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INTRODUCTION

• The advantages of this measurement with respect to long baseline oscillation experiments is a clean 
measurement of  θ13 since:

1. It is a disappearance experiment, therefore insensitive to the value of the δ-CP phase.

2. It has a short baseline (order of 1 km) and it is therefore insensitive to matter effects.

3. The dependence on Δm2
21 is very weak : O (Δm2

21/Δm2
31).

• Reactor oscillation experiments aim at the measurement of θ13 through the observation of νe →  νe  
transition according to the oscillation probability:
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• The use of two detectors allows to 
measure the flux before and after the 
oscillation to cancel out the associated 
systematics.

Double Chooz  
for <E> = 3 MeV
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Double Chooz OVERVIEW
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Far detector 
Distance: ∼1050 m

Overburden: ∼300 m.w.e. hill topology
Data taking since April 2011

Near detector 
Distance: ∼400 m

Overburden: ∼120 m.w.e. flat topology
Data taking since December 2014 2 reactors 

Pth=4.25 GW each
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• Neutrinos are observed via Inverse Beta Decay (IBD):

• The signal signature is given by a twofold coincidence:

1. Prompt photons from e+ ionisation and annihilation (1-8 
MeV).

2. Delayed photons from n capture on Gadolinium (∼8 MeV) or 
H (2.2 MeV).

3. Time correlation: Δt ∼30 µs for Gd and Δt ∼200 µs for H.

4.  Space correlation (< 1m).

NEUTRINO DETECTION
νe + p → e+ + n

4

• The energy spectrum is a convolution of flux and cross section 
(threshold at 1.8 MeV).

• The prompt energy is related to νe energy: 

• The survival probability depends on Eν therefore we have a 
measurement of θ13 using rate and spectral deformation.

Eprompt=Eν-Tn-0.8 MeV
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DETECTOR DESIGN
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γ-Catcher:: 22.5 m3 scintillator (PXE based) in 
an acrylic vessel (12 mm)

Buffer: 100 m3 of mineral oil in a stainless steel 
vessel (3 mm) viewed by 390 PMTs (10 inches)

Inner Veto: 90 m3 of scintillator (LAB based) in 
a steel vessel (10 mm) equipped with 78 PMTs 
(8 inches)

Shielding: about 250 t steel shielding (150 mm) 
(FD) / 1 m water (ND)

Chimney: deployment of radioactive source 
for calibration in the ν-Target and γ-Catcher.

Outer Veto: plastic scintillator strips

ν-Target: 10.3 m3 scintillator (PXE based) 
doped with 1g/l of Gd in an acrylic vessel (8 
mm)
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BACKGROUND
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Backgrounds

9Li and 8He

Correlated background:

Fast neutrons

Stopping muons

Accidental background:

•

 

Random coincidence (uncorrelated):

–

 

Radioactivity from PMTs, rock, 

materials, …

–

 

Neutron-like signal produced by high 

energy depositions (β-emitters, n-

 capture, ...).
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Gd

Cosmic μ

γ

Gd n

Radioactivity from materials, 
PMTs, surrounding rock 

(208Tl).

Correlated BG
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Backgrounds
9Li and 8He

Correlated background:

Fast neutrons

Stopping muons:

•

 

Muons decaying in the detector.

•

 

Acceptance hole in chimney.

•

 

Prompt: muon

 

track.

•

 

Delayed: Michel electron.

Accidental background
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Recoil p

Gd

Cosmic μ

Michel e-
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Backgrounds
9Li and 8He

Correlated background:

Fast neutrons:

•

 

Nearby muon-spallation.

•

 

Prompt: proton recoil

•

 

Delayed: neutron capture

Stopping muons

Accidental background
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Cosmic μ

Recoil p

Gd n

n

n
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Backgrounds
9Li and 8He:

•

 

Produced by muon-spallation. 

•

 

β-n emitters, mimic the antineutrino signal.

•

 

Long lifetime ~250 ms. Veto not feasible.

Correlated background

Fast neutrons

Stopping muons

Accidental background
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9Li, 8He

Cosmic μ

12C

Neutrons from cosmic µ 
spallation gives recoil 
protons (low energy).

Fast neutrons Stopping µ Cosmogenics

Pr
om

pt
D

el
ay

Neutrons from cosmic µ 
spallation captured on Gd/H, 
or γ like prompt fake signal in 

case of H analysis.

Neutrons from cosmic µ 
spallation captured on 
Gd/H, or γ like prompt 
fake signal in case of H 

analysis.

Cosmic µ entering from 
the chimney.

Michel electrons.

Electrons from 9Li/8He    
β + n decays.

Neutrons from 9Li/8He    
β + n decays captured on 

Gd/H.
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θ13
 

compilationDouble Chooz MILESTONES
Phys.Rev.Lett. 108 (2012) 131801 

First indication of non-zero θ13 

and rate+shape analysis

Phys.Lett. B723 (2013) 66-70

First n-H capture analysis

Phys.Lett. B735 (2014) 51-56 

First (and only) Reactor Rate 
Modulation (RRM) analysis

JHEP 1410 (2014) 86

First publication on “5 MeV 
excess”

In this talk I will present the results of the so called Gd-III publication. 
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EVENTS SELECTION

8

Prompt Energy 0.5 - 20 MeV

Delayed Energy 4 -10 MeV
Δt 0.5 - 150 µs

ΔR < 1 m

Isolation window (prompt) [-200, +600] µs

Neutrino candidates selectionVeto on single triggers

Muon veto No triggers in 1 ms after muon

OV No coincidence with OV

Li veto Likelihood trained on 12B for 50% rejection and 
dead time < 0.5%

IV Cut on charge, multiplicity and space/time 
coincidence to reject fast neutrons and accidentals

“FV” Point like characterization of the event (reject 
stopping muons)

Light noise Rejection base on PMTs charge/time distribution
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•  Neutron$captured$on$Gd$(Hydrogen$not$included)$
•  DCFIIFbased$and$DCFIII$selec5on$applied$to$the$same$data$set$(full$DCFIII$data)$

–  Single$even$selec5on$based$on$DCFIII$analysis$(new$light$noise$cut$and$so$on)$
–  DCFIIFbased$selec5on:$Li$reduc5on$(DCFII$defini5on),$No$FV$veto,$IV$veto$and$LiFlikelihood$cut$

•  Energy$reconstruc5on$based$on$new$DCFIII$analysis$$
•  Reduc5on$of$fast$neutron$(high$energy)$and$accidental$background$(low$energy)$are$clearly$shown$
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•  Neutron$captured$on$Gd$
•  DCFIIFbased$and$DCFIII$selec5on$applied$to$the$same$data$set$(full$DCFIII$data)$

–  Single$even$selec5on$based$on$DCFIII$analysis$(new$light$noise$cut$and$so$on)$
–  DCFIIFbased$selec5on:$Li$reduc5on$(DCFII$defini5on),$No$FV$veto,$IV$veto$and$LiFlikelihood$cut$

•  Energy$reconstruc5on$based$on$new$DCFIII$analysis$$
•  Reduc5on$of$stopping$muon$and$accidental$background$are$clearly$shown$
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•  Neutron$captured$on$Gd$
•  DCFIIFbased$and$DCFIII$selec5on$applied$to$the$same$data$set$(full$DCFIII$data)$

–  Single$even$selec5on$based$on$DCFIII$analysis$(new$light$noise$cut$and$so$on)$
–  DCFIIFbased$selec5on:$Li$reduc5on$(DCFII$defini5on),$No$FV$veto,$IV$veto$and$LiFlikelihood$cut$

•  Reduc5on$of$stopping$muon$(small$ΔT)$and$accidental$background$(large$ΔT)$are$clearly$shown$

Prompt energy Delayed energy Time correlation

Gd-III/Gd-II: 
more signal 
and less BG

Fast n / stopping µ
 reductionAccidentals

 reduction
BG

 reduction
stopping µ
 reduction
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BACKGROUND ESTIMATE
The cosmogenic (mainly 9Li) β  + n emitter 
background was estimated using rate and 
shape information.
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Figure 15. Prompt energy spectrum of cosmogenic background measured by Li candidates. Points
show the data with their statistical uncertainties. Overlaid histogram and the band show the pre-
diction from the MC simulation, which includes only Li, and its uncertainty. The MC is normalized
to the data.

the prediction from the 9Li MC simulation, as reference, which has been newly developed
by considering possible branches of the β-decay chains including α and neutron emissions.

