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•  Neutrino has still some mysteries.
•  Mixing angles have been measured recently.
→ θ13 was the remaining one until a few years ago.
→ Precise measurement of θ13 is a key for neutrino problems.
•  Reactor experiments are good for θ13 measurement                        

by observing νe disappearance:
→ Reactor is a free and rich source of of νe.
→ At ~1km(Δm2~0.0025) from the reactor, pure θ13 measurement can be 

achieved.

θ13 Measurement with Reactors	
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Antineutrino Detection	
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Inverse Beta Decay (IBD)	
 •  Two different timing signals are generated at IBD event.
•  Prompt signal:
→ e+ ionization and e+e- annihilation.
→ 1-8 MeV.

•  Delayed signal:
→ Neutron capture on Gd.
→ ~8MeV, ~30µs delayed from prompt signal.
→ Signals of neutron capture on H also can be used 

independently.
→  ~2.2MeV, 200µs delay. 

• Prompt signal energy (visible energy) is 
related to initial neutrino energy:

≈ Eνe − 0.78MeV

≈ Eνe − mn −mp( )+me

Evis = Ee+
+ 2me
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Figure 7.4: IBD cross section (red), reactor neutrino flux (black), and convolution of the
reactor neutrino flux and IBD cross section (blue) [72].

7.3 IBD cross section1597

The cross section of inverse beta decay (IBD): ⌫̄
e

+ p ! e+ + n can be approximately1598

calculated [69]:1599
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represents the momentum of the positron.  is a factor:1601

 =
2⇡2/m5

e

fR⌧
n

= 0.961⇥ 10�43
h cm

MeV

i2
, (7.9)

where fR = 1.7152 is the phase space factor for the beta decay of the free neutron, and1602

⌧
n

= 881.5±1.5 [s] is the neutron lifetime [70]. It is approximated to order of 1/M , where1603

the M is average nucleon mass [71]. Figure 7.4 shows the cross section of IBD reaction,1604

reactor neutrino flux, and convolution of the reactor neutrino flux and cross section of1605

IBD reaction with respect to the neutrino energy.1606



Double Chooz	
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They are the most powerful reactor type in operation in the world. One unusual characteristic of
the N4 reactors is their ability to vary their output from 30% to 95% of full power in less than
30 minutes, using the so-called gray control rods in the reactor core. These rods are referred to as
gray because they absorb fewer free neutrons than conventional (“black”) rods. One advantage is
greater thermal homogeneity. A total of 205 fuel assemblies are contained within each reactor core.
The entire reactor vessel is a cylinder 4.27 m tall and 3.47 m diameter. The first reactor started
full-power operation in May 1997, and the second one in September of the same year.

The Double Chooz experiment will employ two almost identical detectors of medium size, each
containing 10.3 cubic meters of liquid scintillator target doped with 0.1% of gadolinium (see Sec-
tion 4). The neutrino laboratory of the first CHOOZ experiment,1 located 1.05 km from the two
cores of the Chooz nuclear plant, will be used again (see Figure 3). This is the main advantage of
this site compared with other locations. We label this site the far detector site or Double Chooz-

Figure 1: Overview of the experiment site.

far. A sketch of the Double Chooz-far detector is shown in Figure 5. The Double Chooz-far site
is shielded by about 300 m.w.e. of 2.8 g/cm3 rock. It is intended to start taking data at Double
Chooz-far at the beginning of 2008.

1For clarity, the first reactor neutrino experiment conducted at the Chooz reactor is herein referred to in uppercase.
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•  The reactor neutrino experiment at Chooz, France.
•  Collaboration:
→ ~150 people from 7 countries.
→ Brazil, France, Germany, Japan, Russia, Spain and USA.
•  Far detector is running since Apr/2011.
•  Near detector is just starting to take data.

Far detector
L~1050m	
Near detector

L~400m	


Reactors (EDF)
2x4.25GWth: ~1021νe/s

-	


-	




The Double Chooz Detector	
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Outer veto (OV)
•  Plastic scintillator strip.
•  Identify cosmic µ.
Inner Detector
•  ν-target:
→ Gd-loaded (1 g/l) liquid scintillator (10.3m3) in 

acrylic vessel.
→ Neutrino interaction point.

