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The Double Chooz reactor antineutrino experiment aims for a precision measurement of the neu-
trino mixing angle 03, by measuring an energy-dependent deficit in the detected antineutrino
spectrum. Double Chooz is located at the Chooz nuclear power plant in France, and has recently
finished taking data with a single far detector filled with gadolinium-loaded liquid scintillator at a
baseline of 1.05 km. A second identical detector, located at an average distance of 400 m from the
two reactor cores has been commissioned and is now operated simultaneously to the far detector.
In this article, an overview of the current status of the experiment is given. The physics moti-
vations and the working principle of the detectors are briefly reviewed. A rate + shape fit to the
energy spectrum of the antineutrinos detected with a 467.90 days live time dataset accumulated
in the far detector yields sin2(2013) = 0.0901’8:8%. Different methods, each sensitive to different
systematics, have been used by the collaboration to assess the robustness of this result and are
explained here. A deviation from the reactor flux predictions above a visible energy of 4 MeV,
which does not affect the sin?(263) measurement, is also reported and briefly discussed.
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1. Introduction

Neutrino oscillations have been observed in solar, atmospheric, long baseline accelerator and
reactor neutrino experiments [1]. The data collected so far by these experiments are well-described
in the framework of a three active neutrino oscillation picture, in which the three known flavor
neutrinos (Ve, Vy, V¢) are unitary linear combinations of three mass states (v, V2, v3) with well
measured squared mass differences and mixing angles [1], but a yet unknown CP-violating phase.
The 0;3 mixing angle was the last to be measured by short baseline reactor and long baseline accel-
erator experiments [2, 3,4, 5, 6, 7, 8, 9]. For MeV neutrino energies, and km-scale baselines, as for
example relevant to reactor experiments such as Double Chooz (DC), the V, survival probability is
well approximated by:

(1.1)

Am3,[eV?]L
Py, 7, = 1 —sin?(26;3)sin? (1,27““31[6][111])

E[MeV]

where L is the reactor-detector distance and E the V, energy. From equation (1.1), it can be seen
that Vv, oscillations both lead to a rate deficit and a distortion of the energy spectrum. Both these
information can be used to infer the 6,3 mixing angle, and is called "rate + shape" analysis. The
latest DC measurement [7] assumes Am%1 = 2.44J_r8:(1)(9) x 103 eV?, taken from [8], and a normal
mass hierarchy.

Nowadays, short baseline reactor experiments detect V, in Gd-doped liquid scintillator detectors,
using the inverse beta decay (IBD) reaction on protons: V. +p — e* +n. The IBD reaction sig-
nature is a time and space coincidence between the positron prompt and delayed gamma energy
deposition, coming from neutron capture mostly on Gd (E, ~ 8 MeV) and H (Ey ~ 2.2MeV) nu-
clei. This rather unique signature offers a powerful background rejection. The prompt visible
energy is made of the positron kinetic energy and the 2 x 0.511 MeV gamma rays resulting from
its annihilation. This visible energy is related to the V, energy by E,;s ~ Ey, —0.8MeV. The re-
sults presented in this article concern only v, detected with a neutron capture on Gd nuclei. The
time distribution between the prompt and delayed events follows an exponential law with a time
constant corresponding to the neutron capture time on Gd nuclei, which is 7 ~ 30 s in DC.

2. The Double Chooz experiment

The Double Chooz experiment is 2-detector reactor V, experiment located at the Chooz nu-
clear plant (France), which operates two pressurized water reactor cores, each delivering a 4.25
GW thermal power. The far detector (FD) has been running since 2011 and is located ~ 1050m
away from the reactor cores, with a rock overburden of 300 m.w.e. The near detector has recently
finished been built and has been commissioned. It is located at an average distance of ~ 400m
from the two reactor cores and has a rock overburden of 120 m.w.e. It is identical to the FD, and
will measure the reactor Vv, flux with high precision, allowing cancellation of most of the reactor
flux uncertainties in the measurement of 0;3.