6.2 Fast Neutrons and Stopping Muons

Fast neutrons, induced by spallation interactions of muons in the rock near the detector,
can penetrate the detector and interact in the NT or GC, producing recoil protons. Such
events can be background if the recoil protons are detected in the prompt energy window
and, later, a thermalized neutron (either the same neutron or a different one) is captured
on Gd. In addition, if a cosmic muon entering the ID through the chimney stops inside
the detector and produces a Michel-electron from its decay, the consecutive triggers by
the muon and the electron can be a background. Fast neutrons and stopping muons are
collectively referred to as correlated background and the total background rate and energy
spectrum shape are estimated. Contributions from the fast neutrons and stopping muons
were comparable in the previous analysis, whereas with the FV veto introduced in the new
analysis, stopping muons are largely suppressed and the remaining background is mostly
from fast neutrons.

The background spectrum shape is measured using events, referred to as IV-tagged
events, which pass the IBD selections except for the IV veto but would have been rejected
by the IV veto. As the fast neutrons and stopping muons often deposit energy in the IV, IV
tagging favorably selects correlated background events. Figure 16 shows the prompt energy
spectrum of three samples: 1) IBD candidates; 2) IV-tagged events; and 3) coincidence sig-
nals above 20MeV which are selected by the standard IBD selection but for which the muon
veto condition is changed from 20MeV to 30MeV. A slope of −0.02± 0.11 events/MeV2 is
obtained from a fit to the IV-tagged events with a linear function, which is consistent with
a flat spectrum and no evidence for an energy-dependent shape. The flat spectrum shape is
also confirmed with OV vetoed events, and it is consistent with the IBD candidates above
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Figure 14. ∆Tµ distribution of the Li enriched sample. The red line shows the best fit to an
accidental coincidence of muons (flat, dashed line) and Li contribution (exponential, solid curve).

In order to further constrain the background rate, a lower limit is computed sepa-
rately. A Li-enriched muon sample is selected with the following cuts: 1) Eµ > 300MeV∗ if
there is more than or equal to one neutron candidates following the muon within 1ms; 2)
Eµ > 500MeV∗ and d < 0.75m if there is no neutron candidate. Figure 14 shows the ∆Tµ

distribution of the Li enriched sample. The energy cuts are optimized to select a maximum
amount of Li candidates while at the same time keeping the accidental muon-IBD pairs as
low as possible to minimize uncertainty on the fit parameter. The component from cosmo-
genic isotopes background in the Li enriched sample is found to be 2.05 ± 0.13 events/day
from a fit to the ∆Tµ distribution. This value is used to set the lower limit.

The rate estimates are combined, yielding a cosmogenic background rate of 2.08+0.41
−0.15

events/day. The error includes the systematic uncertainties evaluated by varying the cuts
on d, values of λLi and binning of ∆Tµ distribution. In addition, the impact of 8He is also
evaluated assuming a fraction of 8 ± 7% based on the measurement by KamLAND [34],
rescaled to account for the different energies of the cosmic muons illuminating the two
experiments, and taken into account in the rate estimate and its uncertainty.

In the standard IBD selection, Li candidates are rejected by the Li+He veto. The
number of Li events rejected by the Li+He veto is determined by a fit to the ∆Tµ distribution
to be 1.12 ± 0.05 events/day. A consistent value is confirmed by a counting approach, in
which the number of Li candidates in the off-time windows is subtracted from the number
of Li candidates rejected in the IBD selection. After subtracting Li events rejected by
the Li+He veto, the final cosmogenic isotope background rate is estimated to be 0.97+0.41

−0.16

events/day.

The spectrum shape of cosmogenic isotope background is measured by the Li candidate
events which include both 9Li and 8He events. Li candidates with neutrons captured on H
are also included to reduce statistical uncertainty. Backgrounds in the Li candidates (which
are due to accidental pairs of muons and IBD signals) are measured by off-time windows
and subtracted. The measured prompt energy spectrum is shown in Fig. 15, together with
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Figure 14. ∆Tµ distribution of the Li enriched sample. The red line shows the best fit to an
accidental coincidence of muons (flat, dashed line) and Li contribution (exponential, solid curve).

In order to further constrain the background rate, a lower limit is computed sepa-
rately. A Li-enriched muon sample is selected with the following cuts: 1) Eµ > 300MeV∗ if
there is more than or equal to one neutron candidates following the muon within 1ms; 2)
Eµ > 500MeV∗ and d < 0.75m if there is no neutron candidate. Figure 14 shows the ∆Tµ

distribution of the Li enriched sample. The energy cuts are optimized to select a maximum
amount of Li candidates while at the same time keeping the accidental muon-IBD pairs as
low as possible to minimize uncertainty on the fit parameter. The component from cosmo-
genic isotopes background in the Li enriched sample is found to be 2.05 ± 0.13 events/day
from a fit to the ∆Tµ distribution. This value is used to set the lower limit.

The rate estimates are combined, yielding a cosmogenic background rate of 2.08+0.41
−0.15

events/day. The error includes the systematic uncertainties evaluated by varying the cuts
on d, values of λLi and binning of ∆Tµ distribution. In addition, the impact of 8He is also
evaluated assuming a fraction of 8 ± 7% based on the measurement by KamLAND [34],
rescaled to account for the different energies of the cosmic muons illuminating the two
experiments, and taken into account in the rate estimate and its uncertainty.

In the standard IBD selection, Li candidates are rejected by the Li+He veto. The
number of Li events rejected by the Li+He veto is determined by a fit to the ∆Tµ distribution
to be 1.12 ± 0.05 events/day. A consistent value is confirmed by a counting approach, in
which the number of Li candidates in the off-time windows is subtracted from the number
of Li candidates rejected in the IBD selection. After subtracting Li events rejected by
the Li+He veto, the final cosmogenic isotope background rate is estimated to be 0.97+0.41

−0.16

events/day.

The spectrum shape of cosmogenic isotope background is measured by the Li candidate
events which include both 9Li and 8He events. Li candidates with neutrons captured on H
are also included to reduce statistical uncertainty. Backgrounds in the Li candidates (which
are due to accidental pairs of muons and IBD signals) are measured by off-time windows
and subtracted. The measured prompt energy spectrum is shown in Fig. 15, together with
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The fast neutrons and stopping µ shape was 
estimated using the IV tag whereas the rate 
was computed looking at the 20 - 30 MeV 
energy region.
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Figure 16. Prompt energy spectrum of three data samples: IBD candidates (black filled points);
IV tagged events (red points); and coincident signals above 20 MeV (black empty circles). The
red line shows the best fit of a linear function to the IV tagged events with a slope of −0.02 ±
0.11 events/MeV2. IV-tagged events below 1 MeV are not used in the fit to avoid contamination
from Compton scattering of γ’s in the IV and ID.

