcall-Pena-Garay-Serenelli 2008)
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Borexino



Observation in Borexino
Neutrino-electron elastic scattering

ν + e- → ν + e-
• High light yield
- lowering threshold
- good energy resolution

• No neutrino direction inf.
- hard to distinguish signal 
and background...

Liquid scintillator:
270 t PC+PPO (1.5g/l)

in nylon vessel (R=4.25m)
2212 8” PMTs

with light guide cone

Recent progress:

• Precise detector calibration
- reduce systematic error

• First results in pep and CNO

Gran Sasso, Italy 



Result of  7Be solar neutrino
7Be rate (E=862 keV line)

in 750 days of data
 46.0 ± 1.5 (stat)       (sys) 

counts/(day x 100t) 
(total uncertainty is 4.7%)                              

Source of systematic errorSource of systematic error
Trigger eff. And stability <0.1 %

Live time 0.04%
Scintillator density 0.05 %

Sacrifice of cuts 0.10 %

Fiducial volume +0.5 –1.3%
Fit methods 2.0 %

Energy response 2.7%
Total +3.4 –3.6%

w/o Po subtraction

with Po subtraction

+1.5
- 1.6

6%

previous

6%
8.5%

No significant Day-Night 
flux differences found.



Neutrino oscillation analysis

Only Borexino

Excluded by BX 
D/N asymmetry

All solar w/o BX All solar w/ BX

Confirm the current neutrino oscillation scenario 
(MSW-LMA)



Result of  pep and CNO neutrino
pep rate:
     3.1±0.6(stat.)±0.3(sys.)

 count/day/100ton
à (1.6±0.3) x 108 cm-2 s-1  

CNO rate:
 < 7.9 count/day/100ton
à < 7.7x 108 cm-2 s-1
(95%C.L. upper limit)

First direct observation. (98%C.L.)

Strongest constraint
(fCNO < 1.4)



νe survival Probability (Pee)

Consistent with the current neutrino oscillation scenario

7Be

pep



Super-Kamiokande



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 (~MeV)

Kamioka, Japan 

11129 20”PMTs



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
(SK rate/MC (unoscillated))

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



νe survival Probability (Pee)

Super-Kamiokande

See this up-turn?

Consistent with the current neutrino oscillation scenario
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Recoil electron spectrum

stat.+uncor. syst. error

energy correlated error

SK- IV

SK- II

SK- III

SK- I

Unosci%ated shape favored ~1.1 to 1.9 σ



Day/Night variation
Day/Night Asymmetry
ADN=2(φD-φN)/(φD+φN)

experiment
D/N amplitude 

method
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

SK�

earth�

sun�

Night

2~4% effect in the 
current neutrino 

oscillation scenario

Results

Day-Night asymmetry 
consistent with zero at 2.3 σ

Some hint to see a direct MSW effect?



sin2(O12)=0.306+0.015
 -0.014

sin2(O13)=0.030+0.017
 -0.015

sin2(O12)=0.305+0.021
 -0.016

sin2(O13)=0.014+0.027
 -0.021

sin2(O12)=0.304+0.059
 -0.040

sin2(O13)=0.031+0.038
 -0.036
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Neutrino oscillation analysis 
for θ13

3σ

4σ

5σ

1σ

2σ

KamLAND

solar
data

combined

Daya Bay/Reno

sin2θ13=0.030 +0.017
-0.015

Solar+KamLand

Consistent with SBL 
reactor experiments 

(0.025)



sin2(O12)=0.304±0.013 6m2
21=(7.44+0.20

 -0.19) 10-5eV2
sin2(O12)=0.310+0.014

 -0.015 6m2
21=(4.86+1.44

 -0.52) 10-5eV2
sin2(O12)=0.309+0.040

 -0.029 6m2
21=(7.49+0.21

 -0.19) 10-5eV2
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Neutrino oscillation analysis

KamLAND

sin2 �12 = 0.304± 0.013
�m2

21 = 7.44+0.20
�0.19 � 10�5eV 2

(fixed θ13)

All solar neutrino results



ATMOSPHERIC 
NEUTRINOS



Atmospheric neutrinos

22

π±, K±

e±

νµ
νe

νµ

µ±

 p, He
Primary cosmic ray

L = 10~30km

L=13000km

p, He ...

p, He ...

p, He ...

