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Global analysis of oscillation 
data 
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Experimental measurements 
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The θ13 mixing angle 

Inés Gil Botella - Double Chooz 
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νe → νx 

M. Apollonio et. al., Eur.Phys.J. C27 (2003) 331-374  

R = 1.01 ± 2.8%(stat) 
± 2.7%(syst) 

CHOOZ 

sin2(2θ13) < 0.12 - 0.2  

(90% C.L) 

Global (90% CL) 
sin2θ13 ≤ 0.031 

Best global limit on θ13 

Hints for θ13 > 0 sin2θ13 = 0.01- 0.02 (1σ)!

+ T2K 

M. Mezzeto & T. Schwetz  
arXiv:1003.5800 



Two approaches for measuring θ13 

ACCELERATOR 

  Appearance experiments 

  P(νµ → νe) depends on sin2(2θ13),  
sin2(θ23), sign(Δm2

31), δCP phase 

  Parameter degeneracies and 
correlations 

  Matter effects sensitive 

  Possible measurement of CP and 
sign(Δm2

31) 

  EXP. CHALLENGES: ν beam intensity, 
ν beam flavor contamination, ν flux 
properties, ν-N interactions  

REACTOR 

  Disappearance experiments 

  P(νe → νe) depends on sin2(2θ13) 

  Unambiguous determination of θ13  

  no dependence on δCP 

  no dependence on mass hierarchy 

  weak dependence on Δm2
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  Resolve θ23 degeneracy combined 
with accelerator experiments 

  EXP. CHALLENGES: backgrounds, 
systematic uncertainties 
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_ 

Both type of experiments provide independent and 
complementary information on θ13 

_ 



Evolution of the 3σ discovery 
and sensitivity 
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3σ discovery potential 3σ sensitivity (no signal) hep-ph/0601266 



Neutrino oscillations at 
nuclear reactors 
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νe survival probability 
_!

sin22θ13	
   sin22θ12	
  

Small deficit (= sin22θ13)  high precision is necessary 

Clean measurement 
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νe detection: inverse beta decay 
_!
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Prompt signal 
(1-8 MeV) 

Delayed signal  
(30 µs, 8 MeV) 

νe	
  

Antineutrino detection at 
nuclear reactors 

   Prompt photons from e+ annihilation: 
  EVIS ≈ Eν - (Mn-Mp) + me 

   Delayed photons from n capture: 
  on H : Δt ~200 µs, E~2 MeV 
  on dedicated nuclei (Gd): Δt ~30 µs, E ~8 MeV 
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€ 

ν e + p →n + e+

               n + Gd →  8 MeV γ



Backgrounds at nuclear 
reactors 

   Accidental events: 
  e+ signal-like: radioactivity from materials, 

PMTs, surrounding rock,… 

+ 
  n signal-like: neutrons from cosmic µ´s 

(thermalization + Gd-capture)  

  Correlated events: 
  Fast neutrons: produced by cosmic µ´s 

  Recoil-p (low energy) + Gd-capture 

  Long-lived isotopes: 9Li & 8He (β-n decay), 
half-life time ~100 ms 
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n Gd 

Σγ ~ 8 MeV 

n deposits energy 

n 

Gd 

Σγ ~ 8 MeV 

+ 
γ 

Eγ >~ 1 MeV 
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Near detector (400 m) 
115 m.w.e. 

Far detector (1050 m) 
300 m.w.e. 

400 ν/day 

50 ν/day 

_ 

The Double Chooz concept 
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Rate + shape information if 
θ13 not too small 

νe" νe ?"

   2 “identical” detectors 
   Rate comparison 
   Spectral distortion  
   Limit: 

   Systematics 
   Backgrounds 
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Reactor measurement 
principle  



Detector design 
  Calibration glove box 

  Outer veto: plastic scintillator strips 

  Shielding: 15 cm steel 

  Inner veto: 

  90 m3 of liquid scintillator & 78 8” 
PMTs 

  Buffer: 

  110 m3 of non scintillating mineral oil 
& 390 10” PMTs 

  Gamma-catcher:  

  22.3 m3 of liquid scintillator 

  Target: 

  10.3 m3 of liquid scintillator doped 
with 1 g/L of Gd 
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Acrylic vessels and PMTs installed 
12 