12MeV as well, where the correlated background is dominant. Given these observations, a
flat spectrum shape of correlated background is adopted in the neutrino oscillation fit using
the energy spectrum.

The correlated background rate is estimated to be 0.604 ± 0.051 events/day from the
number of coincident signals in the energy window between 20 and 30MeV shown in Fig. 16.
For the reactor-off running (see Section 7), the background rate is slightly different due to
different configurations of the OV from the whole period (see Section 2.1), and it is estimated
to be 0.529 ± 0.089 events/day.

6.3 Accidental Background

Random associations of two triggers which satisfy the IBD selection criteria are referred
to as accidental background. The accidental background rate and spectrum shape are
measured by the off-time window method, in which the time windows are placed more
than 1 sec after the prompt candidate, keeping all other criteria unchanged, in order to
collect random coincidences only. A multiple number of successive windows are opened
to accumulate statistics. The background rate in the off-time windows is measured to be
0.0701± 0.0003(stat) ± 0.0026(syst) events/day, in which corrections for the different dead
time from the standard IBD selection and the associated systematic uncertainties on the
correction are accounted for. The error on the accidental background rate estimate is larger
than that in the previous analysis due to a correction factor introduced to account for the
different efficiency of the Li+He veto for accidental coincidences in on-time and off-time
windows. The accidental background rate is found to be stable over the data taking period.

– 25 –

  events/day

Visible Energy (MeV)
0 5 10 15 20 25 30

En
tri

es
 / 

1.
0M

eV

1

10

210

310

IBD candidates

IBD candidates above 20 MeV

IV Tagged

Figure 16. Prompt energy spectrum of three data samples: IBD candidates (black filled points);
IV tagged events (red points); and coincident signals above 20 MeV (black empty circles). The
red line shows the best fit of a linear function to the IV tagged events with a slope of −0.02 ±
0.11 events/MeV2. IV-tagged events below 1 MeV are not used in the fit to avoid contamination
from Compton scattering of γ’s in the IV and ID.

12MeV as well, where the correlated background is dominant. Given these observations, a
flat spectrum shape of correlated background is adopted in the neutrino oscillation fit using
the energy spectrum.

The correlated background rate is estimated to be 0.604 ± 0.051 events/day from the
number of coincident signals in the energy window between 20 and 30MeV shown in Fig. 16.
For the reactor-off running (see Section 7), the background rate is slightly different due to
different configurations of the OV from the whole period (see Section 2.1), and it is estimated
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Random associations of two triggers which satisfy the IBD selection criteria are referred
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than 1 sec after the prompt candidate, keeping all other criteria unchanged, in order to
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0.0701± 0.0003(stat) ± 0.0026(syst) events/day, in which corrections for the different dead
time from the standard IBD selection and the associated systematic uncertainties on the
correction are accounted for. The error on the accidental background rate estimate is larger
than that in the previous analysis due to a correction factor introduced to account for the
different efficiency of the Li+He veto for accidental coincidences in on-time and off-time
windows. The accidental background rate is found to be stable over the data taking period.
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Figure 17. The prompt energy spectrum of the accidental background measured by the data
collected using off-time windows.

The prompt energy spectrum of the measured accidental background is shown in Fig. 17.

Estimated background rates are summarized in Table 4 including contributions from
other background sources not used in the neutrino oscillation fit. The background rate of
13C(α, n)16O reactions is evaluated from the contamination of α emitters (including 152Gd)
in the detector to be well below 0.1 events/day. 12B events are produced from 12C in the
detector either through an (n, p) reaction with spallation neutrons or a (µ−, νµ) reaction
with cosmic muons, and then β− decay with a lifetime of 29.1ms and a Q-value of 13.4MeV.
Two 12B decays occurring one after the other or a combination of spallation neutron capture
and a 12B decay could produce a background. The rate of such background is evaluated
using off-time windows to be < 0.03 events/day.

Background Rate (d−1) Gd-III/Gd-II
9Li+8He 0.97+0.41

−0.16 0.78
Fast-n + stop-µ 0.604 ± 0.051 0.52

Accidental 0.070 ± 0.003 0.27
13C(α, n)16O reaction < 0.1 not reported in Gd-II

12B < 0.03 not reported in Gd-II

Table 4. A summary of background rate estimations. Gd-III/Gd-II represents the reduction of
the background rate with respect to the previous publication [1] after scaling to account for the
different prompt energy windows.

7 Reactor-off Measurement

Double Chooz collected 7.24 days of data with all reactors off in 2011 and 2012, in which
background is dominant although a small contamination of residual reactor ν̄e is expected.
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Figure 17. The prompt energy spectrum of the accidental background measured by the data
collected using off-time windows.

The prompt energy spectrum of the measured accidental background is shown in Fig. 17.

Estimated background rates are summarized in Table 4 including contributions from
other background sources not used in the neutrino oscillation fit. The background rate of
13C(α, n)16O reactions is evaluated from the contamination of α emitters (including 152Gd)
in the detector to be well below 0.1 events/day. 12B events are produced from 12C in the
detector either through an (n, p) reaction with spallation neutrons or a (µ−, νµ) reaction
with cosmic muons, and then β− decay with a lifetime of 29.1ms and a Q-value of 13.4MeV.
Two 12B decays occurring one after the other or a combination of spallation neutron capture
and a 12B decay could produce a background. The rate of such background is evaluated
using off-time windows to be < 0.03 events/day.

Background Rate (d−1) Gd-III/Gd-II
9Li+8He 0.97+0.41

−0.16 0.78
Fast-n + stop-µ 0.604 ± 0.051 0.52

Accidental 0.070 ± 0.003 0.27
13C(α, n)16O reaction < 0.1 not reported in Gd-II

12B < 0.03 not reported in Gd-II

Table 4. A summary of background rate estimations. Gd-III/Gd-II represents the reduction of
the background rate with respect to the previous publication [1] after scaling to account for the
different prompt energy windows.

7 Reactor-off Measurement

Double Chooz collected 7.24 days of data with all reactors off in 2011 and 2012, in which
background is dominant although a small contamination of residual reactor ν̄e is expected.
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Cosmogenics

Fast neutrons and cosmic µ

The accidental background was evaluated 
using off-time coincidence window (1 s after 
the IBD signal).

Accidentals
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Basic distributions of the antinuetrino candidates found with the official

DCIII selection cuts.
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Figure 1: Antineutrino candidates rate (day−1) per day of data taking. Black dots show data results
(bakcgrounds not subtracted) while empty dot and dashed lines show MC expectation.

1

2 reactors ON

1 reactor ON

0 reactors ON

New data

• Data from April 2011 till June 2013.

• Live time of 467.9 days (previously 227.9 days) out of 
which 7.5 days of two reactors OFF data.

• Doubled statistics with 17358 neutrino candidates 
(previously 8249 candidates).

• Reduction of the uncertainty by ∼20% from 2.7% to 
+2.3%/-2.0%  still dominated by the 1.7% error on the 
reactor flux.

spectrum in which both the rate of IBD candidates and the spectral shape information are
utilized to give constraints on systematic uncertainties and θ13.

Reactor On Reactor Off
Live-time (days) 460.67 7.24
IBD Candidates 17351 7

Reactor ν̄e 17530 ± 320 1.57 ± 0.47

Cosomogenic 9Li/8He 447+189
−74 7.0+3.0

−1.2

Fast-n and stop-µ 278± 23 3.83 ± 0.64

Accidental BG 32.3 ± 1.2 0.508 ± 0.019

Total Prediction 18290+370
−330 12.9+3.1

−1.4

Table 5. Summary of observed IBD candidates with the prediction of the unoscillated reactor
neutrino signal and background. Neutrino oscillation is not included in the prediction.