•  γ-catcher:
→ Liquid scintillator (22.3m3) in acrylic vessel.

•  Buffer region:
→ Mineral oil (110m3) in stainless steel vessel.
→ 390 PMTs (10”) are set in this region.

Inner veto (IV)
•  Liquid scintillator (90m3) with 78 PMTs (8”)            

in stainless steel vessel.
•  Identify cosmic µ, reduce environmental γ 



Neutrino Candidate Selection	

•  Single event selection
→ Veto 1ms after µ event (high energy event).
→ Light noise event rejection.

•  IBD selection
→ 0.5 < Eprompt < 20 MeV
→ 4 < Edelayed < 10 MeV
→ 0.5 < ΔT <150 µs
→ ΔR < 100 cm
→ No events within 200 µs before and 600 µs after prompt event

•  Improvements from DC-II (PRD86(2012)052008) to DC-III(JHEP10(2014)086) 
→ Doubled  events: 227.9 live days -> 467.9 live days.
→ Improved energy measurement: The energy uncertainty 1.1%->0.74%.
→ Better background rejection (next slides).
→ Increased signal efficiency: S/B 15.6 -> 22.0.
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Backgrounds: 9Li/8He	
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•  Rejected by:
→ Likelihood veto (new).
•  Measured by 9Li enriched data.
→ ΔT for rate.
→ Visible energy for shape.

•  Rate: 0.97+0.41
-0.16 (day-1)

→ DC-III/DC-II = 0.78
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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).

∆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 cosmogenic 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 num-

ber 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 figure 15, together with

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
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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.

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

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-

ure 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.

– 24 –



Backgrounds: Correlated Backgrounds	


9	


•  Rejected by:
→ Vertex reconstruction 

goodness(Fv) (new).
→ OV cut, IV vetos.
•  Measured by IV-tagged events.                

•  Rate: 0.604±0.051(day-1)
→ DC-III/DC-II = 0.52
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Figure 10. Correlations between FV and visible energy for the delayed signals. Black points show
the data before FV veto is applied, and red circles on top of the black points mark the events rejected
by FV veto. The blue line shows the selection criterion of FV veto.

shows the correlations between FV and visible energy for the delayed signals, where we can

find three components: lower FV band by IBD signals, middle band by stopping muons and

events with higher FV due to light noise not rejected by the cuts described in section 4.1.

FV veto effectively rejects these background events.

OV veto. Stopping muons are also excluded by OV veto. If the prompt signal is coinci-

dent with OV hits within 224 ns, the event is rejected.

IV veto. IV veto is motivated to reduce fast neutron background events which often

make recoil protons and deposit energy in the IV, below the threshold of muon identifica-

tion. If the prompt signal satisfies all the following conditions, the event is rejected: IV

PMT hit multiplicity ≥ 2; total integrated charge in the IV > 400CU (corresponding to

roughly 0.2MeV); outputs of the event reconstruction in the ID and IV are close in space

(< 3.7m) and time (within 50 ns).

Li+He veto. A 9Li likelihood is calculated for each combination of prompt event and

preceding muon based on: the distance between the event vertex position to the muon

track and the number of neutron candidates following the muon within 1ms. Probability

density functions (PDF) for each variable are produced from muon-induced 12B collected

during data taking instead of 9Li events to accumulate statistics. It is confirmed that

the PDFs from 12B agree with those from 9Li. Prompt signals which satisfy LLi cut

condition are rejected as 9Li or 8He candidates, where LLi is the maximum 9Li likelihood

among all combinations with the preceding muons within 700ms. The Li+He veto rejects

1.12±0.05 events/day, which corresponds to 55% of the cosmogenic background estimation.

Figure 11 shows the breakdown of rejected events by each veto and remaining IBD

candidates as a function of the visible energy of the prompt and delayed signals and time

correlation between them. Among these, FV veto and IV veto are newly developed for

this analysis. The FV veto, OV veto and IV veto respectively reject 71%, 62% and 24%

of events above 12MeV, where fast neutrons and stopping muons are dominant, and a
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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 20MeV (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 1MeV are not used in the fit to avoid contamination
from Compton scattering of γ’s in the IV and ID.

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.

