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Å  

ïDm21
2  ~ 8x10-5 eV2 

ï|Dm32
2| ~ |Dm31

2| ~ 2.5x10-3 eV2 

 

Å  

ïq12 ~ 34o 

ïq23 ~ 45o 

ïq13 < 12o (sin22q13 < 0.15) 
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Å  Double Chooz, Daya Bay, RENOé 
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a(x)= 2GFNe(x)

Jr ¹c12s12c13

2 s13c23s23

Åq13, dCP, mass hierarchy, q23  

 q13  

Å
dCP, mass hierarchy  

5 



Double Chooz  

6 



 

Chooz  
4.27GW th  x 2 cores  

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

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

ⱳ▄ 
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Chooz  
4.27GW th  x 2 cores  

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

 
<L> 400m 
450n/day 
120m.w.e. 
Early 2013 
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Double Chooz collaboration 
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Gd n 

p 

e+ 

e- Prompt signal 

Delayed signal 

 : 

Delayed coincidence 

ⱳ▄ ▬ᴼ▄ ▪ 

‡Ӷ 

Prompt signal : 
Å  + e+e-  
Å Ὁ ὉÖÉÓπȢψ -Å6 
Delayed signal: 
Å Gd (ψ -Å6) 
Timing correlation: 
Å † σπ ‘Ó  

Background  

Å Reaction threshold 1.8 MeV 
Å Neutrino signal  

~ 65 events/day ( ) 



Detector 
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Double Chooz  detector 

© ImagôIn IRFU 
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m

  

Outer Veto detector 

Inner Veto (90m3 ) 

Buffer (110m3 ) 

-ɹcatcher (22.3m3 ) 

-˄target (10.3m3 Gd ) 

Å  

Åtarget ʴ  

Å390 PMTs (10 inch,  R7081MOD) 
Å  

Å78 PMTs (8 inch,  R1408) 
Å  

Åplastic scintillator strip 
ÅFar 44 /Near 68  

64ch MAPMTs = 2816 (4352)  
Å  

12 

Neutrino detector 

Inner detector 



HV-Splitter 
custom  

(by CIEMAT) 

HV-Supply 
SY1527LC & A1535P (CAEN) 

Readout system for Neutrino detector 

ID: 390 PMTs (R7081MOD) 

IV: 78 PMTs (R1408) 

(PMT) 

13 

Signal 

Frontend Electronics 
(Drexel U. & LLNL) 

Trigger pattern & clock (T=16ns) 

-˄FADC 
VX1721 

(by CAEN&APC) 

VME bus 

Signal 

HV 
HV 

Å Signal HV  
=> Splitter  

Å Clock OV DAQ  
Å VME  
Å Flash-ADC: 
Å Sampling rate : 500 MHz 
Å 256 samples/event 
Å 8 bit / 1V 

e
le

ctro
n

ics h
u

t 

VME crate 

Trigger & Clock 
(RWTH-Aachen) 

˄ 5!v 
MVME3100  
(by Emerson) 
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Flash-ADC  



Detector construction 
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Far detector laboratory Inner veto installation 

Inner detector installation ID PMT installation 
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Detector construction 
Side & bottom ID PMTs GC acrylic vessel installation 

Target acrylic vessel installation Upper ID PMT installation 
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Detector construction 
Electronics hut Liquid scintillator filling system 

Steel shield installation Outer veto installation 



DAQ/Online system 
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Run control 

Online monitor (HV) 

Åonline system  
ÅJava GUI  
τ ( )  



2011 4  
data taking  

Commissioning & data taking 

19 

2011 2  
Detector & DAQ 
commissioning 



/  

(2008 5 ~) 2010 10    

2010 12                          

2011 4                      

                                                   

                                                   

2011 7                    Outer Veto   
  

2011 11                    
  

2012 6                     

2013                   

                                                2   20 

Timeline 

Construction Far Design 

2007 2008 2009 2010 2011 2012 

Data Taking (Phase 1) 

Cstr. 
Near 

Data Taking (Phase 2) 

2013 
We are here now! 

Far detector only Far + Near Detector 



Data taking efficiency 
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ÅRun time : 101.523 [day] (413 11 13 ) 
ÅLive time : 96.823 [day] (1ms ˃  veto ) 



Calibration 
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LED calibration system 

ÅLED  

Å  

 

23 



Energy calibration 

Double Chooz preliminary Double Chooz preliminary 

e.g.) 68Ge  
        1.02 MeV  

 

Guide-tube system  

g-catcher  
Target g-catcher  
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βBugey4  
   Chooz  

Double Chooz preliminary 
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Thermal power 
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Double Chooz preliminary 

Å : dPth / Pth = 0.46% 

ÅMonitoring 1  



Relat Error (%)

0 0.5 1 1.5 2 2.5

TOTAL

a

per fission
s

per fissionE

Bugey
s

Pth

L

pN Double Chooz preliminary 
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ÅBugey4  

Total 

f̀ission  

Double Chooz preliminary 

2.70% 1.74% 
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30 

p 

Gd 

n 

e+ 

‡Ӷ 

Å Prompt event: 