Source Uncertainty (%) Gd-III/Gd-II
Reactor flux 1.7 1.0

Detection efficiency 0.6 0.6
9Li + 8He BG +1.1 / −0.4 0.5

Fast-n and stop-µ BG 0.1 0.2
Statistics 0.8 0.7

Total +2.3 / −2.0 0.8

Table 6. Summary of signal and background normalization uncertainties relative to the signal
prediction. The statistical uncertainty is calculated as a square root of the predicted number of
IBD signal events. Gd-III/Gd-II represents the reduction of the uncertainty with respect to the
previous publication [1].

8.1 Reactor Rate Modulation Analysis

The neutrino mixing angle θ13 can be determined from a comparison of the observed rate of
IBD candidates (Robs) with the expected one (Rexp) for different reactor power conditions.
In Double Chooz, there are three well defined reactor configurations: 1) two reactors are
on (referred to as 2-On); 2) one of the reactors is off (1-Off); and 3) both reactors are
off (2-Off). By comparing Robs at different reactor powers to the corresponding Rexp, θ13
and the total background rate (B) are simultaneously extracted from the linear correlation
between Robs and Rexp. In the RRM analysis, the data set is divided into seven bins by the
reactor thermal power (Pth) conditions: one bin in the 2-Off period; three bins with mostly
1-Off; and three bins with 2-On (see Fig. 19).

Three sources of systematic uncertainties on the IBD rate are considered in the RRM

analysis: IBD signal detection efficiency (σd=0.6%); residual ν̄e prediction (σν=30%); and
prediction of the reactor flux in reactor-on data (σr). σr depends on the reactor power and
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RATE + SHAPE ANALYSIS
• The rate and shape information were used in the fit for 

the θ13 measurement.

• “5 MeV excess” under investigation but with negligible 
impact on the θ13 measurement.

• The major improvements with respect to previous 
analyses are:

1. Finer binning (more statistics) and larger energy 
range (0.5 - 20 MeV)

2. Data driven background shape.

3. Reactor off-off included as extra bin.
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Figure 21. The measured energy spectrum of the prompt signal (black points) superimposed on the
prediction without neutrino oscillation (blue dashed line) and the best-fit with sin2 2θ13 = 0.090 (red
line). Background components after the fit are also shown with different colors: accidental (grey,
cross-hatched); 9Li+8He (green, vertical-hatched); and fast neutron + stopping muons (magenta,
slant-hatched).

As a further cross-check, θ13 is found to be sin2 2θ13 = 0.090+0.036
−0.037 by a comparison of

the total observed rate to the prediction (Rate-only fit). Observed rates in the reactor-on
and reactor-off periods are separately used in the fit.

Figure 22 shows the ratio of the data to the null oscillation prediction after subtraction
of the background as a function of the visible energy of the prompt signal. An energy
dependent deficit is clearly seen in the data below 4MeV, which is consistent with the
expectation from reactor neutrino oscillation. On the other hand, besides the oscillatory
signature, a spectrum distortion is observed at high energy above 4MeV, which can be
characterized by an excess around 5MeV and a deficit around 7MeV. In order to examine
the impact of the excess on the measurement of θ13, a test of the R+S fit is carried out
with an artificial excess in the prediction peaked at around 5MeV. The normalization of
the excess is left free in the test fit. Among the outputs of the test fits with different
peak energies and the widths of the excess, the maximum variations of sin2 2θ13 and the
output 9Li+8He rate are within, respectively, 30% and 10% of their uncertainties. With
this, we conclude that the impact of the deviation in the observed energy spectrum on
the sin2 2θ13 measurement is not significant. In addition, measured value of sin2 2θ13 by
the R+S fit agrees with that from RRM analysis independently of the spectrum shape,
which demonstrates the robustness of the θ13 measurement despite the observed distortion.
Possible causes of the spectrum distortion are investigated in Section 9.
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Figure 22. Black points show the ratio of the data, after subtraction of the background, to the
non-oscillation prediction as a function of the visible energy of the prompt signal. Overlaid red line
is the rate of the best-fit to the non-oscillation prediction with the reactor flux uncertainty (green)
and total systematic uncertainty (orange).

8.3 Sensitivity with Near Detector

Figure 23 shows the projected sensitivity by the R+S fit with the ND based on the sys-
tematic uncertainties described in this paper. We evaluated the following inputs for the
sensitivity calculation: 0.2% uncertainty on the relative detection efficiency between the
FD and ND (’IBD selection’ in Table 3 since all other contributions are expected to be
suppressed); the portion of the reactor flux uncertainty which is uncorrelated between the
detectors is 0.1% considering geometrical configuration of the Double Chooz sites; back-
ground in the ND is estimated by scaling from the FD using measured muon fluxes at both
detector sites. The sensitivity curve is shown with the shaded region representing the range
of improvements expected by the reduction in the systematic uncertainties (e.g. current
systematic uncertainty on the background rate estimate is restricted by the statistics and
therefore improvement on this is expected). The projected sensitivity with the ND reaches
σ(sin2 2θ13) = 0.015 in 3 years based on current knowledge and could be improved toward
0.010 with further analysis improvements.

An alternative curve in Fig. 23 shows the sensitivity based on the analysis reported in
the previous publication [1]. One can conclude from the comparison that the improvement
of the analysis described in this paper has a strong impact on the sensitivity of the future
Double Chooz with the ND and the uncertainty on the sin2 2θ13 is expected to be dominated
by the statistical uncertainty even after 3 years with the improved analysis.
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background rate (see Section 6); and uncertainties on the energy scale represented by three
parameters. The fit parameter for the accidental background rate is constrained only by
the systematic component of the uncertainty, as it is fully bin-to-bin correlated, while the
statistical part is bin-to-bin uncorrelated and therefore accounted for by the covariance
matrix (Macc(stat)

ij ). Correction for the systematic uncertainty on the energy scale is given
by a second-order polynomial as: δ(Evis) = ϵa + ϵb · Evis + ϵc · E2

vis, where δ(Evis) refers to
the variation of visible energy. Uncertainties on ϵa, ϵb and ϵc are given as σa = 0.006MeV,
σb = 0.008 and σc = 0.0006MeV−1, respectively, taking into account those listed in Ta-
ble 2. Constraints on ϵa, ϵb and ϵc are given by a matrix in which correlations are taken into
account with the following parameters: ρab = −0.30, ρbc = −0.29 and ρac = 7.1× 10−3.

The last term in the χ2 definition represents the contribution to the χ2 from the reactor-
off running. As the statistics in the reactor-off running is low, only the number of IBD
candidates (Nobs

off ) is compared with the prediction (N exp
off ) by a log-likelihood based on

Poisson statistics.
A scan of χ2 is carried out over a wide range of sin2 2θ13, minimizing it with respect to

the eight fit parameters for each value of sin2 2θ13. The minimum χ2 value, χ2
min/d.o.f. =

52.2/40, is found at sin2 2θ13 = 0.090+0.032
−0.029, where the error is given as the range which gives

χ2 < χ2
min + 1.0. Best-fit values of the fit parameters are summarized in Table 7 together

with the input values and the uncertainties. Figure 21 shows the energy spectrum of the
prompt signal superimposed on the best-fit prediction and the background components.
Assuming the inverted hierarchy with |∆m2

31| = 2.38+0.09
−0.10 × 10−3eV2 [36], the best-fit is

found at sin2 2θ13 = 0.092+0.033
−0.029 with χ2

min/d.o.f. = 52.2/40.

