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Neutrino oscillations are parameterized by the PMNS matrix, U: 

flavor 
eigenstates 

mass 
eigenstates cij = cos ✓ij sij = sin ✓ijand where 

solar – θ12 atmospheric – θ23 

θ12 and Δm2
12 -> Probed with Solar + KamLAND data 

θ23 and Δm2
23 -> Probed with SuperK, K2K and MINOS data 

θ13 -> As of Nov. 2011, weak indication of θ13 ≠ 0 from Chooz, MINOS and T2K  

Oscillation probability: 

where and �m2
ij ⌘ m2

j �m2
i�ij =

�m2
ijL

4E⌫

P (⌫̄↵ ! ⌫̄�) = �↵��4
X

i>j

Re(U⇤
↵iU�iU↵jU

⇤
�j) sin2(�ij)�2

X

i>j

Im(U⇤
↵iU�iU↵jU

⇤
�j) sin(2�ij)

reactor – θ13 

0

@
⌫e

⌫µ

⌫⌧

1

A =

0

@
c12 s12 0
�s12 c12 0

0 0 1

1

A

0

@
1 0 0
0 c23 s23

0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0c13

1

A

0

@
⌫1

⌫2

⌫3

1

A



A Brief Synopsis of θ13  

February 3 - 9, 2013 Aspen Center for Physics - Winter Conference:  "New Directions in Neutrino Physics" 3 

 In 2012, the question of whether or not θ13 ≠ 0 had finally been answered by 
three reactor experiments… 

Double Chooz:  sin2(2θ13) = 0.086 ± 0.051 

Daya Bay:  sin2(2θ13) = 0.092 ± 0.017 

RENO:  sin2(2θ13) = 0.113 ± 0.023 

Nov. 2011 

Present 

March 2012 

April 2012 

Daya Bay:  sin2(2θ13) = 0.089 ± 0.011 Oct. 2012 

Double Chooz:  sin2(2θ13) = 0.109 ± 0.039 June 2012 

Past 

For the next couple years: 
More precise θ13 = Improved search for CP-violation, mass hierarchy… 

Status Summary on Reactor θ13 Experiments 

0 0.2 0.4

 Measurements (68% C.L.)
13
!22sin

Double Chooz Gadolinium Jun. 2012

Double Chooz Gadolinium Nov. 2011

Daya Bay Oct. 2012

RENO April 2012

T2K (2011) Normal hierarchy (90% C.L.)

T2K (2011) Inverted hierarchy (90% C.L.)

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy

Double Chooz

• Last 1 year was θ13 year!

- θ13 is found to be non-zero, and larger than we thought ... which is great!

- A reasonable agreement on all reactor experiments’ result

8Thursday, January 17, 2013

sin2(2θ13) measurements at 68% C. L. 
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7 m 

7 m 

    Target: 
10.3 m3 LS doped with 1 g/l Gd inside 

an 8mm-thick Acrylic vessel 

νe

    Gamma Catcher: 
22.6 m3 LS (undoped) inside an 8mm-thick Acrylic vessel 

    Buffer: 
114.2 m3 mineral oil inside a 3mm-thick stainless steel 

tank which holds 390 10-inch PMTs 

    Inner Veto (IV): 
80 m3 LS (undoped) inside of a 10mm-thick 

stainless steel tank which holds 78 8-inch PMTs 

    Steel Shield: 
15cm-thick and demagnetized 

Outer Veto: 
Scintillator strip-based muon tracking system 

Glove-box and Calibration systems 
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Far Detector 
L = 1050 m 

Depth = 300 m.w.e. 
(Collecting data since  

April 2011) 

Near Detector 
L = 400 m 

Depth = 115 m.w.e. 
(under construction) 

Chooz-B Reactors 
2 x 4.25 GWth 

~ 1021 anti-nu’s / s 
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Detector Distance = 50 km

Normal Hierarchy

Inverse Hierarchy

Δm2
13 = 2.3×10-3 eV2 

sin2(2θ13) = 0.109  

Far Near 

P ≈ 1 − sin2(2θ13) sin2(Δm13
2  L / 4E )
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νe Flux Source: 

~ 200 MeV / fission 

~ 6 anti-nu‘s / fission 

~ 2 x 1020 anti-nu‘s / GWth 

Data from T. A. Mueller et al., arXiv:1101.2663v3 

β-decays from neutron-rich fission 
products in nuclear reactors 
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Double Chooz uses reactor simulations (MURE and DRAGON) in combination 
with an anchor point from Bugey4 to minimize systematic uncertainty 

To calculate fission rates: 
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νe Detector Signal: 
Inverse β-decay reaction 

⌫̄e + p! e+ + n
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Detected spectrum

FIG. 1. (Color online) Illustration of the detected antineu-
trino spectrum in the case of 235U fissions (blue solid curve).
Units are arbitrary and oscillation e!ects are suppressed. The
detected rate rises from the threshold value at about 1.8 MeV,
reaches a maximum around 4 MeV and vanishes after 8 MeV.
This shape is the result of folding the emitted spectrum (black
dashed-dotted curve), parameterization taken from section
VA and beta-inverse cross section (red dashed curve).

