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Double Chooz collaboration…
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θ13 measurement with reactor neutrinos
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Double Chooz is pioneer of reactor experiments to measure the θ13 
- Improvements from Chooz w/ stable Gd-LS & new det. structure (Proposal@2006)
- First indication of non-zero θ13 at 94%C.L. (LowNu@2011, PRL 108 (2012) 131801)
- First θ13 results using Hydrogen capture signal (PLB 723 (2013) 66-70)
- Report of spectral distortion around Eν = [5, 7] MeV (JHEP 1410 (2014) 086)
- θ13 measurements with multi-detector setup (Since 2015, this talk)

Δm223=2.5⋅10-3 eV2!

Δm212=7⋅10-5 eV2! sin2(2θ13)=0.2!

cos2(θ12)=0.7!

sin22θ13

Near  
detector

Reactor 
power plant

Far  
detector

Survival probability of νe Features of reactor θ13 measurement 

  - Reactor is free and rich νe source 
  - Direct measurements of θ13 with  
    νe disappearance at 1 km baseline as:  
  

  - Background is strongly suppressed by  
    delayed coincidence technique 
  - Systematic uncertainties are further 
    reduced by two identical detectors 
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Detection principle of reactor neutrinos

Two independent samples of Gd/H capture 
measured by delayed coincidence technique 

In this IBD process, prompt energy  
is related to neutrino energy

→ Spectral shape of the prompt signal  
     gives us further information.     4
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(*) Ethreshold 
  = 1.8 MeV

IBD reaction: 

 - Prompt signal (e+ ionization & annihilation)  
    Eprompt = 1~8 MeV 
 - Delayed signal (Neutron capture)  
    Edelayed = ~8 (2.2) MeV for Gd (H) capture 
 - Time coincidence of those  
   τ ~ 30 (200) μs for Gd (H) capture

Spectral shape of ν energy



Experimental site

L = ~ 400 m 
~120 m.w.e. 
10 m3 target

Operating  
since 2011

L = ~ 1050 m 
~300 m.w.e. 
10 m3 target

Reactors Far detectorNear detector

Two reactor cores  
4.27 GWth for each core

Operating 
since 2015

Started Double-detector data taking since early-2015  5



Double Chooz detector

~7 m

Inner Detector (ID) - three cylindrical layers

Detectors for background veto

Outer veto (OV) 
 - Plastic scint. strip + WLS fiber + MAPMT

~7 m

ν-target (Gd capture) region 
 - Gd-loaded (1 g/l) liquid scintillator (10.3 m3)

γ-catcher (H capture) region 
 - 22.3 m3 liquid scintillator

Buffer region 
 - 110 m3 mineral oil & 390 low-BG 10” PMTs

Inner veto (IV) 
 - Liquid scintillator & 78 8” PMTs in steel tank
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Single-detector & Double-detector phase

no ND

FD-I

Reactor B1

Reactor B2

Bugey4 
(vertual)

Single-detector
(SD) phase

~1km

ND

FD-II

Reactor B1

Reactor B2

Bugey4 
(vertual)

Double-detector
(DD) phase

~1km

~0.4 km

Preliminary results using FD-I, FD-II and ND data 
(~461, 212, 150 days of live time) are shown in this talk. 

SD: Bugey4 is used as an anchor of reactor ν flux (1.7% precision)  
→ Nearly iso-flux setup of ND & FD can suppress ν flux error (< 0.1%)  
→ Identical detector can cancel correlated systematics like det. efficiency. 
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IBD selection & BG veto
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=3

µ � e + � + �
=3

e.g.) 9Li � 8Be + e + � + n

=3

n + p � recoil p + n

=3

e.g.) environmental � + spallation n

Observed IBD rate: ~40 d-1 (FD) and ~300 d-1 (ND)  
 

Remaining BG are:   
  - Accidental coincidence:  
  - Fast neutron: 
  - Stopping muon:  
  - (β, n) emitter from spallation products :

 (       ) : mimic prompt (delayed) signal



IBD candidates & BG estimation
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ND

Prompt signal energy w/ BG Populations and errors (Double Chooz Preliminary)

All BG are measured from data: 
  - Accidental BG: Off-time coincidence (rate & shape)  
  - Fast-n + stop-μ: High energy window (rate), IV/OV tagged events (shape)  
  - Cosmogenic BG: 9Li-enriched data (shape)  
     → 9Li BG rate is not used in the fit, which is constrained by shape in the fit

=3

FD-I Reactor o� FD-II ND

Live time (d) 460.93 7.24 212.21 150.76

IBD prediction (d�1) 38.04±0.67 0.217±0.0065 40.39±0.69 280.5±4.7

Accidental BG (d�1) 0070±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 BG (d�1) (0.97+0.41
�0.16) (5.01±1.43)

Total prediction (d�1) 39.63±0.73 1.85±0.30 42.06±0.75 289.3±4.9

IBD candidates (d�1) 37.64 0.97 40.29 293.4

(Number of events) (17351) (7) (8551) (44233)



Suppression of systematic uncertainties
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Phys. Rev. Lett. 108,
(2012) 131801

Phys. Rev. D86,
(2012) 052008 JHEP 1410

(2014) 086
This results 

(Preliminary)

Signal statistics
Reactor ν flux (SD) 
Reactor ν flux (DD) 
FD-I - FD-II relative
Detection & E (SD)
Detection & E (DD)
BG (Rate only)
BG (Rate+Shape)

SD : Single detector
DD: Relative uncertainties
          in Double detectors

SD phase: we improved uncertainties. Reactor ν flux error was dominant.  
→ It is strongly suppressed with two detectors  
DD phase: All systematic uncertainties are < 0.4% (after Rate + shape analysis)  

→ Precision is now limited by Statistics. Further improvement is expected! 