Fit Parameter Input Value Best-Fit Value

Li+He bkg. (d−1) 0.97+0.41

−0.16 0.74± 0.13

Fast-n + stop-µ bkg. (d−1) 0.604 ± 0.051 0.568+0.038

−0.037

Accidental bkg. (d−1) 0.0701 ± 0.0026 0.0703 ± 0.0026

Residual ν̄e 1.57± 0.47 1.48± 0.47

∆m2 (10−3 eV2) 2.44+0.09

−0.10 2.44+0.09

−0.10

E-scale ϵa 0± 0.006 0.001+0.006

−0.005

E-scale ϵb 0± 0.008 −0.001+0.004

−0.006

E-scale ϵc 0± 0.0006 −0.0005+0.0007

−0.0005

Table 7. Input values of fit parameters with the estimated uncertainties. Best-fit values and their
errors are the output of the Rate + Shape fit.

A cross-check of the R+S fit is carried out removing the constraint to fit parameters for
the 9Li+8He and correlated background rates. The minimum χ2, χ2

min/d.o.f. = 46.9/38, is
found at sin2 2θ13 = 0.088+0.030

−0.031 with 9Li+8He rate of 0.49+0.16
−0.14 events/day and correlated

background rate of 0.541+0.052
−0.048 events/day. The error for each parameter is defined as the

range of χ2 < χ2
min + 1.0. A consistent value of sin2 2θ13 is thus obtained without the

constraint to the background rates and the size of the errors are comparable after the fit.
This indicates that the uncertainties on the background rates are strongly suppressed in
the R+S fit by the spectral shape information, and the output value of θ13 is robust with
respect to the background estimation.

– 32 –

background rate (see Section 6); and uncertainties on the energy scale represented by three
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prompt signal superimposed on the best-fit prediction and the background components.
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−0.029 with χ2
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Table 7. Input values of fit parameters with the estimated uncertainties. Best-fit values and their
errors are the output of the Rate + Shape fit.

A cross-check of the R+S fit is carried out removing the constraint to fit parameters for
the 9Li+8He and correlated background rates. The minimum χ2, χ2

min/d.o.f. = 46.9/38, is
found at sin2 2θ13 = 0.088+0.030

−0.031 with 9Li+8He rate of 0.49+0.16
−0.14 events/day and correlated

background rate of 0.541+0.052
−0.048 events/day. The error for each parameter is defined as the

range of χ2 < χ2
min + 1.0. A consistent value of sin2 2θ13 is thus obtained without the

constraint to the background rates and the size of the errors are comparable after the fit.
This indicates that the uncertainties on the background rates are strongly suppressed in
the R+S fit by the spectral shape information, and the output value of θ13 is robust with
respect to the background estimation.
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RRM
• The Reactor Rate Modulation consists in comparing the 

observed IBD rate with the expected one for different reactor 
power conditions.

• The advantage of such a measurement is the possibility to 
estimate θ13 without any constraint on the background 
knowledge.

• The results clearly show that reactor off-off data have a strong 
impact on the achievable θ13 precision.
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Figure 19. Points show the correlation between the expected and observed rates for different
reactor powers. The first point refers to the reactor-off data. Overlaid lines are the prediction from
the null oscillation hypothesis and the best RRM fit. In this fit, the background rate is constrained
by the uncertainty on its estimation.

2-Off data. The precision of sin2 2θ13 is significantly improved with the constraint on the
total background rate given by the reactor-off measurement, which is a unique feature of
Double Chooz with just two reactors.

8.2 Rate + Shape Analysis

The Rate+Shape analysis is based on a comparison of the energy spectrum between the
observed IBD candidates and the prediction. The value of χ2 in the R+S fit is defined as
follows:

χ2 =
40
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i=1

40
∑

j=1

(Nobs
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j ) +

5
∑

k=1

ϵ2k
σ2
k

+(ϵa, ϵb, ϵc)

⎛

⎜

⎝

σ2
a ρabσaσb ρacσaσc

ρabσaσb σ2
b ρbcσbσc

ρacσaσc ρbcσbσc σ2
c

⎞

⎟

⎠

−1 ⎛

⎜

⎝

ϵa
ϵb
ϵc

⎞

⎟

⎠

+2

[

Nobs
off · ln

(

Nobs
off

N exp
off

)

+N exp
off −Nobs

off

]

. (8.5)

In the first term, Nobs
i and N exp

i refer to the observed and expected number of IBD candi-
dates in the i-th energy bin, respectively. Neutrino oscillation is accounted for in N exp

i by
Eq. 1.1. Data are divided into 40 energy bins suitably spaced between 0.5 and 20MeV to
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Figure 20. 68.3, 95.5 and 99.7 % C.L. allowed regions on (sin2 2θ13, B) plane obtained by the
RRM fit with 2-Off data (colored contours). Overlaid contours (black lines) are obtained without
the 2-Off data. Background rate is not constrained by the estimation in both cases.

examine the oscillatory signature given as a function of Eν/L and statistically separate the
reactor ν̄e signals from the background by the different spectral shapes. Mij is a covariance
matrix to account for statistical and systematic uncertainties in each bin and the bin-to-bin
correlations. Mij consists of the following matrices:

Mij = M stat
ij +Mflux

ij +M eff
ij +MLi/He(shape)

ij +Macc(stat)
ij , (8.6)

where M stat
ij and Macc(stat)

ij are diagonal matrices for the statistical uncertainty of the IBD
candidates and statistical component of the uncertainty of the accidental background rate;
Mflux

ij accounts for the uncertainty on the reactor ν̄e flux prediction; M eff
ij is given as

M eff
ij = σ2

effN
exp
i N exp

j where σeff = 0.6% represents the uncertainty on the MC normal-

ization summarized in Table 3; and MLi/He(shape)
ij encodes the shape error in the measured

9Li+8He spectrum.
N exp

i is corrected for systematic effects in the fit with eight parameters (ϵx). Vari-
ations of ϵx are constrained by the second and third terms in Eq. 8.5 with the esti-
mated uncertainties (σx). The following systematic uncertainties are considered in addition
to those accounted for by the covariance matrices: the uncertainty on ∆m2

31 (∆m2
31 =

2.44+0.09
−0.10 × 10−3eV2); the uncertainty on the number of residual ν̄e’s in reactor-off run-

ning (1.57 ± 0.47 events); two uncertainties on the 9Li + 8He and fast neutron + stopping
muon background rates; the systematic component of the uncertainty on the accidental
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it ranges from 1.73% at full reactor power to 1.91% when one or two reactors are not at
full power.