The detection process, common to many reactor an-
tineutrino experiments, is the !-inverse reaction on a free
proton

"̄e + p ! e+ + n (10)

which sets an energy threshold for the antineutrino of
1.804 MeV, the mass di!erence between the initial and fi-
nal states (see figure 1). Therefore the lowest energy part
of the ! spectra, below this threshold, is not addressed
here. In this region, equilibrium is reached only after sev-
eral months, requiring the control of significant transient
e!ects when considering shorter irradiation times. Extra
e!ects like the low energy !-decays induced by neutron
capture on 238U and fission products [31] would also have
to be treated. On the high energy side, antineutrino rates
above 8 MeV become negligible (< 0.5% of total detected
rate). This part of the spectrum is dominated by the very
energetic (high Q!) transitions of rare exotic nuclei and
cannot be accurately predicted. Thus the intermediate
energy range resulting from the observation of the de-
tected spectrum in figure 1 turns out to be favorable to
the control of the systematic errors of the predictions of
reactor antineutrino spectra.
A powerful test of our calculations is the compari-

son with the reference electron spectra from ILL [10–12].
Such a consistency check gives valuable insight into the
distribution of the numerous !-branches, pointing to the
main source of errors in the determination of the antineu-
trino spectra. Considering all the data available in the
ENSDF data library, the predicted !-spectra associated
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FIG. 2. Comparison of 235U and 239Pu reference electron
spectra from [11] with our predictions based on the ab initio
approach. The predictions have no free parameters and the
rates are normalized to one fission.

with the fission of 235U and 239Pu are compared with the
reference ILL data in figure 2.
Although the spectrum falls quickly with energy, rea-

sonable agreement is found on the shape and absolute
normalization over a quite large energy range. Note that
our prediction is parameter free. For finer analysis the
residues of our predicted 235U spectrum with respect to
reference data are shown as the dashed-dotted line in fig-
ure 3. It reveals a ± 10% oscillation pattern of the calcu-
lations around the data up to 7.5 MeV and a large overes-
timation at higher energy. This overestimation points to
the well known systematic e!ect of pandemonium [32].
Indeed branching ratios and endpoints are usually de-
termined by measuring the intensity and energy of #-
radiations emitted subsequently to the ! transition using
high resolution but low e"ciency Ge crystals. In the case
of large Q! a fraction of the beta branches connects the
parent nucleus to very excited levels of the daughter nu-
cleus. The strength of the associated low energy !-rays is
either spread over multiple weak #-rays or concentrated
in one high energy gamma ray. In both cases part or
all the #-cascade can be missed by the measurement ap-
paratus. As a result low endpoint transitions are often
missed and high endpoints are given too much weight in
the global decay scheme of the parent nucleus.
To correct for the pandemonium e!ect we tried to

gather !-decay data using other experimental techniques
than the !"# coincidence. A valuable set of data comes
from the measurement campaign undertaken by Teng-
blad et al. [33] in the late eighties at the on-line isotopes
separators ISOLDE, at CERN, Geneva, and OSIRIS at
the Neutron Research Laboratory, Studsvik. Some 111
fission products, selected as the main contributors to the
high energy part of reactor beta spectra (90% above 6

T. A. Mueller et al., arXiv:1101.2663v3 

Prompt γ’s from e+ annihilation -> 1 – 12 MeV 

Delayed γ’s from n-capture on H or Gd 

n-H capture:  Δt ~ 200 µs, E ~ 2.2 MeV 

n-Gd capture:  Δt ~ 30 µs, E ~ 8 MeV 

Evis = Ev – (Mn – Mp + me) 

Threshold Ev = 1.806 MeV 

In the Gd-LS target, about 95% of n-captures 
occur on Gd 
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Why use n-H capture to search for θ13? 

•  n-H capture occurs in a 3 times larger volume in Double Chooz 
10.3 m3 + 22.6 m3 = 32.9 m3  ->  this means 2 times more 
statistics available to extract θ13 

•  Data sets are statistically different and have somewhat different 
systematic uncertainties 

Possible to perform an independent cross-check of n-Gd θ13 results 

•  Proof of principle!  May be useful for other reactor experiments 

Squeezing every bit of useful information out of other experiments 
could improve θ13 results 
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IBD Candidate Selection: 

 Reduce Muon Backgrounds: 
Δtµ > 1 ms 

 
 

Prompt Event: 
0.7 MeV < Eprompt < 12.2 MeV 

(trigger efficiency ~100% Evis > 0.7 MeV) 
 
 

Delayed Event: 
1.5 MeV < Edelay < 3.0 MeV 

 
 

Time and Space Coincidence: 
10 µs < Δt < 600 µs 

Δr < 90 cm 

Light Noise Cuts: 
Reduce backgrounds from flashing PMT bases 

Multiplicity cuts: 
Reduce fast neutrons 

IBD selection yields a total of 36284 ± 520 
events which include backgrounds from: 
•  Accidental coincidences 
•  Fast neutrons (from muons in rock) 
•  Long-lived cosmogenic isotopes (mostly 9Li) 
•  Remaining light noise 

Data from 240.1 days live time 
(exposure of 113.1 GW-ton-years) 
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IBD Backgrounds: 

Accidental Coincidences: 
 

Association of γ’s from natural 
radioactivity with a neutron-like event 

 
Estimated with many off-time sampling 

windows for high statistics:   
73.45 ± 0.16 events/day 

Energy (MeV)
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Preliminary

Double Chooz

• Accidental coincidence of two uncorrelated events

- Should have no correlation in Time or Space

- Enormous rate for H analysis compared to Gd

‣ Less shielding effect

‣ High natural radioactivity comes with energy < 4 MeV 

Rate & Shape Estimation

73.45 ± 0.16 events/ day

Y
n γ

e-

LS

Accidentals Background

X

XY

X

Y

• Multiple (125) off-time window sampling

• Large statistics provide a good shape info

• Rate very well understood (error ∼ 0.2 % level)

- Multiple cross-check improved the error
Preliminary

46Tuesday, January 22, 2013
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IBD Backgrounds: 

Cosmogenic Isotopes (9Li) : 
 

9Li lifetime = 257 ms 
β-decay + neutron emission  

 
Estimated by time-correlation with 

muons and a fit to 9Li lifetime:   
2.84 ± 1.15 events/day 



θ13 from n-H Analysis 

February 3 - 9, 2013 Aspen Center for Physics - Winter Conference:  "New Directions in Neutrino Physics" 16 

IBD Backgrounds: 

Fast Neutrons: 
 

Fast neutron recoils off proton 
(prompt) and later captures (delay)  

 
Estimated from fast neutron spectrum 

obtained from IV-ID tagging:   
2.50 ± 0.47 events/day 

Rate & Shape Estimation

• Rate estimation yields

2.50 ± 0.47 events/ day

• Both shape and rate cross-checked with 

another MC based approach.

