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Neutrino oscillation 
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𝑃 𝜈𝛼 → 𝜈𝛼 = 1 − sin22𝜃sin
1.27 × ∆𝑚2[eV2] × 𝐿[m]

𝐸[MeV]
 

sin22𝜃 = 0.1 

∆𝑚2 = 2.4x10-3 𝐸 = 3 [MeV] 

Neutrino oscillation 
• Non-zero neutrino mass 
• mixing of mass eigenstates 

Maki-Nakagawa-Sakata (MNS) matrix： 

Parameters for neutrino oscillation:  

Mass difference： ∆𝑚12
2, ∆𝑚23

2, ∆𝑚31
2 

mixing angle： 𝜃12, 𝜃23, 𝜃13 
CP violation:  𝛿 

Survival probability (2 flavors)： 

sin22𝜃 

1/∆𝑚2 

Oscillation probability 
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Measurement of oscillation parameters 
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• Mass differences 

– Dm21
2  ~ 8x10-5 eV2 

– |Dm32
2| ~ |Dm31

2| ~ 2.5x10-3 eV2 

 

• Mixing angles 

– q12 ~ 34o 

– q23 ~ 45o 

– q13 < 12o (sin22q13 < 0.15) 

 
• CP violation      : unknown 

• Mass hierarchy : unknown 

• Absolute mass : unknown 

Measurement of θ 13 is essential 
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Approaches to 𝜽13 

• Reactor experiment ： Double Chooz, Daya Bay, RENO, ... 

 

 
  

• Long baseline experiment : T2K, MINOS, … 
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• Possible to measure θ13, δCP, mass hierarchy and θ23 
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Reactor v.s. Accelerator 
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L=300km 

±0.004 

±0.025 (DC) 

Degeneracy solved! 
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Reactor experiments 
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Reactor experiment 

Reactor cores 

Far detector 
<L> O(1km) 

Near detector 
<L> ~ O(100m) 

𝝊 𝒆 
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Systematic errors on 

• Neutrino flux 

• Interaction x-sec 

• # of target protons 

• Detection efficiency 

are largely canceled by  
two detectors technique. 

10 - 17 March, 2012@Moriond Cosmology 



Anti-neutrino detection 
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Gd n 

p 

e+ 

e- Prompt signal 

Delayed signal 

Inverse beta decay : 

Delayed coincidence 

𝝊 𝒆 + 𝒑 → 𝒆+ + 𝒏 

𝜐 𝑒 

Prompt signal : 
• Scintillation + e+e- annihilation 
• 𝐸𝜐 = 𝐸vis + 0.8 MeV 

Delayed signal: 
• neutron capture by Gd (8 MeV) 

Timing correlation: 
• 𝜏 ~ 30 𝜇s  

Strongly suppress Background 

• Reaction threshold： 1.8 MeV 
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Chooz reactor 
4.27GWth x 2 cores 

Far detector 
<L> 1050m 
65n/day 
300m.w.e. 
April 2011 

Near detector 
<L> 400m 
450n/day 
120m.w.e. 
Early 2013 

Double Chooz experiment 

Running 
Under 

construction 
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Double Chooz detector 

© Imag’In IRFU 
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Outer Veto detector 

Inner Veto (90m3 liquid scintillator) 

Buffer (110m3 mineral oil) 

γ-catcher (22.3m3 liquid scintillator) 

ν-target (10.3m3 liquid scintillator  with Gd) 
• Observe neutrinos via inverse beta decay 

• Capture γ ray from target 

• 390 PMTs (10 inch, Hamatsu R7081MOD) 

• 78 PMTs (8 inch, Hamatsu R1408) 

• Plastic scintillator strip 
• Far 44 /Near 68 modules x 

64ch MAPMTs = 2816 (4352) channels 

11 

Neutrino detector 

Inner detector 
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Data taking status 
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• Run time : 101.523 [day] (App. 13th to Sep. 13th) 
• Live time : 96.823 [day] (1ms μ veto) 
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Analysis results 

Best fit: sin22θ13  = 0.086±0.041(stat.) ±0.030(syst.) 
      No oscillation excluded at 94.6%  

13 10 - 17 March, 2012@Moriond Cosmology 

Prompt energy spectrum with oscillation fit 
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Daya Bay experiment 
• Daya Bay / Lingo Ao Nuclear Power Plants  

— Located at south of China 
— Total power ~ 17.4 GWth 

• Anti-neutrino Detectors (AD) 
— 20 t x 2 x 2 (Near) / 20 t x 4 (Far) 
— Expected ν [day-1]:  

840(Daya Bay near), 740(Ling Ao near), 90(Far) 

14 



Latest results 
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sin22θ13  = 0.092±0.016(stat.) ±0.005(syst.) Ratio of measured and expected  
# of events at the far site: 
R = 0.940±0.011(stat.) ±0.004(syst.) 