χ2 of the RRM fit is defined as follows:

χ2 = χ2
on + χ2

off + χ2
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d
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χ2
bg =

(B −Bexp)2

σ2
bg

, (8.4)

where the expected rate Rexp
i is varied to account for the systematic effects as a function

of the parameters ϵx in the fit. Neutrino oscillation is also accounted for in Rexp
i . σstat

i is
the statistical uncertainty on the rate measurement. The last three terms in Eq. 8.1 apply
the constraints to the fit parameters from the estimated systematic uncertainties. The
systematic uncertainty on the reactor flux prediction is considered to be correlated between
bins as the dominant source is the production cross-section measured by Bugey4 [24] which
is independent of the thermal power. This is a conservative approach for the sin2 2θ13
measurement. χ2

off represents the contribution from the 2-Off data, in which Nobs
off and

N exp
off are the observed and expected number of IBD candidates. N exp

off is given by the sum
of the residual ν̄e’s and the background. A constraint to the total background rate is given
by χ2

bg. The prediction of the total background rate and its uncertainty (σbg) are given as:
Bexp = 1.64+0.41

−0.17 events/day (see Section 6).
A χ2 scan of sin2 2θ13 is carried out minimizing it with respect to the total back-

ground rate and three systematic uncertainty parameters for each value of sin2 2θ13. The
best-fit gives sin2 2θ13 = 0.090+0.034

−0.035 where the uncertainty is given as the range of χ2 <

χ2
min + 1.0 with χ2

min/d.o.f. = 4.2/6. The total background rate is found to be B =

1.56+0.18
−0.16 events/day from the output of the fit. Figure 19 shows the correlation of the

expected and observed IBD candidate rate with the best-fit prediction.
The RRM fit is carried out with different configurations for validation. First, the

constraint on the total background rate (χ2
bg) is removed, by which B is treated as a free

parameter in the fit. This provides a cross-check and a background model independent
measurement of θ13. A global scan is carried out on the (sin2 2θ13, B) grid minimizing χ2

at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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BG rateBest fit (BG constrained)

• The same measurement can be carried out constraining the 
total background rate and the result is in excellent agreement 
with the one obtained with the rate+shape fit.

BG rateBest fit no off-off (free BG)

BG rateBest fit with off-off (free BG)

it ranges from 1.73% at full reactor power to 1.91% when one or two reactors are not at
full power.
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where the expected rate Rexp
i is varied to account for the systematic effects as a function

of the parameters ϵx in the fit. Neutrino oscillation is also accounted for in Rexp
i . σstat

i is
the statistical uncertainty on the rate measurement. The last three terms in Eq. 8.1 apply
the constraints to the fit parameters from the estimated systematic uncertainties. The
systematic uncertainty on the reactor flux prediction is considered to be correlated between
bins as the dominant source is the production cross-section measured by Bugey4 [24] which
is independent of the thermal power. This is a conservative approach for the sin2 2θ13
measurement. χ2

off represents the contribution from the 2-Off data, in which Nobs
off and

N exp
off are the observed and expected number of IBD candidates. N exp

off is given by the sum
of the residual ν̄e’s and the background. A constraint to the total background rate is given
by χ2

bg. The prediction of the total background rate and its uncertainty (σbg) are given as:
Bexp = 1.64+0.41

−0.17 events/day (see Section 6).
A χ2 scan of sin2 2θ13 is carried out minimizing it with respect to the total back-

ground rate and three systematic uncertainty parameters for each value of sin2 2θ13. The
best-fit gives sin2 2θ13 = 0.090+0.034

−0.035 where the uncertainty is given as the range of χ2 <

χ2
min + 1.0 with χ2

min/d.o.f. = 4.2/6. The total background rate is found to be B =

1.56+0.18
−0.16 events/day from the output of the fit. Figure 19 shows the correlation of the

expected and observed IBD candidate rate with the best-fit prediction.
The RRM fit is carried out with different configurations for validation. First, the

constraint on the total background rate (χ2
bg) is removed, by which B is treated as a free

parameter in the fit. This provides a cross-check and a background model independent
measurement of θ13. A global scan is carried out on the (sin2 2θ13, B) grid minimizing χ2

at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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where the expected rate Rexp
i is varied to account for the systematic effects as a function

of the parameters ϵx in the fit. Neutrino oscillation is also accounted for in Rexp
i . σstat

i is
the statistical uncertainty on the rate measurement. The last three terms in Eq. 8.1 apply
the constraints to the fit parameters from the estimated systematic uncertainties. The
systematic uncertainty on the reactor flux prediction is considered to be correlated between
bins as the dominant source is the production cross-section measured by Bugey4 [24] which
is independent of the thermal power. This is a conservative approach for the sin2 2θ13
measurement. χ2

off represents the contribution from the 2-Off data, in which Nobs
off and

N exp
off are the observed and expected number of IBD candidates. N exp

off is given by the sum
of the residual ν̄e’s and the background. A constraint to the total background rate is given
by χ2

bg. The prediction of the total background rate and its uncertainty (σbg) are given as:
Bexp = 1.64+0.41

−0.17 events/day (see Section 6).
A χ2 scan of sin2 2θ13 is carried out minimizing it with respect to the total back-

ground rate and three systematic uncertainty parameters for each value of sin2 2θ13. The
best-fit gives sin2 2θ13 = 0.090+0.034

−0.035 where the uncertainty is given as the range of χ2 <

χ2
min + 1.0 with χ2

min/d.o.f. = 4.2/6. The total background rate is found to be B =

1.56+0.18
−0.16 events/day from the output of the fit. Figure 19 shows the correlation of the

expected and observed IBD candidate rate with the best-fit prediction.
The RRM fit is carried out with different configurations for validation. First, the

constraint on the total background rate (χ2
bg) is removed, by which B is treated as a free

parameter in the fit. This provides a cross-check and a background model independent
measurement of θ13. A global scan is carried out on the (sin2 2θ13, B) grid minimizing χ2

at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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where the expected rate Rexp
i is varied to account for the systematic effects as a function

of the parameters ϵx in the fit. Neutrino oscillation is also accounted for in Rexp
i . σstat

i is
the statistical uncertainty on the rate measurement. The last three terms in Eq. 8.1 apply
the constraints to the fit parameters from the estimated systematic uncertainties. The
systematic uncertainty on the reactor flux prediction is considered to be correlated between
bins as the dominant source is the production cross-section measured by Bugey4 [24] which
is independent of the thermal power. This is a conservative approach for the sin2 2θ13
measurement. χ2

off represents the contribution from the 2-Off data, in which Nobs
off and

N exp
off are the observed and expected number of IBD candidates. N exp

off is given by the sum
of the residual ν̄e’s and the background. A constraint to the total background rate is given
by χ2

bg. The prediction of the total background rate and its uncertainty (σbg) are given as:
Bexp = 1.64+0.41

−0.17 events/day (see Section 6).
A χ2 scan of sin2 2θ13 is carried out minimizing it with respect to the total back-

ground rate and three systematic uncertainty parameters for each value of sin2 2θ13. The
best-fit gives sin2 2θ13 = 0.090+0.034

−0.035 where the uncertainty is given as the range of χ2 <

χ2
min + 1.0 with χ2

min/d.o.f. = 4.2/6. The total background rate is found to be B =

1.56+0.18
−0.16 events/day from the output of the fit. Figure 19 shows the correlation of the

expected and observed IBD candidate rate with the best-fit prediction.
The RRM fit is carried out with different configurations for validation. First, the

constraint on the total background rate (χ2
bg) is removed, by which B is treated as a free

parameter in the fit. This provides a cross-check and a background model independent
measurement of θ13. A global scan is carried out on the (sin2 2θ13, B) grid minimizing χ2

at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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where the expected rate Rexp
i is varied to account for the systematic effects as a function

of the parameters ϵx in the fit. Neutrino oscillation is also accounted for in Rexp
i . σstat

i is
the statistical uncertainty on the rate measurement. The last three terms in Eq. 8.1 apply
the constraints to the fit parameters from the estimated systematic uncertainties. The
systematic uncertainty on the reactor flux prediction is considered to be correlated between
bins as the dominant source is the production cross-section measured by Bugey4 [24] which
is independent of the thermal power. This is a conservative approach for the sin2 2θ13
measurement. χ2

off represents the contribution from the 2-Off data, in which Nobs
off and

N exp
off are the observed and expected number of IBD candidates. N exp

off is given by the sum
of the residual ν̄e’s and the background. A constraint to the total background rate is given
by χ2

bg. The prediction of the total background rate and its uncertainty (σbg) are given as:
Bexp = 1.64+0.41