• Produced mainly by muons going through the rock

- Can produce a coincidence background event

‣ Proton recoil (prompt) + neutron capture (delayed)

- Some of them (≈ 30 %) deposit low energy in IV

‣ Used to study the rate and Eprompt shape

npp

p

n

γ

d LS

• Cross-check with reactor OFF data above 

13 MeV yields agreement well within error
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   Fast Neutrons

   Fitted Shape

Fast Neutrons Background
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45Tuesday, January 22, 2013
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IBD Backgrounds: 

Light Noise: 
 

Spontaneous flash of PMT base 
forming two consecutive triggers 

 
Estimated with a volume cut on 

reconstructed vertex:   
0.32 ± 0.07 events/day 
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Rate & Shape Estimation

0.32 ± 0.07 events/ day

Instrumental Light Noise

• Vertex cut for a BG sample selection

- Accidental BGs from off-time sample

- Other correlated events from nearby volume

• Obtain rate + shape after BG subtraction

Preliminary

• PMT-base induced “light noise”

- Correlated in ∆T and ∆R

- Concentrated in the center of the Target

- Very small rate contribution

‣ Large reduction by multiplicity and ∆T cut
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IBD Background Summary: 

Gd Analysis Rate 
(events / day) 

H Analysis Rate 
(events / day) 

Accidentals 0.261 ± 0.002 73.45 ± 0.16 
Cosmogenics (9Li) 1.25 ± 0.54 2.84 ± 1.15 
Fast Neutrons 0.67 ± 0.20 2.50 ± 0.47 
Light Noise N/A 0.32 ± 0.07 
BG Total 2.18 ± 0.58 79.11 ± 1.25 

IBD Candidate Total 36.2 ± 0.4 151.1 ± 0.8 

less statistics, 
larger S/B 

more statistics,  
smaller S/B 
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Normalization Uncertainties Relative to Predicted Signal: 

    Source                         Uncertainty [%] 
 
  Reactor Flux                                1.8   
 
  Statistics                                     1.1 
 
  Accidentals                                 0.2 
 
  Cosmogenics (9Li)                         1.6 
 
  Fast Neutrons                             0.6 
 
  Light Noise                                 0.1 
 
  Energy Scale                              0.3 
 
  Detection Efficiency                  1.6 

Reactor simulation + Bugey4 result 
minimize uncertainty on reactor  
anti-nu flux prediction 

Includes IBD selection efficiency and 
fraction of n-H captures - obtained 
from 252Cf neutron source calibrations 
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FIG. 1. (Color online) Stacked histogram showing the prompt
energy spectrum of neutrino candidates without background
subtraction (black data points with statistical error bars).
The red (grey) line is the best fit oscillation hypothesis.
Also shown are contributions from accidentals (blue cross-
hatched), 9Li (green vertical lines), fast neutrons (purple di-
agonal lines), and correlated light noise (orange horizontal
lines).

TABLE I. Summary of the number of observed IBD candi-
dates and the predictions for the signal and background con-
tributions used as input for the oscillation fit analysis.

Source Predicted/Observed events
!̄e prediction (no osc.) 17690
Accidentals 17630
Cosmogenic isotopes 680
Fast neutrons 600
Light noise 80
Total prediction 36680
Observed IBD candidates 36284

di!erence is included in the systematic uncertainty. We
find a 9Li rate of 2.8 ± 1.2 events/day. Muon track re-
construction e"ciency is evaluated by a MC study and
added into the systematic uncertainty. We estimate the
shape and associated systematic uncertainty from MC,
as was done in the Gd analysis [6].
Finally, we found a small number of light noise events

creating two consecutive triggers that are identified as
IBD candidates. A volume cut on the reconstructed ver-
tex is used to quantify the rate and Eprompt spectrum
shape for this type of background. We estimate this back-
ground rate as 0.32 ± 0.07 events/day.
In this analysis, neutron detection e"ciency !n includes

both the e"ciency of the IBD selection and the fraction
of neutron captures which occur on hydrogen. We eval-
uate !n from 252Cf neutron source calibration data and
find it to be !n = 0.0846 ± 0.0018 in the target and

TABLE II. Summary of signal and background normalization
uncertainties relative to the predicted signal.

Source Uncertainty [%]
Reactor flux 1.8
Statistics 1.1
Accidental background 0.2
Cosmogenic isotope background 1.6
Fast neutrons 0.6
Light noise 0.1
Energy scale 0.3
E!ciency 1.6
Total 3.1

!n = 0.7853 ± 0.0036 in the "-catcher. Weighting by the
fraction of predicted IBD candidates in each region, we
estimate the uncertainty in the detection e"ciency over
the entire fiducial volume as 1.0 %. Finally, we find that
an uncertainty of 1.2 % accounts for the MC modeling of
neutron migration, called spill-in/out [6], between detec-
tor subvolumes. Adding these factors in quadrature, we
obtain a total detection e"ciency uncertainty of 1.6 %.
Energy scale uncertainty arises from three sources:

time variation, non-linearity, and non-uniformity in the
detector response. We treat the first two e!ects exactly
as in Gd analysis [6]. The third e!ect has a larger impact
on the hydrogen analysis because of its extended fiducial
volume. We estimate it by comparing data and MC from
calibration source deployments in the "-catcher. In total,
we find an energy scale uncertainty of 1.7 %, as compared
to 1.1 % used in the Gd analysis [6].
The reference Eprompt spectrum is selected from the

same reactor power-based #̄e MC sample generated for
the Gd analysis [6]. Systematic uncertainties on the ref-
erence spectrum are the same as for the Gd analysis. We
use the Bugey4 measurement to minimize the systematic
uncertainty on the reactor neutrino flux prediction [6, 12],
which is the dominant uncertainty in this analysis. The
no-oscillation expectation for the number of neutrino can-
didates is 36680 ± 520, including background. The pre-
dicted number of events for both signal and backgrounds
are summarized in Tab. I, and uncertainties relative to
the predicted signal statistics are shown in Tab. II.
To extract sin22$13 we compare both the rate and

shape of the data to the reference Eprompt spectrum in
31 variably sized energy bins from 0.7 to 12.2 MeV.
The fit procedure is identical to that used in the Gd
analysis [3, 6], except that we use a single integration
period and include the #r cut e"ciency as an addi-
tional source of uncertainty. We use the MINOS value of
#m2 = (2.32 ± 0.12)! 10!3eV2 as input for the fit [13].
We find a best fit of

sin22$13 = 0.097 ± 0.034 (stat.) ± 0.034 (syst.)