Outer veto installation completed 
13 



Milestones 
  May 2008 – October 2010: far detector construction 

  December 2010: far detector filling completed 

  April 2011: far detector commissioned 

  April 2011: start physics data with far detector 

  July 2011: Outer veto commissioned 

  July 2011: Glove box installed 

  August 2011: First campaign of calibration 

  April 2012: Expected delivery of near lab 

  End 2012: Expected near detector completion 

  Beg 2013: Start data taking with far and near detectors 
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Near lab tunnel 



Near detector lab civil 
construction 

  Delivery April 2012 

  Detector construction 
until end 2012 

  Overburden: 120 mwe 
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Data taking 

  Taking physics data since 

April, 13th 2011 

  75% of physics data 

efficiency 

  10% of calibration runs 

  Trigger rate ~120 Hz 

  Trigger threshold < 0.6 MeV 
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Muon detection 
  Rate of muons in IV: 39 Hz 

  Rate of muons in ID: 11 Hz 

  Stopping muons can also be tagged and the Michel electron is clearly seen 

  Michel electrons: τ = 2.25 ± 0.13 µs (stat error only) 
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Muon correlated physics 
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Preliminary energy reconstruction only Muon induced neutron capture in H energy 
window (1.9 – 2.5 MeV) 
Rate < 0.1 Hz stable for 120 days 



Singles rate 

  After vetoing muon-correlated events 

  Prompt signal window [0.7-12] MeV  
  Single rate ~10 Hz 

  As in DC proposal (in CHOOZ, 64.8 Hz in [~0.7-8] MeV) 

  Delayed signal window [6-12] MeV  
  Single rate < 0.01 Hz 

  < ½ DC proposal (scaled from CHOOZ, 0.024 Hz) 

  Accidental background is expected to be very low 
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Neutrino candidates 
  Preliminary neutrino selection: 

  Prompt signal between 0.7 and 12 MeV 

  Delayed signal between 6 and 12 MeV 

  Coincidence window of 100 µs 

  No trigger between prompt and delayed 

  Discard triggers in 1 ms after a muon 

  Timing distribution between prompt and 
delayed signal 

  Expected n-capture on Gd ~ 30 µs 

  Spatial distribution between prompt and 
delayed signal 

  ~ 20 – 30 cm expected 
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Prompt energy spectrum 

  SOON!! 

 Not allowed to show it yet 
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Delayed energy spectrum 
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Energy spectrum in the delayed Gd-energy window (6 – 12 MeV) 

Gd peak at ~ 8 MeV 



Vertex position of the 
delayed signal 
  Vertex position reconstruction of the delayed signal 

  As expected vertices inside the target where scintillator is doped with Gd 
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Detector top view Detector side view 

Target 

Gamma-catcher 



Neutrino candidates 
  About 4000 candidates (neutrinos + background) in 4 months of data 

  Current data exceeds Chooz statistics 
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1 reactor off periods 



Detector calibration 

  Multiple calibration methods 

  Light injection in ID and IV 

  Monitor stability of readout 
(timing, gain) and scintillator 

  Radioactive sources deployment 

  Across most energy scale 

  Sources deployed in Z axis and 
guide tube in GC: 

  68Ge (plot in guide tube) 

  137Cs, 60Co, 252Cf (n source) 

  MC tuning and analysis ongoing 
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68Ge 



Statistical and systematic 
errors 
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Double Chooz sensitivity 
  Double Chooz measures neutrinos 

with low backgrounds 

  Data taking continues without stop 

  Analysis ongoing…  

  First results very soon! 

  Normalization to Bugey-4 cross 
section (with FD) to be 
independent from the flux 
prediction 

  T2K best fit can be addressed with 
2011 statistics 

  With 3 years of data taking (2 
detectors) the sensitivity of the 
experiment is sin2(2θ13) < 0.03 at 
90% CL and the discovery potential 
is sin2(2θ13) > 0.05 at 3σ C.L. 
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1σ € [0.04-0.28] 



The Double Chooz 
collaboration 
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Experimental neutrino group 
at CIEMAT 

RESEARCHERS 

I. Gil Botella (I. P.) Permanent 

M. Cerrada Permanent 

C. Palomares Permanent 

P. Novella Postdoc 

R. Santorelli Postdoc 

J. Crespo PhD student 

M. López PhD student 
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ENGINEERS 

E. Calvo Mechanical E. 

S. Jiménez Electronic E. 

A. Verdugo Electronic E. 

TECHNICAL STAFF 

J.M. Ahijado Permanent 

F. García Permanent 

CIEMAT mechanical 
workshop 

The only Spanish group 
working in Double Chooz  
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DETECTOR MECHANICS 