The results presented here use data collected by the FD only, so that a precise reactor flux simula-
tion was necessary to estimate the V, rate and energy spectrum. Reactor V, mostly originate from
fission of 23U, 2Py, 238U and >*'Pu. Reactor flux predictions then rely on their respective fission
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fractions within the reactor cores and V, energy spectra. Fission fractions and their associated un-
certainties are calculated using the MURE simulation code [10, 11], which has been benchmarked
with another code [12]. MURE uses each reactor core instantaneous thermal power, location and
composition of fuel elements as input data. These information are regularly provided by the Eléc-
tricité de France company. The reference v, spectra from 233U, 23Pu and >*' Pu are computed from
a conversion of their associated -spectrum measured at ILL [13, 14], while a recent measurement
of the 23U B-spectrum is used for the first time [15]. Additionally, the Bugey-4 v, rate mea-
surement performed at 15 m [16] is used to reduce the systematic uncertainty on the reactor flux
normalization, after correcting for fuel composition differences in the Chooz and Bugey reactor
cores. The systematic uncertainty on the IBD signal rate, coming from the reactor flux normaliza-
tion, amounts to 1.7%. It would have been 2.8% without the use of the Bugey-4 rate measurement.
The DC detector is a calorimetric scintillator detector made of four concentric cylindrical vessels.
Figure 1 shows a schematic view of the DC detector. The innermost volume is the v-target (NT).
It is an 8-mm thick acrylic vessel filled with 10.3 m? liquid scintillator doped with Gd (1 g/L) to
enhance capture of neutrons coming from IBD reactions. The y-catcher (GC) surrounds the NT.
It is a 55-cm thick layer of Gd-free liquid scintillator enclosed in a 12-mm thick acrylic vessel,
and has been designed to maximize energy containment of the most energetic gamma rays coming
from neutron captures in the NT. The GC is placed within the buffer volume, which is a 105-cm
thick layer of mineral oil contained in a stainless steel tank, which has 390 low background 10-inch
photomultiplier tubes (PMT). The buffer volume is primarily designed to shield the GC and NT
volume from external radioactivity coming from the PMTs and surrounding materials. The de-
tector sub-volumes described previously make the inner detector (ID). The outer detector (OD) is
made of sub-volumes optically separated from the ID. The inner veto (IV) is a stainless steel tank
enclosing the ID, and mounted by 78 8-inch PMTs. It is a 50-cm thick layer of liquid scintillator,
and has been designed to veto cosmic ray muons crossing the detector. Further out is a 15-cm thick
demagnetized steel shield protecting the detector from external gamma rays. An outer veto (OV) is
placed on top of the detector, and consists of two aligned layers of plastic scintillator strips for the
2D reconstruction of vertical muons. An upper OV is also placed on top of the detector chimney,
which is used for filling the different detector volumes and insertion of calibration sources (!*’Cs,
8Ge, 99Co and >Cf and a laser). A multi-wavelength LED-fiber light injection system, mounted
on the ID and IV PMTs, is also used periodically to calibrate the PMTs and readout electronics.
Readout electronics are made of Front-End electronics (FEE) for PMT signal optimization, ahead
of a Trigger system and flash-ADC electronics for ID and IV PMT signal digitization.

3. Data reduction

The dataset used for the analysis presented in this article corresponds to 467.90 days of live
time (dead time corrected), collected from April 2011 to January 2013. The dataset totals 460.67
days where at least one of the two Chooz reactors is running (reactor-ON), while 7.24 days of data
were collected when the two Chooz reactors were shut down (reactor-OFF).