Single detector Double detector



Preliminary results

Best-fit: sin22θ13 = 0.111 ± 0.018 (χ2/dof = 128.8/120)
Non-zero θ13 observation at 5.8 σ C.L.  

Double	
  Chooz	
  	
  Preliminary
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FD-I FD-II ND

Fit FD-I, FD-II and ND data simultaneously w/ predictions 
  - Chi-square method with systematic errors by pull term & covariance matrix  
  - Correlation of systematic uncertainties b/w detector periods are considered  
  - BG rate and shape are estimated from data (Li9 rate is not constrained)  
  - Observed data in reactor-off period is used → Further BG constraint



Current θ13 in the world
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Precise measurement of θ13 by reactor experiments is still a key  
for current/future ν projects for CP violation and mass hierarchy 
→ Validation with multiple experiments is essential. 

predicted compared to the nominal simulation is used to
quantify the size of each effect. The effects considered are
tabulated in Table II.
Dominant sources of uncertainty in the signal prediction

arise from uncertainties in the modeling of neutrino-
nucleus interactions, including a 40% uncertainty on the
value of the axial-vector mass of 0.99 GeV=c2 used in
the quasielastic scattering model [17,35]. The allowed
variation in this effective parameter encompasses recent
measurements [36–39] and is a proxy for possible multi-
nucleon processes not included in the interaction model
[40–43]. Dominant sources of uncertainty affecting the
background prediction include a 5% uncertainty on both
the absolute energy calibration and the interdetector energy
calibration, uncertainty in the modeling of scintillator
saturation by highly ionizing particles [44], and modeling
of the neutrino flux. The error incurred by scaling each
background component by the same amount, instead of
employing a data-driven decomposition of the background
components, is estimated by individually scaling each
background component to account for the entire difference
between data and simulation.
An overall normalization uncertainty on both signal and

background levels in the FD comes from a survey of the
mass of the materials used in the ND relative to the FD,
combined with uncertainty in the measurement of POT
delivered as well as a small difference between data and
simulation in the efficiency for reconstructing events.
Other considerations include possible biases arising from
different containment criteria in the ND relative to the FD,
imperfect removal of uncontained vertex events, and
limited statistics in both the simulation and the ND data
set. Adding all the effects in quadrature gives a 17.6%
(15.0%) systematic uncertainty on the signal prediction and
a 10.8% (13.4%) systematic uncertainty on the background
prediction for the primary (secondary) selection technique.
Upon examining the FD data, 6 events were observed,

compared to the background prediction of 0.99!
0.11ðsystÞ. The observation corresponds to a 3.3σ excess
over the background prediction. With the secondary event
selection, we observe 11 events, a 5.3σ excess over the

background prediction of 1.07! 0.14ðsystÞ. All the events
selected by the primary selector are in the sample selected
by the secondary. Using the trinomial probability distribu-
tion and the number of simulated events that overlap
between the selectors or are selected by each exclusively,
we compute a 7.8% probability of observing our particular
overlap configuration or a less likely configuration.
Figure 2 shows the energy distribution in the FD for events
selected by either selection technique compared to the
predicted spectrum with oscillation parameters as given
in [32].
The likelihood for a Poisson distributed variable is used

to compare the observed number of events to that predicted
for a particular set of oscillation parameters. Figure 3 shows
the values of δCP and sin22θ13 consistent with the observed
number of events in the data for each of the selectors.

TABLE II. Systematic uncertainty on the background and
signal prediction for events selected by the primary selector in
the FD. The last row corresponds to the quadrature sum.

Signal (%) Background (%)

Calibration 7.6 4.4
Neutrino interaction 14.0 3.7
Scintillator saturation 7.2 5.1
Normalization 1.2 1.2
Neutrino flux 1.1 3.2
ND background composition $ $ $ 5.4
Other 0.6 3.9
Total 17.6 10.8
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FIG. 2. Reconstructed energy distribution of events selected in
the FD. Solid (dotted) histograms show the prediction for the
primary (secondary) selector. Arrows indicate where the data lie.
Solid arrows show events from the primary selector, while dotted
arrows show the additional events from the secondary selector.
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FIG. 3. Allowed values of δCP vs sin2 2θ13. Top (bottom) plots
show the NH (IH). Left (right) plots show results for the primary
(secondary) selector. Both have sin2 θ23 fixed at 0.5.