ïNo Inner Veto Energy deposition 

ïQMax/Qtot < 0.09  

ïRMSTstart < 40 ns  

ï0.7 < Eprompt < 12.2 MeV 

Å Delayed event: 

ïNo Inner Veto Energy deposition 

ïQMax/Qtot < 0.06  

ïRMSTstart < 40 ns  

ï6 < Edelayed < 12 MeV 

Å Time correlation: 

ï2 ˃ s < ɲ¢όǇǊƻƳǇǘ - delayed) < 100 ˃s 

ï (no space correlation) 

βQMax/Qtot RMSTstart  
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ÅRate : 42.6 [day-1] 
Å  
Åexpected neutrino rate  

Neutrino candidate rate 



Observed v.s. Predicted rate 
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Å Neutrino rate neutrino rate  
Å Background reactor off data  
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3  
Å Accidental BG 
Å Fast neutron BG 
Å Cosmogenic BG 



Accidental background 

34 

p 

Gd 

n 

♬ 

cosmic ˃  

Å Delayed 
coincidence window  

Å time window  
coincidence  
(Off-timing method) 

Double Chooz preliminary 

Accidental Background Prompt event Visible energy 

Prompt energy spectrum 
by off-timing coincidence 

0.33 0.03 [day-1] 



Fast neutron background 
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p 

Gd 

n 

cosmic ˃  

p 

ÅCorrelated background 

ÅPrompt :   

ÅDelayed : Gd g  

Å Fast-n & Stopping ˃ 

ÅRate :  

Å0.83 0.38 [dayς1] 

ÅShape :  

Å stopping ˃  shape  

Double Chooz preliminary 



Cosmogenic background 

36 

p 

Gd 

n 

cosmic ˃  

♫ 9Li 

Å Correlated background 

ï  
9Li, 8He  

ï 250 msec Life time b + n  
 

( VETO ) 

Å Muon-Prompt-Delayed signal  
triple coincidence  

Å Rate: 2.3 1.2 [day-1] 

Å Shape: MC (nuclear database) 

Double Chooz preliminary 
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Å 2̝ test best fit  

ïRate analysis : MC + background  

ïRate + Shape analysis : 2̝ with covariance matrix + pull term 

38 
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Reactors Bkgs

2

2
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BkgsReactors
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statdetectorsignal

Reactors Bkgs
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R

R
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b
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R

R

jj

b

b
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R b

b

b

i

R

ii

PP

PNNN

MMMMPNNN

ss

c

n

n

:signal

ijM

:detector

ijM

:stat

ijM

:b

ijM

Signal covariance matrix 
(reactor n flux etc.) 

Detector covariance matrix 
(E scale etc.) 

Statistical covariance matrix 

Covariance matrix for background b 

:RP Pull parameter varying the total rate of 
neutrinos from reactor R 

:bP Pull parameter varying the total rate of 
of background b 



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% 

ɲ 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% 



 

Rate Only fit:  sin2н1̒3 = 0.104 0.030(stat.) 0.076(syst.) 
Rate & Shape fit: sin2н1̒3  = 0.086 0.041(stat.) 0.030(syst.) 
     No oscillation excluded at 94.6%  

40 
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T2K best fit 

DC+T2K best fit 
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Near detector construction 

43 

2013  

2012 6  



sin22q13 sensitivity 

44 

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. 

Data taking efficiency 
 

DC best fit (0.086) 

now 

ÅCHOOZ limit: 
sin22q13 < 0.15 
 
ÅT2K result (N.H.): 

0.03 < sin22q13 < 0.28 
 
ÅDC result: 

0.001 < sin22q13 < 0.169 



 

ÅDouble Chooz 2011 4  

ï  

Å 100  

 

 

 

 

 

Å  

ï  

Å 1.5  sin22q13 < 0.06  

ï2013  

Å 3 sin22q13 < 0.03  
45 

Rate + Shape Analysis: 

           sin22 1̒3  = 0.086 0.041(stat.) 0.030(syst.) 

No oscillation excluded at 94.6% C.L. 

Rate only Analysis: 

           sin22 1̒3 = 0.104 0.030(stat.) 0.076(syst.) 



back up 
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L=300km 

0.004 

0.025 (DC) 

Degeneracy solved! 

4
23

p
q <

sind ambiguity 



non-zero q13  
T2K 2011 6  

Å2.5s significance of non-zero q13 

Å0.03 (0.04)< sin2н1̒3< 0.28 (0.34) @90% C.L. 
for normal (inverted) hierarchy 
όɲƳ223=2.4 x10-3 eV2, ɻ CP=0, sin2н2̒3=1.0 ) 

48 



Fraction of Gd capture 

Å252Cf
Gd

MC  

 Ą MC 2%  
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Double Chooz preliminary 

Double Chooz preliminary 

H Gd 

Gd+H 
Gd+Gd 

Data 

MC 



Delayed energy spectrum 
ÅSelection of neutron capture on Gd only 

 

 

 
 

 

 

 

 

 

ÅDelayed energy cut efficiency : 86.00.6 % 

2011/11/21 50 



252Cf neutron multiplicity 

Å Important verification of the neutron detection efficiency 

Å Average neutron multiplicity 

  Data : 3.659 0.008 (stat.) 

  MC : 3.677 0.013 (stat.) 51 