with %2/DOF of 38.9/30. As in the Gd analysis [6],
we define statistical error as the portion of the 1 &
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FIG. 2. (Color online) Top: Background-subtracted data
(black points with statistical error bars) are superimposed on
the prompt energy spectra expected in the case of no oscilla-
tions (dashed blue line) and for our best fit sin22!13 (solid red
line). The best fit has "2/DOF of 38.9/30. Solid gold bands
indicate systematic errors in each bin. Middle: The ratio of
data to the no-oscillation prediction (black points with sta-
tistical error bars) is superimposed on the expected ratio in
the case of no oscillations (blue dashed line) and for our best
fit sin22!13 (solid red line). Gold bands indicate systematic
errors in each bin. Bottom: The di!erence between data and
the no-oscillation prediction is shown in the same style as the
ratio (above).

error which can be improved by collecting more data.
This includes uncertainty from our current statistics (see
Tab. II) and uncertainty on background shapes. We de-
fine systematic error as the uncertainty which cannot be
reduced simply by collecting more data. Figure 1 shows
the complete spectrum of IBD candidates with the fit-
ted background contributions, while Fig. 2 shows the
background-subtracted Eprompt spectrum along with the
best fit. The pull parameters from the fit are summa-
rized in Tab. III together with the input values. We
have performed a frequentist study to determine the
compatibility of the data and the no-oscillation hypoth-
esis. Based on a !!2 statistic, defined as the di"er-
ence between the !2 at the best fit and at sin22"13 = 0,
the data exclude the no-oscillation hypothesis at 97.4%
(2.0 #). A fit incorporating only the rate information
yields sin22"13 = 0.044 ± 0.022 (stat.) ± 0.056 (syst.).
A simple ratio of observed to expected signal statistics
yields R = 0.978 ± 0.011 (stat.) ± 0.029 (syst.) at the far
site.

TABLE III. Summary of pull parameters in the oscillation fit.
The input values are determined by measurements, and the
best-fit values are outcome of oscillation fit.

Pull parameter Initial value Best-fit value
Cosmogenic isotope [day!1] 2.8 ± 1.2 3.9± 0.6
Fast neutrons [day!1] 2.5 ± 0.5 2.6± 0.4
Energy scale 1.00 ± 0.02 0.99 ± 0.01
"m2(10!3eV2) 2.32 ± 0.12 2.31 ± 0.12

The smaller best-fit value of sin22"13 by the rate-only
analysis can be explained by the 9Li background. The fit
to the energy spectrum indicates a larger 9Li background
contamination than the original estimate, although it is
consistent within the systematic uncertainty.

In summary, due to the low level of backgrounds
achieved in the Double Chooz detector, we have made the
first measurement of sin22"13 using the capture of IBD
neutrons on hydrogen. This technique enabled us to use
a di"erent data set with partially di"erent systematic un-
certainties than that used in the standard Gd analysis [6].
An analysis based on rate and spectral shape information
yields sin22"13 = 0.097 ± 0.034 (stat.) ± 0.034 (syst.),
which is in good agreement with the result of the Gd anal-
ysis sin22"13 = 0.109 ± 0.030 (stat.) ± 0.025 (syst.) [6].
With increased statistics and a precise evaluation of the
correlation of the systematic uncertainties, a combination
of the two results is foreseen for the future.
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munauté des Communes Ardennes Rives de Meuse. We
acknowledge the support of the CEA, CNRS/IN2P3, the
computer center CCIN2P3, and LabEx UnivEarthS in
France; the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan (MEXT) and the Japan
Society for the Promotion of Science (JSPS); the De-
partment of Energy and the National Science Foundation
of the United States; the Ministerio de Ciencia e Inno-
vación (MICINN) of Spain; the Max Planck Gesellschaft,
and the Deutsche Forschungsgemeinschaft DFG (SBH
WI 2152), the Transregional Collaborative Research Cen-
ter TR27, the excellence cluster “Origin and Structure
of the Universe”, and the Maier-Leibnitz-Laboratorium
Garching in Germany; the Russian Academy of Science,
the Kurchatov Institute and RFBR (the Russian Foun-
dation for Basic Research); the Brazilian Ministry of
Science, Technology and Innovation (MCTI), the Finan-
ciadora de Estudos e Projetos (FINEP), the Conselho
Nacional de Desenvolvimento Cient́ıfico e Tecnológico
(CNPq), the São Paulo Research Foundation (FAPESP),
and the Brazilian Network for High Energy Physics (RE-
NAFAE) in Brazil.