ν

ν

ν

lVery long baseline (in matter)
lWide energy range
l2 flavors ( νµ and νe)
lCost free…



• ν + N → l + N’

Observation in Super-K

Cherenkov light�

Kamioka, Japan Charged Current Quasi Elastic scattering

etc..
electron/muon

Parent neutrino spectra

11129 20”PMTs

Charged(par*cle�

ν"



2-flavor analysis update

  7

SK-I+II+III+IV Zenith Distributions

Blue: No Oscillations Prediction

Red: SK-I+II+III+IV Best Fit 

Oscillations

¢m
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SK-I+II+III+IV Zenith Distributions

Blue: No Oscillations Prediction

Red: SK-I+II+III+IV Best Fit 

Oscillations

¢m
2

23
 = 2.30 x 10

-3
 eV

2

sin
2
 2µ

23
 = 0.99

SK all data during 
phase 1~4 (3903 days)



2-flavor analysis update

  8

SK-I+II+III+IV Zenith Distributions

Blue: No Oscillations Prediction

Red: SK-I+II+III+IV Best Fit 
Oscillations
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SK-I+II+III+IV Zenith Distributions

Blue: No Oscillations Prediction

Red: SK-I+II+III+IV Best Fit 
Oscillations
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2
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 = 2.30 x 10

-3
 eV

2

sin
2
 2µ

23
 = 0.99

  5

Full Fit to SK-I+II+III+IV Data, 
Physical Region

2-Flavor
SK-I+II+III+IV 

Allowed Region
68% C.L.
90% C.L.
99% C.L.



2-flavor L/E analysis update

2sin 2 1.00( 0.93(90% ))CLθ = ≥
2 0.27 3 2

0.27(2.5 ) 10m eV+ −
−Δ = ×

2
min 171.7 /169χ =

2 ν oscillation result Neutrino decay 
2
min 187.8 /169(4.0 )χ σ=

Neutrino decoherence 
2
min 194.8 /169(4.8 )χ σ=



3-flavor analysis
Non-zero θ13 makes sub-leading effect appear

Region of interest : up-going (cosΘ<-0.4) , multi-GeV(2-12GeV)

2
13sin 2 0θ = 2

13sin 2 0.05θ = 2
13sin 2 0.1θ =



3-flavor analysis with 
reactor constraint (sin2θ13=0.25)

Multi-GeV 
multi-ring 
anti-νe like

Multi-GeV 1-ring
 anti-νe like

Multi-GeV 1-ring 
µ like

Multi-GeV 
multi-ring νe like

Sub-GeV elike 
0 dcye

Sub-GeV µ like 
0 dcye

Sub-GeV µ like 
1 dcye

Multi-GeV 
1-ring νe like

Multi-GeV 
multi-ring µ like PC stop

PC thru Upmu stop
Upmu
 nonshowering

Upmu
showering

Normal
hierarchy

Inverted
hierarchy

data

No osc



Oscillation results
sin2θ23

Δm2
32

sin2θ23

Δm2
32

Inverted hierarchy

N.H. I.H.

• δCP : all region 
allowed @90%C.L.
• χ2(NH)-χ2(IH)=1.2

Need more statistics

T2K

MINOS

SK1-4 3ν

SK1-4 2ν
SK1-4 L/E

(N.H.) (I.H.)



ντ appearance?

τ

 ντ

 multi ring 

 decay-e 

Corresponding τ events of 

3.8σ deviation from 
“no ντ appearance” 



OTHER ACCELERATOR 
NEUTRINO EXPERIMENTS



MINOS

Final MINOS Results Ryan Nichol 



MINOS @ Neutrino 2012 by Ryan Nichol4

The MINOS 
Concept

• MINOS (Main Injector Neutrino 
Oscillation Search)

• Two-detector long-baseline 
neutrino oscillation experiment

• Basic Concept

• Fire beam of neutrinos 735km 
through the Earth

• Measure energy and flavour 
content of beam at Near Detector

• Measure energy and flavour 
content of beam at Far Detector

• Interpret differences in terms of 
neutrino mixing

735 km

MINOS (2005~2012)
• ~3GeV νμ beam from FNAL 
120GeV MI
- 10.7 x 1020 POT for νμ
- 3.4 x 1020 POT for anti-νμ

• magnetized iron-scintillator 
tracker at 5.4kt (far) / 980t (near)
• event-by-event charge 
discrimination

