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Neutrino mixing -
our physics goal
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ν1,ν2 ,ν3 :  mass eigenstates of m = m1,m2 ,m3.
νe,ν µ ,ντ :  flavor eigenstates.
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c23=cosθ23, etc.
3 mixing angles (θ12, θ23, θ13) + 1 complex phase (δ)

PMNS matrix
(Pontecorvo-Maki-
Nakagawa-Sakata)
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Oscillation Parameters

0

P=1

P(νe→νe)
P(νe→νµ)

L/E
2hc/Δm2

sin22θ

P(νi→νj)=sin22θij sin2(1.27Δm2L/E)
where Δm2 (eV2) and
L/E (km/GeV or m/MeV)

Amplitude

Wavelength

•3 mixing angles
θ12, θ23, θ13
•2 mass2 differences
Δm232=m32-m22
Δm221=m22-m12
(Δm231=Δm232+Δm221)
•1 complex phase
δ
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Status before 2011

sin2(2θ12)~0.8

Δm221~8×10-5eV2

ν1

ν2 ν3

sin2(2θ23)~1.0

|Δm232|~2.5×10-3eV2

sin2(2θ13) < 0.15

Δm231~Δm232
Solar-ν, 
Reactor-ν

Atm-ν,
Acc-ν

SK:atm-ν, 
MINOS/T2K

Reactor-ν

• θ12 ~ 33°, θ23 ~ 45°, but θ13 < 11°
• |Δm232| >> |Δm221| (by factor ~30)

δCP
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δCP: completely
       unknown



Direct θ13 measurement
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• Disappearance at (1-3) osc. maximum (L=1~2km)

+O(10-3) from Δm221 oscillation

(1-3) (1-2)

P (�̄e � �̄e) = 1� sin2 2�13 sin2 �m2
31L

4E

• Cancel flux uncertainty by placing Near and Far detectors

sin22θ13(=(0.1(
|Δm31

2|(=(2.5x1013eV2�

Near%Detector%(ND)� Far%Detector%(ND)�



2 identical targets
of 8.3t

ν oscillation

@1050m

2014~
2011~
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Double Chooz experiment

Far$Detector$
L$=$1050m$
10m3$target$
300m.w.e.$
Since$2011�

Near$Detector$
L$=$400m$
10m3$target$
120m.w.e.$
Since&2015�

νe�
Chooz$Reactors$
4.27GWth$x$2$cores�
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Double Chooz collaboration
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The Double Chooz detector

ν"target((NT):"
•  Gd"loaded"liquid"scintillator"(10m3)"

γ"catcher((GC):""
•  Liquid"scintillator"(22m3)"

Buffer:"
• Mineral"oil"(110m3)"
•  390"10;inch"PMT"
�

Outer(Veto((OV):"
Plastic"scintillator"strips"

Inner(Veto((IV):"
•  Liquid"scintillator"(90m3)"
•  78"8;inch"PMT"

Inner(Detector�



Detection Principle
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• Inverse-beta decay 
(Ethresh=1.8MeV)
        Eν information carried by e+

ν e + p→ n + e+

e+ + e− → 2γ
Eν − 0.8MeV( )

n +Gd→ Gd' +γs E∑ = 8MeV( )

cf. KamLAND has no Gd
Hydrogen capture
n+p→d+γ(2.2MeV) “Delayed coincidence” drastically

reduces the background.

n thermalization time
τ ~ 30μsec

Prompt

Delayed



Double Chooz and TYL/FJPPL
•2009-12/Nu2-WP2 (H. de Kerret & F. Suekane)
‒Construction of FD and 1st measurements
•2013-16/Nu_03 (A. Cabrera & M. Kuze)
‒Construction of ND finished end of 2014
see talk by E. Chauveau (congratulations!)
‒Taking FD+ND data since 2015
1st ‘Double det.’ preliminary result in Moriond 2016