PRL 116, 151806 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
15 APRIL 2016

151806-5

NOνA results
w/ Reactor θ13

[PRL 116 (2016) 151806] 

T2K results
w/ Reactor θ13

[PRD 91 (2015) 972010] 

excluded regions for δCP at the 90% C.L: δCP ¼
½0.15; 0.83#π for normal hierarchy and δCP ¼
½−0.08; 1.09#π for inverted hierarchy.
In order to thoroughly cross-check the analysis described

above, an alternate frequentist joint fit analysis was
performed which differs in the treatment of the systematic
errors. This originated as part of an effort to simplify and
reduce the computing power needed for the analysis and to
perform a study of the future sensitivity of the experiment
[133]. A new set of systematic parameters is used; they
multiply the nominal expected number of νμ or νe events,
with one parameter for each reconstructed energy bin.
Results from the alternate analysis agree with the results
presented in Secs. IX A and IX B.

X. JOINT νμ → νμ AND νμ → νe BAYESIAN
ANALYSIS

This section describes a complementary approach to the
analysis detailed in Sec. IX,which usesBayesian techniques
to extract most probable values of oscillation parameters and
their uncertainties. Bayesian inference analysis methods
construct posterior probabilities of a hypothesis given the
data observed by combining prior information with the
likelihood function. This technique allows one to naturally
include prior information about systematic parameters and
external experimental data in the interpretation of the results
of the experiment. Another distinguishing feature for this
analysis is the fact that full marginalization of systematic
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FIG. 32 (color online). The 68% (dashed) and 90% (solid) C.L. regions, from the analysis without using reactor data, with different
mass hierarchy assumptions using Δχ2 with respect to the best-fit point—that from the inverted hierarchy. The parameter jΔm2j
represents Δm2

32 or Δm2
13 for normal and inverted mass hierarchy assumptions, respectively. The lower left plot shows one-dimensional

confidence intervals in sin2 θ13 for different values of δCP.
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IBD(Gd)  
Target: ~10t

IBD(Gd+H) 
Target: ~30t

Future prospects

To reach better precision, earlier:  
 

  Current analysis (Gd-only) is statistically limited
 → Inclusion of H-capture event (Gd+H analysis!)
      Pros: Larger volume as target 
     Cons: Increase of Accidental BG by lowering Ed window  
                Systematic error is also challenging
                → Analytical effort is on going… (Next page)   13

Sensitivity projection

Double	
  Chooz	
  Preliminary

± 0.018 (this results)

~5 years to reach ±0.01



To reach better precision…
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Delayed signal energy
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ANN cut
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Correlation time
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Correlation distance

- Accidental BG is dramatically reduced by ANN   
  → Almost negligible impact to θ13 measurement after ANN
- Confirmed x2.5 of IBD rate than Gd only analysis

New analysis is ongoing w/ more stat. & better understandings of syst.  
→ We aims to release our results at CERN seminar (20th Sep.) Stay tuned! 

=3

IBD rate Gd analysis Gd+H analysis

FD �40 d�1 �100 d�1

ND �300 d�1 �800 d�1



Other physics programs
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Neutrino directionality

Sterile neutrino search Expected sensitivity for 3 years operation

Observed angle φ from ND data 

Direction of incoming ν can be observed by  
a vector from delayed to prompt signals

Direction to:   
- Reactor B1 
- Reactor B2 

Sterile ν hypothesis can be tested by  
DC detectors located in ~400 m baseline  
(ND) and ~ 1 km baseline (FD)



Conclusion

Poster presentations from Double Chooz experiments:  
 

  D. Kaplan et al.       , Reactor spectral rate and shape measurement in Double Chooz detectors  
  A. Meregaglia et al., IBD background rejection and tagging at the Double Chooz experiment  
  G. Yang, et al.          , θ13 oscillation analysis in Double Chooz with two detectors  
  T. Matsubara et al.  , Sterile neutrino search in the Double Chooz experiment

- Reactor θ13 is a key for current and future neutrino projects 
  → Validation by multi-experiment is essential  
 

- First θ13 results is reported with the double-detector setup 
  in Double Chooz experiment (FD-I: 460.93 d + FD-II: 212.21 d+ ND: 150.76 d)

  → sin22θ13 = sin22θ13 = 0.111 ± 0.018 
      - Reactor flux is strongly suppressed to <0.1 % by ND  
      - Other systematic uncertainties are suppressed well below 1%  
 

- The precision is currently limited by Statistics  
  → New θ13 results with Gd+H analysis will come soon  
      - Other physics programs are also expected  

 16





Detector performance

 18

Detector performance is evaluated by
- Various sources like 60Co, 68Ge, 137Cs, 252Cf with 
  two deployment systems: Z-axis system & Guide tube system  
- Natural sources like neutron capture on H/Gd or BiPo 

We precisely evaluated detection efficiency, energy scale, 
uniformity and stability from the systems and/or sources

Cf-252 source deployed at detector center
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IBD candidates vs time
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FD-II

ND 2 reactors on 1 reactor on 

Rate of IBD candidates with background subtracted
Double	
  Chooz	
  Preliminary

Double	
  Chooz	
  Preliminary

Same variation of IBD candidates in double detector phase 