735km

MINOS @ Neutrino 2012 by Ryan Nichol

The NuMI Beam

• 10μs pulse of 120 GeV protons 
every 2.2s

• 3.0 x 1013 protons per pulse

• 350kW typical beam power
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MINOS @ Neutrino 2012 by Ryan Nichol

MINOS Detectors

• 980 ton Near Detector

• 5.4 kiloton Far Detector

• Magnetised to 1.3T

• Similar design mitigates 
many systematic 
uncertainties

• Event-by-event charge 
discrimination of muons

 8m

Coil

 Veto shield 

 Beam spot

Coil

 3.8m 

 4.8m 

9

Recent progress:
• Both neutrino and anti-neutrino 
beam data
• Atmospheric neutrino data



Results in beam and 
atmospheric neutrinos

MINOS @ Neutrino 2012 by Ryan Nichol

Combined Beam & 
Atmospheric 

• For now lets assume 
antineutrinos and neutrinos 
mix alike

19 See Poster



MINOS @ Neutrino 2012 by Ryan Nichol

MINOS vs World 
(pre Neutrino 2012)
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Adding in the extra 
data and the 
atmospherics

New MINOS neutrino 
oscillation parameters:
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best fit parameters



MINOS @ Neutrino 2012 by Ryan Nichol
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Oscillation contour for anti-ν

best fit parameters
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Oscillation contour
Neutrino vs Anti-Neutrino

MINOS @ Neutrino 2012 by Ryan Nichol
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New data has 
resolved the 

tension between 
the neutrino and 

antineutrino 
results



OPERA
THE IMPLEMENTATION OF THE PRINCIPLE 

Target area  Muon spectrometer  

SM1  SM2 SM1  SM2 

6 A. Ereditato - CERN - 4 June 2010 



OPERA (2008~)

12/09/06 Gran Sasso e Monti della Laga National Park, Strada Provinciale per i Prati di Tivo, 67047 Pietraca…

1/1maps.google.com

�������7HUUD0HWULFV�� �������*HR%DVLV�'(�%.*����������*RRJOH��7HOH�$WODV��

�

CERN

Gran Sasso

• Wide band νμ beam (10~30GeV) 
from CERN 400GeV SPS
- <E>=17GeV
- 14.2 x 1019 POT up t0 2011

• Emulsion-Counter Hybrid732km

Target area Muon  
spectrometer 

Target area Muon  
spectrometer 

OPERA Detector 
 GranSasso Undergroud Lab, Italy 

~150000 ECC Bricks = Weight ~1250 ton 

 

Veto 



ντ appearance search
Neutrino 
Oscillation 

              decay   

~1 mm 

-, h- ,e- 

 CC int  

 
 

 
・Realize ~1000 ton mass for  Tau Neutrino detection 
・Topological Detection of the decay of Tau lepton produced by  CC int 
 
→  only Nuclear Emulsion can detect  CC int. 

Aim of OPERA 

 Appearance  detection   

< E > : 17 GeV 
Negligible prompt    

Years Status # of events for 
decay search Observed Expected signal Expected BG

2008-2009 Finished 2783 1
2010-2011 In analysis 1343 1

2012 Started

Total 4126 2 2.1 0.2

progress in estimating 

detection efficiency and B.G. 



SUMMARY



(MINOS)

38.7 � �23 � 51.9 deg
36.8 � �23 � 53.2 deg= 2.39+0.09

�0.10 � 10�3eV 2

�m2
32 = 2.66+0.15

�0.40 � 10�3eV 2

Neutrino oscillation parameters are updated

✓ New solar neutrino results, pep and CNO, appeared. (Borexino)
✓ Hints of direct MSW effects? (SK-sol. D/N)
✓ Analysis for δCP and NH/IH, need more statistics. (SK-atm.)
✓ Hints of ντ appearance? (SK-atm., OPERA)
✓ Neutrino and anti-neutrino oscillation is consistent (MINOS)
✓ etc..

Notes:

Mass differences
�m2

21 = 7.44+0.20
�0.19 � 10�5eV 2

Mixing angle
32.7 � �12 � 34.3 deg

(SK-atm.)

(sol.+kaml.)