Background subtracted data with fit  

χ2 / ndf =  38.9/30 

Rate + Shape: 
sin2(2θ13) = 0.097 ± 0.048 

αE = 0.993 ± 0.007 
9Li Rate = 3.90 ± 0.61 events/day 
FN Rate = 2.57 ± 0.35 events/day 
Δm2

31 = (2.31 ± 0.12)×10-3 eV2 
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FIG. 2. (Color online) Top: Background-subtracted data
(black points with statistical error bars) are superimposed on
the prompt energy spectra expected in the case of no oscilla-
tions (dashed blue line) and for our best fit sin22!13 (solid red
line). The best fit has "2/DOF of 38.9/30. Solid gold bands
indicate systematic errors in each bin. Middle: The ratio of
data to the no-oscillation prediction (black points with sta-
tistical error bars) is superimposed on the expected ratio in
the case of no oscillations (blue dashed line) and for our best
fit sin22!13 (solid red line). Gold bands indicate systematic
errors in each bin. Bottom: The di!erence between data and
the no-oscillation prediction is shown in the same style as the
ratio (above).

error which can be improved by collecting more data.
This includes uncertainty from our current statistics (see
Tab. II) and uncertainty on background shapes. We de-
fine systematic error as the uncertainty which cannot be
reduced simply by collecting more data. Figure 1 shows
the complete spectrum of IBD candidates with the fit-
ted background contributions, while Fig. 2 shows the
background-subtracted Eprompt spectrum along with the
best fit. The pull parameters from the fit are summa-
rized in Tab. III together with the input values. We
have performed a frequentist study to determine the
compatibility of the data and the no-oscillation hypoth-
esis. Based on a !!2 statistic, defined as the di"er-
ence between the !2 at the best fit and at sin22"13 = 0,
the data exclude the no-oscillation hypothesis at 97.4%
(2.0 #). A fit incorporating only the rate information
yields sin22"13 = 0.044 ± 0.022 (stat.) ± 0.056 (syst.).
A simple ratio of observed to expected signal statistics
yields R = 0.978 ± 0.011 (stat.) ± 0.029 (syst.) at the far
site.

TABLE III. Summary of pull parameters in the oscillation fit.
The input values are determined by measurements, and the
best-fit values are outcome of oscillation fit.

Pull parameter Initial value Best-fit value
Cosmogenic isotope [day!1] 2.8 ± 1.2 3.9± 0.6
Fast neutrons [day!1] 2.5 ± 0.5 2.6± 0.4
Energy scale 1.00 ± 0.02 0.99 ± 0.01
"m2(10!3eV2) 2.32 ± 0.12 2.31 ± 0.12

The smaller best-fit value of sin22"13 by the rate-only
analysis can be explained by the 9Li background. The fit
to the energy spectrum indicates a larger 9Li background
contamination than the original estimate, although it is
consistent within the systematic uncertainty.

In summary, due to the low level of backgrounds
achieved in the Double Chooz detector, we have made the
first measurement of sin22"13 using the capture of IBD
neutrons on hydrogen. This technique enabled us to use
a di"erent data set with partially di"erent systematic un-
certainties than that used in the standard Gd analysis [6].
An analysis based on rate and spectral shape information
yields sin22"13 = 0.097 ± 0.034 (stat.) ± 0.034 (syst.),
which is in good agreement with the result of the Gd anal-
ysis sin22"13 = 0.109 ± 0.030 (stat.) ± 0.025 (syst.) [6].
With increased statistics and a precise evaluation of the
correlation of the systematic uncertainties, a combination
of the two results is foreseen for the future.

We thank the French electricity company EDF; the
European fund FEDER; the Région de Champagne Ar-
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FIG. 14. Measured prompt energy spectrum for each integration period (data points) superimposed on the expected prompt
energy spectrum, including backgrounds (green region), for the no-oscillation (blue dotted curve) and best-fit (red solid curve)
at sin2 2!13 = 0.109 and !m2

31 = 2.32 ! 10!3 eV2. Inset: stacked spectra of backgrounds. Bottom: di"erences between data
and no-oscillation prediction (data points), and di"erences between best fit prediction and no-oscillation prediction (red curve).
The orange band represents the systematic uncertainties on the best-fit prediction.
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FIG. 15. Sum of both integration periods plotted in the same
manner as Figure 14.

the best fit, was used to determine the region in sin2 2!13

where the !"2 of the data was within the given confi-
dence probability. The allowed region at 68% (90%) CL
is 0.067 (0.043) < sin2 2!13 < 0.15 (0.18). An analogous
technique shows that the data excludes the no-oscillation
hypothesis at 99.8% (2.9#).

VII. CONCLUSION

A comparison of this analysis result to other recent
sin2 2!13 measurements by other experiments is shown in
Figure 17. The figure shows published results, though
we note that new results from Daya Bay, MINOS and
T2K have been shown at conferences but are not yet
published [63]. The values for sin2 2!13 from the various
experiments are in excellent agreement with the results
reported here. However this result is unique in its incor-
poration of energy dependence in the analysis.
Double Chooz has found evidence for a non-zero value

of !13 from the rate and energy spectrum of reactor neu-
trino candidates at a distance of 1050 m from two re-
actors. It is the first evidence for this parameter using
the energy spectrum from reactor neutrinos, rather than
simply their rate. We find a best fit value and 1# error to
be sin2 2!13 = 0.109 ± 0.030 (stat) ± 0.025 (syst). The
data is inconsistent with the assumption that oscillations

Gadolinium Best Fit 

Rate + Shape: 
sin2(2θ13) = 0.109 ± 0.039 

χ2/ndf = 42.1/35 

Rate + Shape: 
sin2(2θ13) = 0.097 ± 0.048 

χ2/ndf = 38.9/30 
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Summary & Future Prospects

0 0.2 0.4

 Measurements (68% C.L.)
13
θ22sin

Double Chooz Hydrogen 2012

Double Chooz Gadolinium Jun. 2012

Double Chooz Gadolinium Nov. 2011

Daya Bay Oct. 2012

RENO April 2012

T2K (2011) Normal hierarchy (90% C.L.)

T2K (2011) Inverted hierarchy (90% C.L.)

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy

• Unique precision measurement of θ13 from Double Chooz

- Measurements made from both rate & shape

- Measurements using IBD candidates with both Gd and H capture

• First result of Hydrogen analysis

- arXiv 1301.2948

- Rate + Shape result: sin22θ13 = 0.097 ± 0.048

‣ “± 0.048” = “± 0.034 (stat.) ± 0.034 (syst.)”

