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Motivation...



solar-ν: θ12

P(νe→νx) 

atmospheric-ν: θ23

P(νμ→νμ)

θ13 & dirac-δCP

P(anti-νe→νx) & P(νμ→νe)

(νe,νμ,ντ)T = U (ν1,ν2,ν3)T where U must be unitary & 3x3...

oscillations = leptonic mixing

PMNS: 3 angles & 1 complex phase => leptonic CP violation

3 Qualitative discussion and analysis methods

In general, our calculations are done in the three flavor framework, where we use the standard
parameterization U of the leptonic mixing matrix described by three mixing angles and one
CP phase [32]. Our results are based on a full numerical simulation of the exact transition
probabilities, and we also include Earth matter effects [8] because of the long baselines used
for the NuMI beam. We take into account matter density uncertainties by imposing an
error of 5% on the average matter density [33]. The probabilities are convoluted with the
neutrino fluxes, detection cross sections, energy resolutions, and experimental efficiencies to
calculate the event rates, which are the basis of the full statistical χ2-analysis. We use all
the information available, i.e., the appearance and disappearance channels, as well as the
energy information. The simulation methods are described in the Appendices of Ref. [27];
for details of the conventional beam experiments, see also Appendix A, for the superbeam
experiments Ref. [26], and for the the reactor experiments Ref. [20] and Appendix B. All
of the calculations are performed with the GLoBES software [34].

In order to obtain a qualitative analytical understanding of the effects, it is sufficient to use
simplified expressions for the transition probabilities, which are obtained by expanding the
probabilities in vacuum simultaneously in the mass hierarchy parameter α ≡ ∆m2

21/∆m2
31

and the small mixing angle sin 2θ13. The expression for the νµ → νe appearance probability
up to second order in α and sin 2θ13 is given by [35, 36]

P (νµ → νe) # sin2 2θ13 sin2 θ23 sin2 ∆

∓ α sin 2θ13 sin δCP sin 2θ12 sin 2θ23 ∆ sin2 ∆

+ α sin 2θ13 cos δCP sin 2θ12 sin 2θ23 ∆ cos ∆ sin ∆

+ α2 cos2 θ23 sin2 2θ12 ∆2 (1)

with ∆ ≡ ∆m2
31L/(4Eν). The sign of the second term is negative for neutrinos and positive

for antineutrinos. The relative weight of each of the individual terms in Eq. (1) is determined
by the values of α and sin 2θ13, which means that the superbeam performance is highly
affected by the true values ∆m2

21 and ∆m2
31 given by nature. Reactor experiments can be

described by the corresponding expansion of the disappearance probability up to second
order in sin 2θ13 and α [19, 20, 36]

1 − Pēē # sin2 2θ13 sin2 ∆ + α2 ∆2 cos4 θ13 sin2 2θ12. (2)

The second term on the right-hand side of this equation is for sin2 2θ13 ! 10−3 and close
to the first atmospheric oscillation maximum relatively small compared to the first one,
and can therefore be neglected in the relevant parameter space region. In principle, there
are also terms of the order α sin2 2θ13 and higher orders in Eq. (2). Though some of these
terms could be of the order of the α2-term for large values of sin2 2θ13, they are, close to the
atmospheric oscillation maximum, always suppressed compared to the sin2 2θ13-term by at
least one order of α. Thus, the sin2 2θ13-term carries the main information.

From Eq. (2), it is obvious that a reactor experiment cannot access θ23, the mass hierarchy,
or δCP. In addition, the measurements of ∆m2

31 would only be possible for large values
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Clean measure of θ13: 2x2 ν-oscillation & negligible contributions...

δCP, PMNS ambiguous solutions, other lepton contributions, NC 
contamination, matter-effect, ND-FD propagation, cross-section, etc...
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For Reactors...
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FIG. 2: The bound on sin2 θ13 from the interplay of the
global data.

solar+KamLAND provide a non-trivial constraint
on θ13, see e.g., Refs. [10, 11, 15]. We find at 90% CL
(3σ) the following limits:

sin2 θ13 <











0.027 (0.058) CHOOZ+atm+LBL,

0.033 (0.071) solar+KamLAND,

0.020 (0.041) global data.

The addition of MINOS data leads to a slight
tightening of the constraint (the 3σ limit from
CHOOZ+atm+K2K is shifted from 0.067 to 0.058
if MINOS is added) because of the stronger lower
bound on ∆m2

31, where the CHOOZ bound becomes
weaker (c.f. Fig. 2). Note that also the update in the
solar model [13] leads to a small shift in the limit
from solar+KamLAND data (from 0.079 to 0.071 at
3σ). Both of these updates contribute to the change
of the global bound from 0.046 [16] to 0.041 at 3σ.

IV. SUB-LEADING EFFECTS IN

ATMOSPHERIC NEUTRINOS

In principle one expects that at some level sub-
leading effects will show up in atmospheric neutri-
nos, involving oscillations with ∆m2

21 or effects of
a finite θ13, see e.g., Refs. [17, 18, 19, 20, 21]. An
excess of e-like events observed in SK [5] might be
a possible hint for such effects, and in Refs. [19, 20]
a slight preference for non-maximal values of θ23 <
π/4 has been found. In contrast, the SK analysis
presented in Ref. [21] did not confirm that hint.