BACK UP



Speed of  neutrinos
S.Bertolucci @ Nu2012�

MINOS measurement (Giles Barr)�

All are consistent with light speed



Detector calibrationglobe box 
assembly

PMT

7 CCD cameras; determine the 
absolute source position <2cm

movable arm

radioactive source

umbilical cord
Source insertion

γγγγγγγγ ββ α nnn
dopant dissolved in small water vialdopant dissolved in small water vialdopant dissolved in small water vialdopant dissolved in small water vialdopant dissolved in small water vialdopant dissolved in small water vialdopant dissolved in small water vialdopant dissolved in small water vial 222Rn loaded liq. scint. 

vial
222Rn loaded liq. scint. 

vial
222Rn loaded liq. scint. 

vial Am-BeAm-BeAm-Be

57Co 139Ce 203Hg 85Sr 54Mn 65Zn 60Co 40K 14C 214Bi 214Po n-p n
+12C n+Fe

Energy
(MeV) 0.122 0.165 0.279 0.514 0,834 1.1

1.1
1.3 1.4 0.15 3.2 (7.6) 2.2 4.94 ~7.5

clear tag from Bi-Po 
fast coincidence 



• Metallicity controversy
Fit to the available all solar 
neutrino data leaving free fBe 
and fBO

Implication on solar physics

Hard to discriminate

( f = Φ/Φ(SSM) )

• Other solar neutrino sources
Each solar neutrino flux can be calculated with 
solar luminosity constraint.

Φpp = (6.06        )x1010cm-2s-1 (fpp = 1.013)
ΦCNO < 1.3x109cm-2s-1 (fCNO < 2.5) at 95%C.L.

+0.02
- 0.06

M.C.Gonzalez-Garcia, M.Martoni, J.Salvado
JHEP 05(2010)072 / 0910.4584

HighLow



Day/Night asymmetry in 7Be rate
In the MSW scenario, the flux rate in Night should be 
higher than Day because of the regeneration effect.
In the 7Be energy region, no effect expected in MSW-LMA 
region, but large in MSW-LOW region (~20%).

No significant effect was found

Day (positive Sun altitude)    
360.25 days

Night (negative Sun altitude) 
380.63 days



Veto using space-time correlation

Three Fold Coincidence

µ – 2µsec 
cylindrical veto 
along its track

γe+

Neutron 
production

Spherical cut 
(r=1m) around γ - 

2hrs after µ Optimal compromise: 91% 
rejection of 11C keeping 48.5% 

residual exposure



What’s 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

Multiple scattering effect
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



Recoil electron spectrum
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SK I/II/III/IV LMA Spectrum

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 74.10 5.53∙106

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

unoscillated shape 
favored ~1.1 to 1.9 σ



Day/Night amplitude fits
as a function of  Δm2

Expected(
1(Sigma(Kamland(
1(Sigma(Solar(

sin2θ12=0.314!

Best(Fit(
1(Sigma(Stat.(
1(Sigma(Stat.(+(Sys.(
!



Allowed oscillation parameter 
region from Day/Night
SK@I/II/III/IV*Combine*Day/Night*Contour*

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

SK Day/Night Amplitude 1σ

KamLAND 1σ
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Only Super-K solar

ν flux
 free φ8B=(5.25±0.20)

     ×106/(cm2∙sec)
KamLAND

ν flux constraint

SK (Day/Night) picks 
best-fit solar Δm221



Electron appearance (θ13) in 
MINOS

ν beam anti-ν beam

Expect
128.6
(+32.5)

17.5
(+3.7)

Observe 152 20
Signal prediction for N.H.

sin2(2θ13)=0.1, δcp=0 

MINOS @ Neutrino 2012 by Ryan Nichol
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Nue Appearance 
Contours

• Now disfavour θ13=0 at 96% C.L. 
for normal hierarchy, δCP=0

• Using the reactor best fit as a 
prior our data has a slight 
preference for inverted 
hierarchy with -2ΔlnL=0.20

• Mock experiment studies show 
that the correct hierarchy is 
favoured in 60% of experiments  
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disfavor θ13=0 @96%C.L.



2nd candidate reported in 
June 2012 in OPERA
τ→3h



νe appearance search in 
OPERAEvent energy distribution 

Expected events: oscillated e 1.5, beam e 19.2. 
Observed e : 19 events 
 

Erec < 20GeV 

After low-energy selection (E<20GeV) 
Expected events: oscillated e 1.1, beam e 3.7 
Observed e : 4 events. 

19 events observed
4 events (Eν<20GeV)
expected : 
     oscillated 1.1
     beam 3.7