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

– 25 –
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Figure 17. The prompt energy spectrum of the accidental background measured by the data
collected using off-time windows.

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.

The number of residual reactor ν̄e is evaluated by a dedicated simulation study [35] to be

1.57± 0.47 events. 54 events are selected by the delayed coincidence in the reactor-off run-

ning, and among these, 7 events remain after all background vetoes are applied. Figure 18

shows the energy spectrum of the prompt signal before and after all background vetoes are

applied. The prediction for the reactor-off running is given as a sum of the background and

residual ν̄e’s to be 12.9+3.1
−1.4. The compatibility of the observed number of events to the pre-

diction is 9.0% (1.7σ). This data set is used not only to validate the background estimation

but also to constrain the total background rate in the neutrino oscillation analyses.

8 Neutrino oscillation analysis

The number of observed IBD candidates, the prediction of the unoscillated reactor neutrino

signal and the estimated background contaminations are summarized in table 5. In 460.67
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Backgrounds: Accidental Coincidences	
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•  Rejected by:
→ Correlation distance cut (new).
→ Timing cut.
•  Measured by the data                

in off-time windows.

•  Rate: 0.070±0.003 (day-1)
→ DC-III/DC-II = 0.27
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Figure 9. Distance between the vertex positions of the prompt and delayed signals. Points show
the data and red line shows the IBD signal MC. Blue line shows the data collected in off-time
coincidence windows.

in which stopping muons are largely suppressed using new vetoes (see section 4.3) and, as

a consequence, the ∆T signal window is extended to lower times to contain neutrons in

the thermalization phase. In the previous publications, the ∆R cut was applied only to

select neutron captures on H in which accidental background is dominant, whereas this

cut is now applied in the new analysis to select Gd captures. Figure 9 shows the ∆R

distributions for the data and MC simulation, together with the data collected in off-time

coincidence windows (see section 6.3). The accidental background is suppressed by the ∆R

cut, while the IBD signal inefficiency is 0.3% which is included in the selection efficiency

(see section 5.2). The reduction of accidental background enables us to extend the delayed

energy window down to 4MeV.

Inefficiency due to multiplicity cut is precisely measured by the single event rate as

1.06% with <0.01% uncertainty. Efficiency of the IBD selection besides the multiplicity

cut is evaluated to be 98.4% using the signal MC, where efficiency is defined as the ratio

of the number of events selected with the IBD selection to that selected by the extended

signal window: 3.5 < Evis < 12MeV for delayed signal; 0.25 < ∆T < 1000µs; and no cut

on ∆R. With the same definition, the efficiency was 91.2% by the selection criteria used

in the previous publication [1].

4.3 Background reduction

After the delayed coincidence is required, the remaining backgrounds are mostly induced

by cosmic muons: i.e. long-lived cosmogenic isotopes, proton recoils by spallation neutrons

(referred to as fast neutrons) and stopping muons. In order to suppress such backgrounds,

the following vetoes are applied.

FV veto. FV is given by eq. (3.2). FV becomes large for events which have a different hit

pattern than a point-like source in the NT and GC, such as stopping muons which enter

through and stop inside the chimney, where IV and lower OV are not sensitive, and light

noise events. The delayed signal should satisfy Evis > 0.068 × exp (FV/1.23). Figure 10

– 15 –



Data and Uncertainties	
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Uncertainty(%)	
 DC-III/DC-II	

Reactor flux	
 1.7	
 1.0	

Detection efficiency	
 0.6	
 0.6	

9Li/8He	
 +1.1/-0.4	
 0.5	

Correlated background	
 0.1	
 0.2	

Statistics	
 0.8	
 0.7	

Total	
 +2.3/-2.0	
 0.8	


•  460.67 live days data with reactors.
→ 17351 IBD candidates.

•  20% reduction of 
   the total uncertainty.
•  7.24 live days data of reactor off.

•  Δm2 input from MNOS.
→ 2.44+0.09

-0.10 x 10-3eV2

DC-II
data set New data	


Reactor off	




Reactor Rate Modulation Analysis	
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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.

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.
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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.