From a full three-flavor analysis of SK data [22]
shown in Fig. 3 one finds that indeed sub-GeV data
prefer a value θ23 < π/4, however, if only multi-GeV
data is used the best fit occurs for θ23 > π/4. Sum-
ming sub- and multi-GeV data leads incidentally to
a cancellation of both effects and the best fit oc-
curs very close to maximal mixing. Finally, using all
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FIG. 3: Contours of ∆χ2 = 0.2, 0.5, 1, 4.6 in the plane
sin2 θ23-sin

2 θ13 from various SK data samples, taking
into account oscillations with ∆m2

21 = 8 × 10−5 eV2.

data including sub-GeV, multi-GeV, stopping and
through-going µ-like data, the best fit moves again
to sin2 θ23 = 0.46 [19]. From these considerations
we conclude that the final result for θ23 appears as a
delicate interplay of different data samples, involving
cancellations of opposite trends. Hence the result is
rather sensitive to the very fine details of the anal-
ysis. Let us stress that the ∆χ2 contours shown in
Fig. 3 correspond to 9.5%, 22%, 39%, and 90% CL
(2 d.o.f.), i.e., there is no significance in these effects.
The purpose of this analysis is to show that present
data does not allow to obtain statistically mean-
ingful indications of non-maximal values of θ23 nor
of non-zero values of θ13. Nevertheless, sub-leading
three-flavor effects in atmospheric oscillations can be
explored in future Mt scale water Čerenkov [23] or
magnetized iron calorimeter [24] experiments, and
may provide complementary information to LBL ex-
periments.

Fig. 4 illustrates how details of the atmospheric
neutrino analysis affect the bound on sin2 θ13 from
CHOOZ+atm+K2K data. It is evident from the
figure that the inclusion of three-flavor effects (from
θ13 and/or ∆m2

21), as well as different treatments of
systematics lead to an “uncertainty” of about 16%
on the bound on sin2 θ13 at 2σ, as indicated by the
“error bar” in the figure. Note that the shifts of
the global θ13 limit due to MINOS or changes in the
solar neutrino analysis reported in Sec. III are at
the same level as this uncertainty from details in the
atmospheric neutrino analysis.

T. Schwetz et al. hep-ph/0606060

sin2(2θ13) < 0.12

Global Analysis 90%CL

4 today’s knowledge on θ13



Reactor Strategy...



In 3 generations, the ν̄e → ν̄e oscillation formula is calculated from the
Eq.(3) and (4) as ,

P (ν̄e → ν̄e) = 1−4c2
13(c

2
13s

2
12c

2
12 sin2 Φ21+s2

13c
2
12 sin2 Φ31+s2

13s
2
12 sin2 Φ32). (7)

Because |Φ31| = |Φ12 + Φ23| ≈ |Φ23|, there are essentially two types of oscil-
lations; one is driven by ∆m2

13 at around 2km and the other one is driven by
∆m2

12 at around 50km.
Fig. 3 shows the survival probability of 4 MeV ν̄e in case sin2 2θ13 = 0.1.

Figure 3: ν̄e oscillation with 3 generations.

KamLAND, which measured sin2 2θ12 and ∆m2
12 at around L ∼ 180km,

has demonstrated power of reactor measurement of neutrino oscillation. Fig. 4
shows the oscillation pattern of the reactor neutrino measured by the Kam-
LAND experiment. KamLAND detected an energy-dependent deficit of the
reactor neutrino. A clear oscillatory pattern is observed in Fig. 4.

Fig. 5 shows the oscillation parameters measured by KamLAND only (left
plot) and KamLAND+ Solar analysis (right plot). From these measurement,
tan2 θ ∼ 0.4, ∆m2 ∼ 8 × 10−5eV 2 are obtained.

KASKA aims to measure the sin2 2θ13 at around L ∼1.6 km; 1/100th base-
line of KamLAND. At the distance, the Eq.(7) reduces to,

P (ν̄e → ν̄e) = 1 − sin2 2θ13 sin2 Φ13 + O(10−3) (8)

Therefore almost pure sin2 2θ13 can be measured. The current best limit on
sin2 2θ13 is obtained by CHOOZ reactor experiment in France. The CHOOZ
experiment used two powerful reactors whose total thermal energy is 8.5 GWth.
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Atmospheric Solar

reactor oscillation physics...
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advantages of reactor-νs

• disappearance ν-oscillation precision: high resolution  E/L CC events: 

characterise dip

• copious, free and sometimes switchable (on/off)

• finite size and well localised [L]

• spectrum shape & normalisation (±2%)

• inverse-β:

• cross-section (±0.2%)

• a few MeV plenty of calibration sources [E]

• flux: multi-detector extrapolation (1/L2)

• background: cosmogenic dominated => overburden
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inverse-β reaction

• ν = e+ [prompt] + n-capture on H/Gd [delayed]:
• E(ν)=E(e+) + Δ
• E(nth-Gd capture) ~ 8MeV => energy tag (away from BG)

• n-Gd capture τ~30μs (CHOOZ)

_
ν + p → n + e+

Bemporad, Gratta, Vogle. RMP. 2002

• spectrum: convolution of...