‣ 2.0 σ exclusion probability of sin22θ13 = 0

- In agreement with n-Gd result (PRD.86.052008)

- Proved θ13 analysis using n-H capture is posible

63Thursday, January 17, 2013

K. Terao, Uppsala HEP Seminar 1/17/2013 

sin2(2θ13) measurements at 68% C. L. 

Rate + Shape: 
sin2(2θ13) = 0.097 ± 0.034(stat) ± 0.034(syst) 

Excludes no-oscillation hypothesis at 2.0σ 

First-ever θ13 measurement from n-capture on H  
(arXiv:1301.2948v1) 

Rate + Shape: 
sin2(2θ13) = 0.109 ± 0.030(stat) ± 0.025(syst) 

Latest θ13 measurement from n-capture on Gd  
(Phys. Rev. D 86, 052008) 

Excludes no-oscillation hypothesis at 2.9σ 

Two distinct measurements are in good agreement! 
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•  Brief θ13 synopsis 
 

•  The Double Chooz Experiment 
  
•      Detection via n-capture on H and Gd 
 
•  θ13 from n-H analysis 

  
•  Summary and Conclusions 
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Summary and Conclusion 

•  Low background levels in Double Chooz have allowed the first 
measurement of sin2(2θ13) using n-capture on Hydrogen! 
 
 

•  Provides cross-check for Gd analysis using a different data set  
 
 

•  H results are in good agreement with Gd results 
 
 

•  Just to reflect back -> Gd-doped LS bought us an extra ~1σ 
rejection of the no-oscillation hypothesis 
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Summary and Conclusion 

•  H and Gd analyses are still ongoing -> updated results soon! 
 
 

•  Near detector data will reduce the systematic uncertainty 
contribution from the reactor flux 
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Future Work: 
More statistics + improved understanding of systematic uncertainties 

= possibility to combine n-H and n-Gd results! 



Just for thought… 

February 3 - 9, 2013 Aspen Center for Physics - Winter Conference:  "New Directions in Neutrino Physics" 26 

5

2 4 6 8 10 12

0.
25

 M
eV

Ev
en

ts

200

400

600

800

1000

1200

1400

2 4 6 8 10 12

0.
25

 M
eV

Ev
en

ts

200

400

600

800

1000

1200

1400 Background-subtracted signal

No oscillation

) = 0.09713θ(22Best fit: sin
2= 0.00231 eV2mΔ at 

Systematic error

  
0.

25
 M

eV
D

at
a 

/ P
re

di
ct

ed

0.6

0.8
1.0

1.2

  
0.

25
 M

eV
D

at
a 

/ P
re

di
ct

ed

0.6

0.8
1.0

1.2

Energy (MeV)
2 4 6 8 10 12

0.
25

 M
eV

D
at

a 
- P

re
di

ct
ed

-200

-100

0

Energy (MeV)
2 4 6 8 10 12

0.
25

 M
eV

D
at

a 
- P

re
di

ct
ed

-200

-100

0

FIG. 2. (Color online) Top: Background-subtracted data
(black points with statistical error bars) are superimposed on
the prompt energy spectra expected in the case of no oscilla-
tions (dashed blue line) and for our best fit sin22!13 (solid red
line). The best fit has "2/DOF of 38.9/30. Solid gold bands
indicate systematic errors in each bin. Middle: The ratio of
data to the no-oscillation prediction (black points with sta-
tistical error bars) is superimposed on the expected ratio in
the case of no oscillations (blue dashed line) and for our best
fit sin22!13 (solid red line). Gold bands indicate systematic
errors in each bin. Bottom: The di!erence between data and
the no-oscillation prediction is shown in the same style as the
ratio (above).

error which can be improved by collecting more data.
This includes uncertainty from our current statistics (see
Tab. II) and uncertainty on background shapes. We de-
fine systematic error as the uncertainty which cannot be
reduced simply by collecting more data. Figure 1 shows
the complete spectrum of IBD candidates with the fit-
ted background contributions, while Fig. 2 shows the
background-subtracted Eprompt spectrum along with the
best fit. The pull parameters from the fit are summa-
rized in Tab. III together with the input values. We
have performed a frequentist study to determine the
compatibility of the data and the no-oscillation hypoth-
esis. Based on a !!2 statistic, defined as the di"er-
ence between the !2 at the best fit and at sin22"13 = 0,
the data exclude the no-oscillation hypothesis at 97.4%
(2.0 #). A fit incorporating only the rate information
yields sin22"13 = 0.044 ± 0.022 (stat.) ± 0.056 (syst.).
A simple ratio of observed to expected signal statistics
yields R = 0.978 ± 0.011 (stat.) ± 0.029 (syst.) at the far
site.

TABLE III. Summary of pull parameters in the oscillation fit.
The input values are determined by measurements, and the
best-fit values are outcome of oscillation fit.

Pull parameter Initial value Best-fit value
Cosmogenic isotope [day!1] 2.8 ± 1.2 3.9± 0.6
Fast neutrons [day!1] 2.5 ± 0.5 2.6± 0.4
Energy scale 1.00 ± 0.02 0.99 ± 0.01
"m2(10!3eV2) 2.32 ± 0.12 2.31 ± 0.12

The smaller best-fit value of sin22"13 by the rate-only
analysis can be explained by the 9Li background. The fit
to the energy spectrum indicates a larger 9Li background
contamination than the original estimate, although it is
consistent within the systematic uncertainty.