•Tight FR/JP connection: acknowledges to TYL!
‒FR: DAQ, acrylic vessels, infrastructure, ...
‒ JP: online, calibration, PMT test/installation, ...
‒ and of course in analyses 10



Multi-detector analysis
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FD#I%(single%detector)%
461days%
+%

FD#II%(multi#detectors)%
212%days�

Reactor(B1�
B2�

Google&Earth�

Bugey4%(virtual)%

ND%(multi#detectors)%

DC:%most%iso#Alux%setup%
⇒%reactor%Alux%error%highly%
suppressed%with%multi#detectors�

���

For analysis details, see M. Ishitsuka’s talk in Moriond EW



Signal and background

•ND detects 7 times more neutrinos than FD
•Also larger BG due to more cosmic μ (but S/B better)
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FD#I� Reactor#off� FD#II� ND�

Live%&me((d)((a-er(μ(veto)� 460.93� 7.24� 212.21� 150.76�

IBD(predic&on((d%1)� 38.04±0.67� 0.217±0.065� 40.39±0.69� 280.5±4.7�

Accidental(BG((d%1)� 0.070±0.003� 0.106±0.002� 0.344±0.002�

Fast%n(+(stop%μ((d%1)� 0.586(±0.061� 3.42(±0.23�

Cosmogenic((d%1)� (0.97+0.41%0.16)� (5.01(±1.43)�

Total0predic4on0(d#1)� 39.63±0.73� 1.85±0.30� 42.06±0.75� 289.3±4.9�

IBD0candidates0(d#1)0
(number(of(events)�

37.640
(17351)�

0.970
(7)�

40.290
(8551)�

293.40
(44233)�

Double(Chooz(Preliminary�



Systematic uncertainties

•Greatly reduced thanks to 2 detectors and in rate+shape fit 
•All at sub-% level, limited by statistics now
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Signal'statistics�
Reactor'/lux'(SD)'
Reactor'/lux'(MD)'
FD7I'–'FD7II'relative'
Detection'&'E'(SD)'
Detection'&'E'(MD)'
Background'
BG'(after'R+S'/it)'

SD:$single$detector$
MD:$relative$uncertainties$
$$$$$$$$$in$multiple$detectors�

Phys.Rev.Lett.+108++
(2012)+131801�

Phys.Rev.+D86++
(2012)+052008�

JHEP+1410++
(2014)+086�

Moriond+
Preliminary�



Energy spectrum fit results

•Fit 3 data sets simultaneously (also reactor-off data)
•Last paper using FD only data: sin22θ13=0.09±0.03
→ precision improved nearly by factor 2
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•  Best%&it:)sin22θ13=0.111+±+0.018)(stat.+syst.))(χ2/dof)=)128.8/120))
–  Non0zero+θ13+observation+at+5.8σ+C.L.+

FD0I+ FD0II+ ND+

Double'Chooz'Pre
liminary�



FD/ND ratio

•Systematic uncertainties suppressed in ND+FD comparison
•Power of ‘Double’ detector configuration!
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FD#I%data/prediction% FD#II%data/%ND%data%



World θ13 context

• DC θ13 is higher than other reactor θ13 by ~30% (1.4σ wrt DB)
•θ13 has critical implication to solve CP-violation and mass hierarchy
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JHEP 1410, 086 (2014)

PRL 115, 111802 (2015)

Preliminary (arXiv:1511.05849)
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World&θ13&comparison�
Reactor&&
vs.&T2K�

published�
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arXivL1601.05522&&
(accepted&by&PRL)�

DC#new#θ13�
single&detector�
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vs.&NOvA�

PRD91&072010&(2015)&



Conclusions
•We built and commissioned the Near Detector 
successfully and are taking ND+FD data

•First multi-detector analysis result released:
sin22θ13=0.111±0.018　(5.8σ)

•We are statistically limited → expect to improve!
very important to compare with DB/RENO

•Fruitful F-J collaboration: thanks to TYL/FJPPL
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