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 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∑

i=1

40∑

j=1

(Nobs
i −N exp

i )M−1
ij (Nobs

j −N exp
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

⎞

⎟⎟⎠
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•  Fit the IBD rate of different reactor power data (2-on, 1-off, 2-off)
                                                                      

•  w/ background constraint with 2-off data:
•  sin2(2θ13)=0.090+0.034

-0.035, B=1.56+0.18
-0.16 (day-1)

•  Background model independent fit (no constraint on B, unique of DC):
→ sin2(2θ13)=0.060±0.039, B=0.93+0.43

-0.36  (day-1)

Robs = 1− sin2 2θ13( )sin2 Δm13
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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).

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.

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 figure 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
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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).
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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.

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.

– 34 –

•  Compare energy spectrums of observed 
IBD and prediction.
•  Improvements from Gd-II.
→ Improvement of energy reconstruction.
→ Data-driven background shape estimation.
→ Finer binning (with more statistics).
→ Reactor off data.

•  sin2(2θ13)=0.090+0.032
-0.029

→ χ2/ndf = 52.2/40
→ Background rate = 1.38±0.14 (day-1)
→ 5.3% improvement of precision from Gd-II.
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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.

10 Conclusion

Improved measurements of the neutrino mixing angle θ13 have been performed by Double

Chooz using two analysis methods, based on the data corresponding to 467.90 days of

live time. A best-fit to the observed energy spectrum gives sin2 2θ13 = 0.090+0.032
−0.029. A

consistent value of θ13, sin2 2θ13 = 0.090+0.034
−0.035, is obtained by a fit to the observed IBD

rates in different reactor power conditions. These two analyses utilize different information,

energy spectrum shape and reactor rate modulation, to extract θ13, and therefore work as

a cross-check to each other.

A spectrum distortion is observed at a high energy above 4MeV but its impact on the

θ13 measurement is evaluated to be insignificant with respect to the uncertainty. A strong

correlation between the excess rate and the reactor power is observed. The significance

of the excess between 4.25 and 6MeV including the uncertainty of the flux prediction is

evaluated to be 3.0σ assuming only standard IBD interactions. In addition to the excess,

a deficit is found between 6 and 8MeV with a significance of 1.6σ.

The near detector construction is nearing completion. As a consequence of the analysis

improvements described in this paper, the projected sensitivity of Double Chooz reaches

σ(sin2 2θ13) = 0.015 in 3 years data taking with the ND, and could be further improved

towards 0.010.
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•  Unexpected spectrum distortion is found above 4 MeV of the prompt energy.
•  Energy scale around 5 MeV is confirmed by Carbon capture events.
•  No correlation with any backgrounds is found.
•  Strong correlation with the reactor power is confirmed.
•  The effect on θ13 measurement is insignificant compared to the uncertainty.
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Figure 24. Output of the background rates and reactor flux normalizations from the independent
eRRM fits for five energy regions with an additional constraint on sin2 2θ13. The constraints to
the reactor flux and background rate are removed in the fit. Left: best-fit of background rates
and the errors for the five data samples (black points and boxes) overlaid with the background
rate estimation (line) and the observed rate in reactor-off running (blue empty triangles) with the
uncertainties. Right: black points and boxes show the best-fit of flux normalization with respect to
the prediction and the error for the four data samples (background is dominant above 8MeV and
therefore not sensitive to the reactor flux). Uncertainties on the background estimation and reactor
flux prediction are shown by the yellow bands. Red empty squares show the best-fit and the error
with the BG constraint from the estimations in the eRRM fit.

and deficit in the flux prediction with respect to the systematic uncertainty reaches 3.0σ

and 1.6σ, respectively (red empty squares in figure 24).

Correlation to reactor power. Given the indication from the eRRM fit, the correlation

between the rate of the excess and reactor power is further investigated by a dedicated study

targeted on the region of the excess. First, assuming the IBD rate is smoothly decreasing

with the energy, its rate between 4.25 and 6MeV, where it is most enhanced, is estimated

by an interpolation with a second order polynomial from the observed rate below 4.25MeV

and above 6MeV as shown in figure 25. Second, the rate of excess is defined as the

observed IBD candidate rate between 4.25 and 6MeV after subtracting the interpolation

estimation, and the correlation between the rate of excess and the number of operating

reactors is investigated. If the excess is due to an unknown background, the rate of the

excess should be independent of the reactor power, while as shown in the inset plot (left)

in figure 25, a strong correlation between the rate of excess and the number of operating

reactors is confirmed. The significance of the correlation becomes stronger by adding the

IBD candidates with neutrons captured on H based on the same data set used in this paper

and following the selection criteria described in ref. [2] (right-hand plot in the inset).
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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).
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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.