In summary, due to the low level of backgrounds
achieved in the Double Chooz detector, we have made the
first measurement of sin22"13 using the capture of IBD
neutrons on hydrogen. This technique enabled us to use
a di"erent data set with partially di"erent systematic un-
certainties than that used in the standard Gd analysis [6].
An analysis based on rate and spectral shape information
yields sin22"13 = 0.097 ± 0.034 (stat.) ± 0.034 (syst.),
which is in good agreement with the result of the Gd anal-
ysis sin22"13 = 0.109 ± 0.030 (stat.) ± 0.025 (syst.) [6].
With increased statistics and a precise evaluation of the
correlation of the systematic uncertainties, a combination
of the two results is foreseen for the future.
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FIG. 14. Measured prompt energy spectrum for each integration period (data points) superimposed on the expected prompt
energy spectrum, including backgrounds (green region), for the no-oscillation (blue dotted curve) and best-fit (red solid curve)
at sin2 2!13 = 0.109 and !m2

31 = 2.32 ! 10!3 eV2. Inset: stacked spectra of backgrounds. Bottom: di"erences between data
and no-oscillation prediction (data points), and di"erences between best fit prediction and no-oscillation prediction (red curve).
The orange band represents the systematic uncertainties on the best-fit prediction.
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FIG. 15. Sum of both integration periods plotted in the same
manner as Figure 14.

the best fit, was used to determine the region in sin2 2!13

where the !"2 of the data was within the given confi-
dence probability. The allowed region at 68% (90%) CL
is 0.067 (0.043) < sin2 2!13 < 0.15 (0.18). An analogous
technique shows that the data excludes the no-oscillation
hypothesis at 99.8% (2.9#).

VII. CONCLUSION

A comparison of this analysis result to other recent
sin2 2!13 measurements by other experiments is shown in
Figure 17. The figure shows published results, though
we note that new results from Daya Bay, MINOS and
T2K have been shown at conferences but are not yet
published [63]. The values for sin2 2!13 from the various
experiments are in excellent agreement with the results
reported here. However this result is unique in its incor-
poration of energy dependence in the analysis.

Double Chooz has found evidence for a non-zero value
of !13 from the rate and energy spectrum of reactor neu-
trino candidates at a distance of 1050 m from two re-
actors. It is the first evidence for this parameter using
the energy spectrum from reactor neutrinos, rather than
simply their rate. We find a best fit value and 1# error to
be sin2 2!13 = 0.109 ± 0.030 (stat) ± 0.025 (syst). The
data is inconsistent with the assumption that oscillations

both detectors. We observe a clear deficit of 8.0% for the
far detector, and of 1.2% for the near detector, concluding a
definitive observation of reactor antineutrino disappear-
ance consistent with neutrino oscillations. The survival
probability due to neutrino oscillation at the best-fit value
is given by the curve.

The observed spectrum of IBD prompt signals in the far
detector is compared to nonoscillation expectations based
on measurements in the near detector in Fig. 4. The spectra
of prompt signals are obtained after subtracting back-
grounds shown in the inset. The disagreement of the spec-
tra provides further evidence of neutrino oscillation.

In summary, RENO has observed reactor antineutrinos
using two identical detectors each with 16 tons of Gd-
loaded liquid scintillator, and a 229 d exposure to six
reactors with total thermal energy 16:5 GWth. In the far
detector, a clear deficit of 8.0% is found by comparing a
total of 17102 observed events with an expectation based
on the near detector measurement assuming no oscillation.
From this deficit, a rate-only analysis obtains sin22!13 !
0:113" 0:013#stat$ " 0:019#syst$. The neutrino mixing
angle !13 is measured with a significance of 4.9 standard
deviation.
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FIG. 4. Observed spectrum of the prompt signals in the far
detector compared with the nonoscillation predictions from the
measurements in the near detector. The backgrounds shown in
the inset are subtracted for the far spectrum. The background
fraction is 5.5% (2.7%) for far (near) detector. Errors are statis-
tical uncertainties only. Bottom: The ratio of the measured
spectrum of far detector to the nonoscillation prediction.
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So far, only Double Chooz has performed rate + shape 
analyses 

θ13 depends on the rate and shape information! 



Backup Stuff 

February 3 - 9, 2013 Aspen Center for Physics - Winter Conference:  "New Directions in Neutrino Physics" 27 



Reactor Calculations 

February 3 - 9, 2013 Aspen Center for Physics - Winter Conference:  "New Directions in Neutrino Physics" 28 

N exp

⌫̄e
(E, t) =

ReactorsX

R=1,2

N
p

✏

4⇡L2
⇥ P th

R

(t)

hE
f

i
R

(t)
⇥ h�

f

i
R

(E, t)

hEfi =
X

k

↵k(t) hEfik

Mean energy per fission 

h�fi = h�fiBugey +
X

k

(↵DC
k (t) � ↵Bugey

k (t)) h�fik

Mean cross-section per fission 

h�fik =

Z 1

0

dE · Sk(E) · �IBD(E)

Mean cross-section per fission isotope 

8

TABLE I. Mean energy released per fission !Ef "k from [47]
and fractional fission rate !!k" of the isotope k for this data.

Isotope !Ef "k (MeV) !!k"
235U 201.92±0.46 0.496±0.016
239Pu 209.99±0.60 0.351±0.013
238U 205.52±0.96 0.087±0.006
241Pu 213.60±0.65 0.066±0.007

correlations. The uncertainties in the !k’s are listed in
Table I. The two largest contributions come from the
moderator density and control rod positions.

D. Bugey4 Normalization and Antineutrino Rate
Calculation

In the current, far-only, phase of Double Chooz, the
rather large uncertainties in the reference spectra of Sec-
tion III B limited our sensitivity to "13. To mitigate this
e!ect, the normalization of the cross section per fission
for each reactor is “anchored” to the Bugey4 rate mea-
surement at 15 m [48]:

!#f "R = !#f "Bugey +
!

k

(!R
k # !Bugey

k )!#f "k. (3)

where R stands for each reactor. The second term
corrects for the di!erence in fuel composition between
Bugey4 and each of the Chooz cores. This treatment
takes advantage of the high accuracy of the Bugey4 an-
chor point (1.4%) and suppresses the dependence on the
predicted !#f "R. This is due to the smallness of the cor-

rection term (!R
k #!Bugey

k ). At the same time, the analy-
sis becomes insensitive to possible oscillations at shorter
baselines due to heavy "m2 $ 1 eV 2 sterile neutrinos.