3.1 Energy reconstruction

The DC collaboration pioneered the measurement of 03 using the deformation of the recon-
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Figure 1: Double Chooz detector design.

structed V, energy spectrum, thanks to a careful treatment of the energy reconstruction, which is
applied both to recorded data and Monte Carlo (MC). A linearized photoelectron (PE) calibration
procedure first converts raw integrated charges from each PMT channel into a number of PE, cor-
recting for gain non-linearity. Each PE number is then corrected for the non-uniformity of the
response over the full detection volume, by calculating response maps using spallation neutron
captures on H for data and IBD neutron captures for MC. The absolute energy scale PE — MeV
conversion factor is evaluated from the analysis of neutron captures on H using a 2Cf source
positioned at the detector center. A stability correction is also applied to the data to remove any
remaining time variations, by looking and correcting for any changes in the H capture peak posi-
tion reconstructed using spallation neutrons. The stability correction is cross-checked at different
energies using the Gd capture peak position and « decays of *!?Po. Two further corrections are
applied to the MC events to correct from non-linearities in the MC energy response relative to the
data. The first correction arises from the modeling of the readout electronics and charge integration
algorithm. The second comes from the scintillator modeling and is only applied to positrons. The
total systematic uncertainty in the energy scale amounts to 0.74%.

3.2 Neutrino selection

Neutrino selection is done by applying different criteria. First, the minimum visible energy
deposit the ID triggers on satisfies E,;; > 0.4MeV. The corresponding trigger efficiency is 100%.
Events with Eyi; > 20MeV in the ID or Eyis > 16 MeV in the IV are rejected and tagged as muons,
imposing a 1-ms veto to reject any muon-induced events. Light noise is a background caused by
spontaneous light emission from some PMT bases. It is suppressed by requiring the selected events
to satisfy the following criteria: i) qmax the maximum charge recorded by a PMT must be less or
equal to 12% of the total charge corresponding to an event; ii) 1/N x YN (qmax — q1)%/qi < 3 x 10*
charge units, where N is the number of PMTs located less than 1 m away from the PMT with the
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maximum charge; iii) 6y < 36ns or o4 > (464 — 80;) charge units, where o; and o are the standard
deviation of PMT hit times and integrated charges, respectively. Event passing the previous selec-
tion criteria are used to search for IBD-like coincidences: the prompt and delayed visible energy
must satisfy 0.5MeV < E,js < 20MeV and 4MeV < Eyis < 10MeV respectively, with a correla-
tion time in the [0.5 - 150] ps window and a distance between reconstructed prompt and delayed
vertex less than 1 m. In addition, the delayed event must be the only one in a time window spanning
200 us before and 600 us after the prompt event.

3.3 Backgrounds
Accidental coincidences

Accidental background is random coincidences between 2 triggers satisfying the neutrino se-
lection criteria. They mostly come from natural radioactivity in the materials making and surround-
ing the detector. Their random nature allows to study the accidental background rate and spectrum
with a very good precision, by using multiple off-time coincidence windows placed at least 1 s
after the prompt event. The accidental background rate is measured to be 0.0701 £ 0.0003 (stat.)
+0.026 (syst.)d .

Fast neutrons and stopping muons

Fast neutrons originate from spallation reactions of muons crossing the surrounding rocks.
They can enter the detector and mimic the IBD signature by producing recoil protons (prompt) and
be captured later (delayed). Stopping muons are muons which stop within the detector, giving a
prompt signal, and subsequently decay producing Michel electrons, faking a delayed signal. Re-
jection of these backgrounds is achieved by discarding events fulfilling at least one of the following
conditions: i) events with an OV trigger coincident with the prompt signal; ii) events with a delayed
energy deposit inconsistent with a point-like vertex within the detector; iii) events for which the IV
triggers (and would have then been rejected) and shows a correlated activity with the prompt signal
within the detector. The last condition is used to extract the fast neutrons/stopping muons spectrum,
which is found to be flat. The corresponding background rate in the neutrino candidate sample is
estimated from an IBD-like coincidence search for which the prompt signal visible energy must be
in the [20-30] MeV region. It amounts to 0.604 4 0.051 d-!.