By using 55 days data with 6 detectors (near:2+1, far:3) operation, 
Rate analysis for θ13 search was done. 

• χ2/NDF = 4.26/4.  
• No-oscillation is excluded at 5.2σ 

Measured prompt energy spectrum Ratio of measured versus expected signal 



~290 m 

~1380 m 

~1380 m 

100m 300m 

70m high 

1,380m 290m 

Far Detector Near Detector 

Reactors 
200m high 

RENO experiment 

Yong Gwang Nuclear Power Plant 
• Located in the west coast of south Korea 

— 6 reactors are lined up ~1.3 km  
— Total thermal power ~ 16.4 GWth 

RENO Detector 
• 354 10-inch Inner PMTs 

— 14% surface coverage 
• 1.21x1030 protons per target ~ 16 tons 

— Expected neutrino rate [day-1]: 

• Near : ~800,  Far : ~85 
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Data taking status and sensitivity 

• Taking data with near & far detectors since August 2011 
• Oscillation analysis is in progress 
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θ13 Sensitivity 

804 

687 

14.6% decrease 
@1 reactor off (Reactor# 2) 

Neutrino candidate rate at near site 



Long baseline experiments 
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MINOS (Main Injector Neutrino 
Oscillation Search) experiment 
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• 320 kW NuMI neutrino beam from 120 
GeV Main Injector-accelerated protons 

• Neutrino energy is measured with  
two iron-scintillator tracking calorimeters 

• Near detector at Fermilab 

– 1kton mass (27 ton fiducial) 

• Far detector in the Soudan mine 

– 735 km away 

– 5.4 kton mass (4.0ton fiducial) 

Low 
Middle 
High 

On-axis 
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νe Appearance Results 

• Based on ND data, expect:  

 49.6 ± 7.0(stat) ± 2.7(syst) 

• Observe: 62 events in the FD 

Assuming 𝛿𝐶𝑃 = 0, 𝜃12 = 𝜋/4 
∆𝑚2

32 = 2.32 × 10−3 eV2 

and normal (inverted) hierarchy 

• sin2 2𝜃13 < 0.12 0.19   
at 90%C.L. 

• sin2 2𝜃13 = 0  
disfavored at 89%C.L. 

10 - 17 March, 2012@Moriond Cosmology 



T2K(Tokai-to-Kamioka) experiment 

• Search for θ13 by detecting νe  appearance 

– Neutrino beam : J-PARC proton injector (30GeV proton) 

• 2.5⁰ off axis beam (~0.6 GeV) 

• Achieved Total # of POT until March 2011 :  
1.4 x 1020~ 2% of planned data 

– Near detector : located ~280m from the proton target  

– Far detector : Super-K (295km away from proton target) 

νμ 

νμ? νe? 
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Far detector Super-K 

Inner Detector(ID) 
- 11129 PMTs 

4
1

.4
m

 

39.3m 

• Water Cherenkov detector in Kamioka-mine (295km away from J-PARC)  

• Record all the hit PMTs within 500 usec from the beam arrival time  

• e/μ can be separated by Cherenkov ring pattern and opening angle  

Outer Detector(OD) 
- 50kton 
- 1185 PMTs 

Fiducial Volume(FV) 
- 2m from ID wall 
- 22.5kton 

MC 

μ-like ring  e-like ring  

MC 10 - 17 March, 2012@Moriond Cosmology 22 



νe Appearance Results 
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• Observed : 6 events 
• Expected : 1.5 ±0.3 events BG 

Reconstructed νe energy 

• 0.03 < sin22θ13 < 0.28 (normal)  
• 0.04 < sin22θ13 < 0.34 (inverted)  

68%/90% CL region  

Normal 

Inverted 

θ13 = 0 disfavored at 99.3% C.L. 



Combined analysis  
(Double Chooz+MINOS+T2K+(CHOOZ)) 
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T2K best fit 

DC+T2K best fit 



Summary 
• Measurement of θ13 is a important task in neutrino physics 

• Reactor experiments and long baseline accelerator experiments  
are currently accumulating the data. 