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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⇒ neutrinos in Sept/Oct
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Prospected 1σ Error with ND

35

• 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) 

•  Construction (w/o OV) was finished in 
the last Autumn.

•  Commissioning was done and now it is 
starting data taking. 

•  New results with ND are coming soon.

•  ND flux information can suppress current 
largest uncertainty of the reactor flux.

•  0.01~0.015 uncertainty of sin2(2θ13) is 
expected in 3 years.

•  In addition, new analyses such sterile 
neutrino search can be studied.
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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).
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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.

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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•  Commissioning was done and now it is 
starting data taking. 

•  New results with ND are coming soon.

•  ND flux information can suppress current 
largest uncertainty of the reactor flux.

•  0.01~0.015 uncertainty of sin2(2θ13) is 
expected in 3 years.

•  In addition, new analyses such sterile 
neutrino search can be studied.
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•  Spallation neutron capture spectrum of early ND data compared to FD data. 
•  Similar spectrums can be seen:
•  Indicate feasibility of IBD measurement.
•  Radiopurity is well controlled.  
•  Shielding works as expected.	




Summary	

•  Double Chooz’ latest results (from JHEP 1410 (2014) 86)             

were shown.
→ New n-Gd analysis (DC-III) has a lot of improvements.
→  Improved energy reconstruction.
→ Better background rejection.
→ Higher signal efficiency.
→ Doubled statistics.

→ Results
→ Reactor Rate Modulation: sin2(2θ13)=0.090+0.034

-0.035  
→ Rate+Shape:  sin2(2θ13)=0.090+0.032

-0.029
→ Although spectrum distortion above 4MeV is still under investigation,                          

it has strong correlation with the reactor flux.
→ The Near Detector just starts data taking.

•  Other recent results from Double Chooz:
→ Ortho-positronium observation in the Double Chooz Experiment                        

(JHEP 1410 (2014) 32)
→ Background-independent measurement of θ13 in Double Chooz                           

(Phys. Lett. B735 (2014) 51-56)
→ First Measurement of θ13 from Delayed Neutron Capture on Hydrogen                     

in the Double Chooz Experiment (Phys. Lett. B723 (2013))	
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Backup	
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Energy calibration improvement	
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Systematic uncertainties on energy scale	


Data-MC energy comparison	
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Figure 18. The prompt energy spectrum of IBD candidates observed in reactor-off running before
background vetoes are applied (blue squares) and the spectrum of those after all vetoes are applied
(black points).

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.

days, 17351 IBD candidates are observed in reactor-on running, whereas the prediction

including the background is 18290+370
−330 in absence of neutrino oscillation. Uncertainties

on the signal and background normalization are summarized in table 6. The deficit of

the IBD candidates can be interpreted as a consequence of reactor neutrino oscillation.

In order to evaluate the consistency of the observed data with the prediction of neutrino

oscillation and extract the value of the neutrino mixing angle θ13, χ2 tests are carried out

assuming two flavor oscillation expressed by eq. (1.1), in which ∆m2
31 is taken from the

MINOS experiment as ∆m2
31 = 2.44+0.09

−0.10 × 10−3eV2 assuming normal hierarchy [36] (a

consistent value is reported by the T2K experiment [37]). Two complementary analysis

methods, referred to as Reactor Rate Modulation (RRM ) and Rate+Shape (R+S ) analyses,

are performed. The RRM analysis is based on a fit to the observed IBD candidate rate as

a function of the prediction, which depends on the number of operating reactor cores and

their thermal power [3]. The Rate+Shape analysis is based on a fit to the observed energy

spectrum in which both the rate of IBD candidates and the spectral shape information are

utilized to give constraints on systematic uncertainties and θ13.
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•  7.24 days data with both two reactors off. 
•  7 events after all selections.
→ Expected: 12.9+3.1

-1.4

•  Reactor off data are used to constrain     
the total background rate.