The expected number of antineutrinos with no oscilla-
tion in the ith energy bin with the Bugey4 anchor point
becomes:

Nexp,R
i =

$Np

4%

1

LR
2

PR
th

!Ef "R

%

"

!#f "R
#
$

k !R
k !#f "k

%

!

k

!R
k !#f "ik

&

(4)

where $ is the detection e#ciency, Np is the number of
protons in the target, LR is the distance to the center of
each reactor, and PR

th is the thermal power. The variable
!Ef "R is the mean energy released per fission defined in
Equation 2, while !#f "R is the mean cross section per
fission defined in Equation 3. The three variables PR

th,
!Ef "R and !#f "R are time dependent with !Ef "R and
!#f "R depending on the evolution of the fuel composition
in the reactor and PR

th depending on the operation of the
reactor.

A covariance matrix Mexp
ij = &Nexp

i &Nexp
j is con-

structed using the uncertainties listed in Table II. This

TABLE II. The uncertainties in the antineutrino prediction.
All uncertainties are assumed to be correlated between the
two reactor cores. They are assumed to be normalization and
energy (rate and shape) unless noted as normalization only.

Source Normalization Only Uncertainty [%]
Pth yes 0.5
!"f "

Bugey yes 1.4
Sk(E)"IBD(Etrue

! ) no 0.2
!Ef " no 0.2
LR yes <0.1
!R

k no 0.9
Total 1.8

matrix is constructed in terms of real energy and is
converted into reconstructed energy by running multi-
ple simulations drawn from a Cholesky decomposition of
Mexp

ij . For these simulations, the full detector Monte
Carlo described below is used. The use of Equation 4 to
construct the covariance matrix allows time and spectral
information to propagate to the final analysis.

The IBD cross section used is the simplified form from
Vogel and Beacom [49] :

#IBD(Etrue
! ) = Ee+K

'

E2
e+ # m2

e (5)

where

Ee+ =
1

2

"
(

m2
n # 4mp

)

#E! + " +
"2 # m2

e

2mp

*

# mn

&

(6)
and me and Ee+ are the positron mass and energy. The
variables mn and mp are the masses of the neutron and
proton with " = mn # mp. The constant K is in-
versely proportional to the neutron lifetime. We use the
MAMBO-II measurement of the neutron lifetime [50] and
find K = 0.961 % 10!43 cm2 MeV!2.

E. Detector Model

We model the detector response using a detailed
Geant4 [51] simulation with enhancements to the scintil-
lation process, photocathode optical surface model, and
thermal neutron model. Apart from these additions, the
physics list is similar to Geant4’s QGSP_BERT_HP refer-
ence physics list [52], without processes for high-mass
hadrons. Our custom scintillation process implements
detailed light waveforms, spectra, re-emission, and Birks-
law [53] quenching. Our photocathode model is based on
a standard mathematical model of a thin, semitranspar-
ent surface with absorption and refractive index [54], and
also includes the collection e#ciency for photoelectrons
as a function of position of emission on the photocathode.
Our custom neutron thermalization process implements
molecular elastic scattering for neutrons under 4 eV and a

Fission values used 
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where $ is the detection e#ciency, Np is the number of
protons in the target, LR is the distance to the center of
each reactor, and PR

th is the thermal power. The variable
!Ef "R is the mean energy released per fission defined in
Equation 2, while !#f "R is the mean cross section per
fission defined in Equation 3. The three variables PR

th,
!Ef "R and !#f "R are time dependent with !Ef "R and
!#f "R depending on the evolution of the fuel composition
in the reactor and PR

th depending on the operation of the
reactor.

A covariance matrix Mexp
ij = &Nexp

i &Nexp
j is con-

structed using the uncertainties listed in Table II. This

TABLE II. The uncertainties in the antineutrino prediction.
All uncertainties are assumed to be correlated between the
two reactor cores. They are assumed to be normalization and
energy (rate and shape) unless noted as normalization only.

Source Normalization Only Uncertainty [%]
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matrix is constructed in terms of real energy and is
converted into reconstructed energy by running multi-
ple simulations drawn from a Cholesky decomposition of
Mexp

ij . For these simulations, the full detector Monte
Carlo described below is used. The use of Equation 4 to
construct the covariance matrix allows time and spectral
information to propagate to the final analysis.

The IBD cross section used is the simplified form from
Vogel and Beacom [49] :

#IBD(Etrue
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and me and Ee+ are the positron mass and energy. The
variables mn and mp are the masses of the neutron and
proton with " = mn # mp. The constant K is in-
versely proportional to the neutron lifetime. We use the
MAMBO-II measurement of the neutron lifetime [50] and
find K = 0.961 % 10!43 cm2 MeV!2.

E. Detector Model

We model the detector response using a detailed
Geant4 [51] simulation with enhancements to the scintil-
lation process, photocathode optical surface model, and
thermal neutron model. Apart from these additions, the
physics list is similar to Geant4’s QGSP_BERT_HP refer-
ence physics list [52], without processes for high-mass
hadrons. Our custom scintillation process implements
detailed light waveforms, spectra, re-emission, and Birks-
law [53] quenching. Our photocathode model is based on
a standard mathematical model of a thin, semitranspar-
ent surface with absorption and refractive index [54], and
also includes the collection e#ciency for photoelectrons
as a function of position of emission on the photocathode.
Our custom neutron thermalization process implements
molecular elastic scattering for neutrons under 4 eV and a

Summary of uncertainties 
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Rate + Shape analysis with χ2 minimization: 
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Mij = covariance matrices 

-  Signal covariance matrix 
-  Detector covariance matrix 
-  Statistical covariance matrix 
-  Background covariance matrix 

Pull terms used to constrain FN, 
9Li, energy scale and Δm2
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