– Reactor experiments 

• Double Chooz: First results presented. 

– sin22θ13  = 0.086±0.041(stat.) ±0.030(syst.) 

• Daya Bay: 6 detectors (near:2+1, far:3) was operated for 55days 

– sin22θ13  = 0.092±0.016(stat.) ±0.005(syst.) 

• RENO: Near & Far running since Aug. 2011 

– Long baseline accelerator experiments 

• MINOS : sin2(2θ13) < 0.12 (0.19) 

– θ13 = 0 disfavored at 89% C.L. 

• T2K: 6 νe events observed against 1.5 +/- 0.3 expected BG 

– θ13 = 0 disfavored at 99.3% C.L. 
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Back up 
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Brazil 
CBPF 
UNICAMP 
UFABC 

France 
APC 
CEA/DSM/IRFU: 
 SPP  
 SPhN  
 SEDI 
 SIS  
 SENAC  
CNRS/IN2P3: 
 Subatech 
 IPHC 
ULB/VUB 

Germany 
EKU Tübingen 
MPIK Heidelberg 
RWTH Aachen 
TU München 
U. Hamburg 

Tohoku U. 
Tokyo Inst. Tech. 
Tokyo Metro. U. 
Niigata U. 
Kobe U. 
Tohoku Gakuin U. 
Hiroshima Inst 
Tech. 

Japan Russia 
INR RAS 
IPC RAS 
RRC Kurchatov 

Spain 
CIEMAT-Madrid 

UK 
Sussex 

USA 
U. Alabama 
ANL 
U. Chicago 
Columbia U. 
UCDavis 
Drexel U. 
IIT 
KSU 
LLNL 
MIT 
U. Notre Dame 
Sandia National 
Laboratories 
U. Tennessee 

Spokesperson: H. de Kerret (IN2P3) 
Project Manager: Ch. Veyssière (CEA-Saclay) Web Site: www.doublechooz.org/ 

Double Chooz collaboration 
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sin22q13 sensitivity 
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FAR detector 
only 

FAR+NEAR detectors 

Dm2
atm=2.5x10-3 eV2  

(20% uncert. by MINOS) 

T2K best fit N.H. (0.11) 

90% C.L. 

DC best fit (0.086) 

now 

• CHOOZ limit: 
sin22q13 < 0.15 
 

• T2K result (N.H.): 
0.03 < sin22q13 < 0.28 
 

• DC result: 
0.001 < sin22q13 < 0.169 
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Systematic Uncertainties 
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Double Chooz Preliminary 
Source  Uncertainty w.r.t. signal 

Statistics 1.6% 

Reactor 

Bugey4 measurement 1.4% 

1.8% 

Fuel Composition 0.9% 

Thermal Power 0.5% 

Reference Spectra 0.5% 

Energy per Fission 0.2% 

IBD x-sec 0.2% 

Baseline 0.2% 

Detector 

Energy response 1.7% 

2.1% 

EDelayed containment 0.6% 

Gd fraction 0.6% 

Δ te+n 0.5% 

Spill in/out 0.4% 

Trigger efficiency 0.4% 

Target H 0.3% 

Backgrounds 

Accidental <0.1% 

3.0% Fast neutron 0.9% 

9Li 2.8% 



Locations for reactor experiments 
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Detector 

Reactor 

Double Chooz 

4.27GWth 

120 m.w.e. 

300 m.w.e. 

Iso-ratio curve 

400m 

1050m 

n-target 
10t x2 

DayaBay 
923 m.w.e. 

255 m.w.e. 

291 m.w.e. 

2.9GWth 

360m 

481m 

n-target 
20t x8 

RENO 230 m.w.e. 

675 m.w.e. 

2.3GWth 

290m 

750m 

n-target 
20t x2 

750m 
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Idea: Combining reactor results 
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assuming neutrino flux : 1% 
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Comparing reactor experiments with different baseline 
=> possibility to obtain θ13 v.s. Δm2

13 



Data taking and sensitivity 

• First two detectors are operating at Daya Bay near site since 
September 23, 2011. 

• Full experiment will start running in summer 2012  
10 - 17 March, 2012@Moriond Cosmology 32 

Prompt Energy Spectrum 

Preliminary 

Sensitivity v.s. running time 