•  Design and construction of special tools 
for acrylics installation 
•  Design, construction and assembly of 
PMT mechanical supports 
•  Installation of PMTs in the detectors 

ELECTRONICS 
•  Design, tests, production and 
installation of PMT HV splitters 

PHOTODETECTION SYSTEM 
•  PMT functionality tests 
•  PMT characterization under magnetic 
field 
•  Design, tests, production and assembly 
of PMT magnetic shields 

COMMON FUND 
•  Filling system 
•  Buffer and veto liquids 
•  Safety systems 
•  Running costs 

SIMULATION, DATA RECONSTR.  
AND PHYSICS ANALYSIS 

•  Detector simulation software 
•  Data reconstruction algorithms 
•  Background simulation 
•  Analysis tools for sys. and sens. estimation 
•  Coordination of the European cluster 

ONLINE SYSTEM 
•  DAQ Event Builder development 

Spanish contributions to 
Double Chooz 



Mechanical tools for acrylics 
installation 
  3 mechanical tools for construction and transportation of target acrylic vessels 

  1 mechanical tools for construction, transportation and installation of gamma 
catcher vessel 

  Tools designed in collaboration with Saclay 

  Manufactured at CIEMAT workshop in 2008 

  Successful acrylic vessel installation at Chooz in 2009 
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Tools for target vessels Tool for gamma catcher vessel 



Successful installation at 
Chooz 
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Target vessel installation Gamma catcher 
vessel installation 



PMT magnetic characterization & 
magnetic shields 

  Hamamatsu 10” R7081 tests at CIEMAT:  

  Main characteristics 

  Response under low B-field (for the first time) 

  Uniformity measurements 

  Design and production of 800 magnetic shields 
keeping >95% of signal for B-fields up to 1G in 
any direction 

  Quality tests of final production shields before 
their assembly 

  2 NIM papers published 

Bx 
By 
Bz Response with shield 

Quality tests of shields 
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Relative response 



PMT mechanics: design and 
fabrication 
  Complete design of PMT mechanical supports for Double Chooz 

  Mechanical and pressure tests at CIEMAT 

  Design and production of fixing system to the buffer wall 

  Production of all mechanical pieces (~10,000 pieces) at CIEMAT workshop 

  8 technicians during 8 months (only for FD production) 

  Production also finished for near detector 

  Quality control, cleanliness procedure and thermal treatment of acrylics, nylon and stainless steel 
components at CIEMAT by our technicians (~8 months) 
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Acrylics (18 pieces per PMT) Stainless steel 
Wall 

Base and lid 



PMT mechanics: distribution 
and fixing system to the buffer 
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Wall Lid 

Different orientation 
per PMT 

Base 



PMT mechanics: assembly 

  7 weeks of work for far 
detector in MPIK 
Heidelberg 

  4 technicians from 
CIEMAT 

  Preparation of special 
tools 

  Clean room 
environment 

  3 CIEMAT technicians 
currently assembling 
near detector PMTs  
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PMT HV splitters 

  Divide PMT signal (~10 mVpp) and HV (~1500 V) and 
filter power supply noise (~300 mVpp) and EMI noise 
induced in HV cables 

  Design, tests and manufacturing of 480 HV splitters for 
far detector at CIEMAT labs 

  10 modules – 48 HV splitters each 

  HV cables manufactured and tested at CIEMAT 

  Successful installation at Chooz in 2009 

  Currently working in the production for near detector 
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PMT installation inside the pit 
  Detailed procedure (phase I: bottom and wall, phase II: lid) 

  Performed during 2 months by a team of 10 people (2 technicians from 
CIEMAT inside the pit + 1 technician for cabling + our engineers) 
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PMT cabling 
  Cabling strategy inside & outside the detector designed by 

our engineers and technicians 

39 



40 



PMT installation on the lid 
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  One more week for 
installing 60 PMTs on the lid 



Outreach 
  Press release announcing the start of 

data taking (03/02/2011) 

  Radio interview in the program 
“Partiendo de cero” from Onda Cero 
(20/02/2011) 

  Seminars in universities about neutrinos 

  Article in Investigación y Ciencia journal 
to appear in December 2011 
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Stay tuned! 

 Analysis ongoing 

  First publication very very soon… 
  First data with new reactor experiments 

  Check T2K region 

  Unique information about θ13 will be provided 
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