−0.17 events/day (see Section 6).
A χ2 scan of sin2 2θ13 is carried out minimizing it with respect to the total back-

ground rate and three systematic uncertainty parameters for each value of sin2 2θ13. The
best-fit gives sin2 2θ13 = 0.090+0.034

−0.035 where the uncertainty is given as the range of χ2 <

χ2
min + 1.0 with χ2

min/d.o.f. = 4.2/6. The total background rate is found to be B =

1.56+0.18
−0.16 events/day from the output of the fit. Figure 19 shows the correlation of the

expected and observed IBD candidate rate with the best-fit prediction.
The RRM fit is carried out with different configurations for validation. First, the

constraint on the total background rate (χ2
bg) is removed, by which B is treated as a free

parameter in the fit. This provides a cross-check and a background model independent
measurement of θ13. A global scan is carried out on the (sin2 2θ13, B) grid minimizing χ2

at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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where the expected rate Rexp
i is varied to account for the systematic effects as a function

of the parameters ϵx in the fit. Neutrino oscillation is also accounted for in Rexp
i . σstat

i is
the statistical uncertainty on the rate measurement. The last three terms in Eq. 8.1 apply
the constraints to the fit parameters from the estimated systematic uncertainties. The
systematic uncertainty on the reactor flux prediction is considered to be correlated between
bins as the dominant source is the production cross-section measured by Bugey4 [24] which
is independent of the thermal power. This is a conservative approach for the sin2 2θ13
measurement. χ2

off represents the contribution from the 2-Off data, in which Nobs
off and

N exp
off are the observed and expected number of IBD candidates. N exp

off is given by the sum
of the residual ν̄e’s and the background. A constraint to the total background rate is given
by χ2

bg. The prediction of the total background rate and its uncertainty (σbg) are given as:
Bexp = 1.64+0.41

−0.17 events/day (see Section 6).
A χ2 scan of sin2 2θ13 is carried out minimizing it with respect to the total back-

ground rate and three systematic uncertainty parameters for each value of sin2 2θ13. The
best-fit gives sin2 2θ13 = 0.090+0.034

−0.035 where the uncertainty is given as the range of χ2 <

χ2
min + 1.0 with χ2

min/d.o.f. = 4.2/6. The total background rate is found to be B =

1.56+0.18
−0.16 events/day from the output of the fit. Figure 19 shows the correlation of the

expected and observed IBD candidate rate with the best-fit prediction.
The RRM fit is carried out with different configurations for validation. First, the

constraint on the total background rate (χ2
bg) is removed, by which B is treated as a free

parameter in the fit. This provides a cross-check and a background model independent
measurement of θ13. A global scan is carried out on the (sin2 2θ13, B) grid minimizing χ2

at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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where the expected rate Rexp
i is varied to account for the systematic effects as a function

of the parameters ϵx in the fit. Neutrino oscillation is also accounted for in Rexp
i . σstat

i is
the statistical uncertainty on the rate measurement. The last three terms in Eq. 8.1 apply
the constraints to the fit parameters from the estimated systematic uncertainties. The
systematic uncertainty on the reactor flux prediction is considered to be correlated between
bins as the dominant source is the production cross-section measured by Bugey4 [24] which
is independent of the thermal power. This is a conservative approach for the sin2 2θ13
measurement. χ2

off represents the contribution from the 2-Off data, in which Nobs
off and

N exp
off are the observed and expected number of IBD candidates. N exp

off is given by the sum
of the residual ν̄e’s and the background. A constraint to the total background rate is given
by χ2

bg. The prediction of the total background rate and its uncertainty (σbg) are given as:
Bexp = 1.64+0.41

−0.17 events/day (see Section 6).
A χ2 scan of sin2 2θ13 is carried out minimizing it with respect to the total back-

ground rate and three systematic uncertainty parameters for each value of sin2 2θ13. The
best-fit gives sin2 2θ13 = 0.090+0.034

−0.035 where the uncertainty is given as the range of χ2 <

χ2
min + 1.0 with χ2

min/d.o.f. = 4.2/6. The total background rate is found to be B =

1.56+0.18
−0.16 events/day from the output of the fit. Figure 19 shows the correlation of the

expected and observed IBD candidate rate with the best-fit prediction.
The RRM fit is carried out with different configurations for validation. First, the

constraint on the total background rate (χ2
bg) is removed, by which B is treated as a free

parameter in the fit. This provides a cross-check and a background model independent
measurement of θ13. A global scan is carried out on the (sin2 2θ13, B) grid minimizing χ2

at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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where the expected rate Rexp
i is varied to account for the systematic effects as a function

of the parameters ϵx in the fit. Neutrino oscillation is also accounted for in Rexp
i . σstat

i is
the statistical uncertainty on the rate measurement. The last three terms in Eq. 8.1 apply
the constraints to the fit parameters from the estimated systematic uncertainties. The
systematic uncertainty on the reactor flux prediction is considered to be correlated between
bins as the dominant source is the production cross-section measured by Bugey4 [24] which
is independent of the thermal power. This is a conservative approach for the sin2 2θ13
measurement. χ2

off represents the contribution from the 2-Off data, in which Nobs
off and

N exp
off are the observed and expected number of IBD candidates. N exp

off is given by the sum
of the residual ν̄e’s and the background. A constraint to the total background rate is given
by χ2

bg. The prediction of the total background rate and its uncertainty (σbg) are given as:
Bexp = 1.64+0.41

−0.17 events/day (see Section 6).
A χ2 scan of sin2 2θ13 is carried out minimizing it with respect to the total back-

ground rate and three systematic uncertainty parameters for each value of sin2 2θ13. The
best-fit gives sin2 2θ13 = 0.090+0.034

−0.035 where the uncertainty is given as the range of χ2 <

χ2
min + 1.0 with χ2

min/d.o.f. = 4.2/6. The total background rate is found to be B =

1.56+0.18
−0.16 events/day from the output of the fit. Figure 19 shows the correlation of the

expected and observed IBD candidate rate with the best-fit prediction.
The RRM fit is carried out with different configurations for validation. First, the

constraint on the total background rate (χ2
bg) is removed, by which B is treated as a free

parameter in the fit. This provides a cross-check and a background model independent
measurement of θ13. A global scan is carried out on the (sin2 2θ13, B) grid minimizing χ2

at each point with respect to the three systematic uncertainty parameters. The minimum
χ2, χ2

min/d.o.f. = 1.9/5, is found at sin2 2θ13 = 0.060±0.039 and B = 0.93+0.43
−0.36 events/day.

The value of sin2 2θ13 is consistent with the RRM fit with background constraint. Next, the
reactor-off term (χ2

off) is removed (constraint on the background is still removed in this case).
This configuration tests the impact of the data in reactor-off running to the precision of θ13
measurement. The best fit without the 2-Off data is obtained with sin2 2θ13 = 0.089±0.052

and B = 1.56 ± 0.86 events/day where χ2
min/d.o.f = 1.3/4. Figure 20 shows the allowed

parameter space on the (sin2 2θ13, B) plane obtained by the RRM fit with and without the
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A.Meregaglia (IPHC)

• The excess of events at 5 MeV was deeply studied and it seems consistent with unaccounted neutrinos 
from reactor.

• Given the results of RRM and the tests with addition artificial excess around 5 MeV, no impact was seen 
on θ13 measurement.