Cosmogenic isotopes

Unstable nuclei are produced by muon-induced spallation reactions within the detector. Spal-
lation products such as °Li and ®He have a decay mode where a neutron is emitted together with
an electron and which is indistinguishable from an IBD reaction. The °Li and 8He decay times
are 257 ms and 172 ms, respectively, so that the 1-ms veto applied after a muon-tagged event is
ineffective. A rejection criteria, based on a likelihood fit of the event distance to the muon track
and of the number of neutron candidates following the muon in a 1-ms time window allows to
reject 55% of °Li and ®He cosmogenic background. The °Li/®He contamination of the neutrino
candidate sample is determined from fits to the time correlation between the IBD candidates and
the previous muon. The rate of the remaining °Li/®He background is estimated to be 0.971’8:% d—'.
The events vetoed by the likelihood cut are used to build the °Li/*He prompt energy spectrum (see

inset in right panel of figure 2).
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Source Uncertainty (%) [7)/[2]
Reactor flux 1.7 1.0
Detection efficiency 0.6 0.6
Li/®He +1.1/-0.4 0.5
Fast-n/stop-u 0.1 0.2
Statitics 0.8 0.7
Total +2.3/-2.0 0.8

Table 1: Signal and background normalization uncertainties, relative to signal prediction. [7]/[2] shows the
improvement of the uncertainties with respect to [2].

4. Oscillation analyses

The neutrino selection criteria selected 17351 IBD candidates in the reactor-ON dataset. The
expectation in the hypothesis of no-oscillation, including backgrounds, is 18290f§;8. In addition,
7 IBD candidates were observed in the 7.24 days reactor-OFF dataset. The prediction, including
the residual neutrino emission after the two reactors are shut down, is 12.9f?:}‘. The reactor-OFF
dataset allows to test different (data driven) background estimates and adds constraints to the total
background rate in the oscillation analysis. It is a unique advantage of DC, which has only two
reactors. The normalization uncertainties on the signal and background predictions are summarized
in table 1, showing also the improvement with respect to the previous analysis [2].

4.1 Reactor rate modulation analysis (RRM)

A correlation between the observed and predicted IBD candidate rates in different reactor con-
ditions is expected. Therefore, a linear fit to the rate of observed rate as a function of expected
rate of neutrino candidates in different reactor power bins allows to simultaneously determine
sin?(20;3) (proportional to the slope) and the total background rate (intercept) [6]. Treating the
total background rate B = 1.64f8:‘1‘% d~! as a nuisance parameter, the best fit (x2. /dof = 4.2/6) is
found at sin2(2913) = 0.090f8:8§‘5‘ and B = 1.56f8:%2 d~! (see left panel of figure 2). A background
model-independent measurement of 03 is possible when B is treated as a free parameter. The
best fit (x2;,/dof = 1.9/5) corresponds to sin®(26;3) = 0.060+0.039 and B = 0.937)42d !, and
is consistent with the background-constrained fit. Finally, the impact of the reactor-OFF data has
been studied by removing the reactor-OFF point (see left panel of figure 2). Keeping B uncon-
strained, the best fit (2. /dof = 1.3/4) gives sin*(26;3) = 0.089 4-0.052 and B = 1.56 +-0.86d .