13

5 MeV EXCESS

• The strong correlation of the excess with the 
reactor power points indeed towards an 
unaccounted component of the reactor flux and 
disfavors the possibility of an unaccounted 
background component.
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Figure 25. The energy spectrum of the prompt signal for IBD candidates with neutrons captured
on Gd and one including H captures (Gd+H). Points show the data and lines show the second order
polynomial functions. Inset figure: points show the correlations between the observed rate of the
excess (defined in the text) and the number of operating reactors, and the histograms show the
total IBD candidate rate (area normalized). The H capture sample includes accidental background
with a rate comparable to the IBD signals and therefore the total rate of the Gd+H sample has an
offset due to this background in addition to IBD signals which is proportional to the reactor power.
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NEAR DETECTOR
• The near detector commissioning ended in 

December 2014 and the data taking has started.

• The projected sensitivity shows an error on  
sin2(2θ13) of 0.015 in 3 years.

• Further analysis improvements will make 
possible a reduction to the level of σ ∼ 0.01.

14Double Chooz | Alessandro Minotti (IPHC)PPP ν 2015

Near detector and sensitivity

�22

Near detector outlook

◾ detector construction finished

◾ filling this summer

⇒ neutrinos in Sept/Oct

◾ 1σ within [0.015,0.010] after
3 years of ND+FD

▸ BG uncertainty dependent
→ statistics dominated!

Julia Haser (MPIK Heidelberg) DC-III @ ICHEP 2014 2014/07/04 15 / 16

Prospected 1σ Error with ND
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• Double Chooz dominated by reactor systematics


• Near Detector commissioning ended this Xmas 
and data taking begun


• Expected a mayor sensitivity increase (up to 
0.01σ in 1.5 y) 

Observation of first “near” neutrinos

first neutrinos candidates were seen!
basic selection based on DC-III cut: muon veto, �t prompt-delay, isolation window
clear and clean IBD signal (no calibration + no advanced reconstruction!)
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Figure 23. The projected sensitivity of Double Chooz with only the FD (blue dashed line) and
that with the ND (blue solid line) based on the systematic uncertainties described in this paper.
Assumptions on the relative uncertainties between the two detectors are described in text. Shaded
region represents the range of improvements expected by the reduction in the systematic uncertain-
ties and the lower edge corresponds to no systematic uncertainty besides the reactor flux. Overlaid
black curves are the sensitivity based on the analysis reported in the previous publication [1]. Only
the IBD events with neutrons captured on Gd are used.

9 Observed Spectrum Distortion

As is shown in Fig. 22, a spectrum distortion is found above 4MeV of the prompt energy.
This trend is confirmed in the energy spectra reported in past publications: neutron cap-
tures on Gd and H by Double Chooz [1, 2] and neutron captures on Gd by the CHOOZ
experiment [38]. The observed IBD rates are higher than the prediction around 5MeV in
these earlier publications although they are not significant enough to conclude the existence
of an excess. Without making any hypothesis on the overall shape of the distortion1, the
bump around 5MeV has been selected as the major feature to estimate its significance. The
approaches used for this investigation are described in this section.

The energy scale around 5MeV is confirmed by spallation neutrons captured on car-
bon(C) which, due to the smaller capture cross section on C than on Gd, occur predomi-
nantly in the GC and result in an energy peak at 5MeV. The energy scale of the C capture
peaks agrees well, within 0.5%, between the data and MC simulation. Note that the energy
resolution of the data is also in good agreement with that of the MC. In addition, β decays
of 12B collected in the data are used to further test the energy scale as a cause of the excess.
No distortion is observed in the comparison of the energy spectrum of 12B between the data
and MC simulation.

1During the final revision of this manuscript, a paper [39] has been posted that tries to explain the

possible origin of the excess in 4 < Evis < 6MeV region.
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ADDITIONAL PHYSICS
• Besides the search of θ13 Double Chooz has performed additional physics measurements namely:

• Lorentz violation searches (Phys.Rev. D86 (2012) 112009).

• Sterile neutrino search (paper in preparation).

• Neutrino directionality studies (paper in preparation).

• Ortho-positronium observation (JHEP 1410 (2014) 32).

15

Possible e+/e- discrimination, interesting for background 
rejection in νe physics, in particular when looking at 
particular sources such as a core-collapse supernovae, 
geo-neutrinos or for nuclear reactor monitoring.
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Figure 2: cos↵ distribution of the 17358 neutrino candidates with neutron capture on Gd. ↵ is the
angle between the signal vectors and the detector-reactors vector.
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o-Ps OBSERVATION
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e+	  +	  	  e-‐

Direct 

Annihilation
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Matter effects

Chemical Reactions,


Spin Flip, Pick-off


oPs effective τ = O(ns)  
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o-Ps OBSERVATION
• The e+ light emission (pulse shape) is distorted by the delay between ionization and annihilation according 

to the o-Ps lifetime. 
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Figure 2: Three examples of o-Ps fit. The dashed blue line represents the fit of the first time
profile, the thin red line the fit of the second one and the thick black line is the total fit.

2

• The pulse shape distortion can be used to discriminate 
between e+ and e-.

• The pulse shapes of single events can be fitted with reference 
ones (from calibration sources) to estimate the o-Ps lifetime.

• The global Δt distribution can be fitted to estimate o-Ps 
fraction and lifetime and the results are in agreement with 
dedicated measurements using PALS (Positron Annihilation 
Lifetime Spectroscopy) on the Target and Gamma Catcher 
scintillators.
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Figure 4: Fit of the ∆t distribution, for neutrino candidates with energy between 1.2 and 3 MeV,
with an exponential function for ∆t greater than 5 ns. The 60Co (top) and the 137Cs (bottom)
reference time profiles are used in the oPs tagging algorithm. The errors quoted on the figures
are statistical only.

o-Ps formation o-Ps lifetime
fraction error [%] error [ns]

Measurements
with dedicated 47.6 ± 1.3 3.42 ± 0.03

setup
DC

(II publication) 44 ± 5 (stat.) ± 12 (sys.) 3.68 ± 0.15 (stat.) ± 0.17 (sys.)
results

Table 2: Measured oPs formation fraction and lifetime in the Target analysis, compared to the
expected values obtained with dedicated measurements on the liquid scintillator.
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Figure 4: Fit of the ∆t distribution, for neutrino candidates with energy between 1.2 and 3 MeV,
with an exponential function for ∆t greater than 5 ns. The 60Co (top) and the 137Cs (bottom)
reference time profiles are used in the oPs tagging algorithm. The errors quoted on the figures
are statistical only.

o-Ps formation o-Ps lifetime
fraction error [%] error [ns]

Measurements
with dedicated 47.6 ± 1.3 3.42 ± 0.03

setup
DC

(II publication) 44 ± 5 (stat.) ± 12 (sys.) 3.68 ± 0.15 (stat.) ± 0.17 (sys.)
results

Table 2: Measured oPs formation fraction and lifetime in the Target analysis, compared to the
expected values obtained with dedicated measurements on the liquid scintillator.
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CONCLUSIONS

• Double Chooz has measured the mixing angle θ13 both with n-H and n-Gd capture.

• The latest measurement based on rate + shape is sin2(2θ13)=0.090+0.033-0.029  (Gd-III publication 
JHEP 1410 (2014) 86).

• The unique feature of Double Chooz of reactor off data allowed to well understand the 
background and reduce the related uncertainty.

• The near detector has just started data taking: results with two detectors soon!

• Additional background reductions expected with new analyses including pulse shape exploitation: 
H-III publication expected soon will already use it.

• An error of 0.01 is within reach in 3 years of data taking.
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