4.2 Rate + shape analysis

The rate + shape analysis extracts a value of 63 by minimizing a x? function in which the
prompt energy spectrum of observed neutrino candidates is compared to a MC prediction in the
no-oscillation hypothesis. A covariance matrix takes into account statistical and some systematic
(reactor flux, MC normalization, °Li / 8He spectrum shape, accidental statistical) uncertainties in
each bin and the bin-to-bin correlations. A set of nuisance parameters accounts for the other sources



Status of the Double Chooz experiment Matthieu Vivier

_ 1 T T > a———
f [4)
= ¢ Data s l400p No oscillation + best-fit BG
o SO0 No osc. (x?/dof=54/7) . 9 Best fit: ir’26,,~0.090
@ [ - Bestfit: sin26,, = 0.090 1 g Accidentals
S 40 o, ; a < °Li +®He
- l:l 90% CL interval “>J 1000 [77777] Fastn + stopping n
g 1 I 3
o 30 i 800 2
2 | ] g
(@] 600 2
207 i ﬁ
L , 400
10 ] 200 02227272 27277777%
2 4 6 8 10 12 14 16 18 20
B P 1 Visible Energy (MeV)
ol 'Y | | | | ! 0
0 10 20 30 40 50 2 4 6 8 10 12 14 16 18 20
Expected rate (day") Visible Energy (MeV)

Figure 2: Left: Observed versus expected candidate daily rates for different reactor powers.The prediction
under the null oscillation hypothesis (dotted line) and the best-fit with the background rate constrained by its
uncertainty (blue dashed line) are shown. The first point corresponds to the reactor-OFF data. Right: Mea-
sured prompt energy spectrum (black points with statistical error bars), superimposed on the no-oscillation
prediction (blue dashed line) and on the best fit (red solid line), with the stacked best-fit backgrounds added.

of uncertainty : Am%l, the number of residual v, when reactors are off (1.57 £0.47 events), the
°Li/®He and fast neutron/stopping muon rates, the systematic component of the uncertainty on the
accidental background rate, and the energy scale. The best fit (xrznin /dof = 52.2/40) is found at
sin(2613) = 0.0900035 (see left panel of figure 3).

In addition to the oscillation-induced deficit, a spectrum distortion is observed above 4 MeV (see
left panel of figure 3). This distortion does not affect the measurement of 0;3. The excess above 4
MeV has been found to scale with reactor power, disfavoring a background origin. This structure is
either consistent with an unaccounted reactor flux contribution and/or an unaccounted systematic
uncertainty in the detector energy response. However, the RRM analysis performed in different
energy bins favors a new reactor flux contribution [7].

Right panel of figure 3 shows the projected sensitivity of the rate + shape analysis of the DC 2-
detector phase, using neutron captures on Gd. A precision of at least 15% on the measurement of
sin?(20;3) is expected after 3 years of data taking. A 0.2% relative detection efficiency is assumed,
while the portion of uncorrelated reactor flux uncertainties is 0.1%. Backgrounds in the ND are
estimated from measured backgrounds in the FD, accounting for differences in the muon flux.
Comparing the expected sensitivity as shown in [2], the improvement is clear and is expected to
increase further (for example, systematic uncertainties are limited by statistics).

5. Conclusion

The Double Chooz collaboration has recently finished the commissioning of the second de-
tector. It is now operating in a 2 far and near detector mode. With a new dataset taken in a single-
detector mode of 467.90 days of livetime, Double Chooz has achieved improved measurements
of sin?(263), using neutron captures on Gd. The most precise value is obtained from a fit to the

observed positron energy spectrum: sin®(26;3) = 0.0901’8:833. A fully consistent result is found by
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Figure 3: Left: Ratio of data to the no-oscillation prediction (black points) superimposed onto the best fit
ratio (red solid line). The gold band represents the systematic uncertainty on the best-fit prediction. Right:
DC projected sensitivity using IBD neutrons captured on Gd. The previous analysis, [2] with the FD only
(black dashed line) and adding the ND (black solid line), and the current analysis, with the FD only (blue
dashed line) and adding the ND (blue solid line), are shown. The shaded region represents the range of
improvement expected by reducing the systematic uncertainty.

a fit to the observed neutrino candidate rate at different reactor powers: sin?(260;3) = 0.090f8:8§§.
An unexpected spectrum distortion has been observed above 4 MeV, with an excess correlated to
the reactor power. It does not affect the measurement of sin(26)3).
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