• Σ β-tails from fission debris

• σ(E) => Ethreshold=1.8MeV

• threshold: see only 1/4 νs

• slow decays contribute little

8



strategy

• make flux uncertainty negligible: multi-detector

• S/BG>100: huge statistical power => many reactors

• large (or many) detectors: S/B ~ f( radius )

• a few reactors may be nice too: “reactor off”

• reduce & understand backgrounds

• overburden, radio-purity & detector design

• reduce & understand experimental systematics

• inter-detector normalisation: <0.6%

• inter-detector energy calibration: <1-2%

9
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Inner Muon Veto : 
Mineral oil + 70 8’’ PMTs 

 Target ν : 
80% C12H26+ 20% PXE + PPO + Bis-MSB 

+0,1% Gd

      γ Catcher : 
80% C12H26 + 20% PXE + PPO + Bis-MSB  

Buffer vessel & 390 10’’ PMTs :
 Stainless steel 3 mm

 Steel Shielding : 
15 cm steel, All around   

 Non scintillating Buffer :    
 Mineral oil 

10,3 m3

22,6 m3

114 m3

90 m3

 Outer Veto 
Scintillator panels

 Calibration 
Glove-Box 

7 m
 

7 m 

detector design
Geared to…
+ Low background
+ Inter-detector comparison



analysis: 3 cuts (7 cuts at CHOOZ)

e+-n time-correlation

e+-n energy deposited Apollonio et al (CHOOZ): hep-ex/0301017

CHOOZ CHOOZ

CHOOZ
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sensitivity regime

Double Chooz & RENO

Daya Bay

Domains:

• Rate

• Rate+Shape

• Shape

Huber et al. hep-ph/0601266



Double Chooz
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Collaboration

~100 physicists - 35 institutes/universities
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DC-ND

DC-FD

Designed and R&D completed

Building...
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Power: 8.5GWth

Near (400m)
500ν/day 
120mwe 
8.2tonnes

Far (1050m)
50ν/day 
1000mwe 
8.2tonnes



16 Near & Far Laboratories

Far (1050m)
Installation March’08
Commisioning early 2009

Near (400m)
Design Completed
Geo-studies Nov’07
Deliver Lab 2009



DC R&D & Construction...17

WFD profile for a 20 PE 

• truth

• simulation



18 Gd doped liquid scintillator

UV-VIS-IR scintillator transmission

~100 times more stable than in 
1st generation experiment

λ(nm)

100kg (57kg already produced) 
Optical purity (MPIK) & Radiopurity (LNGS)
LY: 7000γ/MeV => ~200pe/MeV
Attenuation length: 10m @ 420nm
100x more stable than CHOOZ

Liquid Scintillator: 80% Dodecane + PXE 20% + 0.1%Gd



readout19

…

Storage

10Gb/d

390 x 10” PMs
78 x 8” PMs

deadtimeless-WFD (APC)
online baseline correction
dedicated Muon-System
online-data-reduction

deadtime known to <0.1%
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90% C.L. contour if sin2(2θ13)=0 & Δm2
atm = 2.5 x 10-3 eV2

FD & ND: ONFD: ON

Phases:

DC-I: FD only:
10x stat CHOOZ
(limited by flux 
uncertainty)

DC-II: FD+ND:
rate + shape 
analysis 
(limited by relative 
normalisation  
uncertainty)

knowledge versus time...

hep-ex/0704.0498

sin2(2θ13) < 0.054 [90%CL]

sin2(2θ13) < 0.024 [90%CL]

Start by early 2009….
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Far 
Spectrum

Near 
Spectrum

Far/Near ratio 

sin2(2θ13)=0.12

Δm2
atm= 3.0x10-3 eV2

 If observed...



systematics break down22

CHOOZ Double-Chooz

Reactor-
induced

ν flux and σ 1.9% <0.1 %
Two  ‘’identical’’ detectors

& 

Low background
Reactor power 0.7% <0.1 %

Energy per fission 0.6% <0.1 %

Detector - 
induced

Solid angle 0.3% <0.1 %
distance measured @ 10 cm & monitor core 

barycenter

Volume 0.3% 0.2% mass measurements to 0.2%

Density 0.3% <0.1 % T control: ND & FD

H/C ratio & 

Gd concentration
1.2% <0.1 %

mass measurements + same scintillator batch 
+ stability R&D

Spatial effects 1.0% <0.1 % calibration

Deadtime negligible 0.25% dedicated measurements & calibration

Analysis From 7 to 3 cuts 1.5% 0.2 - 0.3 % (see later)

Total   2.7% < 0.6 %

σnorm
abs

σrelative
norm

σanalysis
norm
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Simulation of ν Spectrum
Construction of total ν spectrum 

from nuclear databases.

★Full propagation of errors and correlations

★Potential improved shape analysis for the extraction of oscillation parameters => 

critical for DC-phase I

★Tool for feasibility of applied ν physics: power measurement and non-proliferation

Time evolution of the isotopic 
composition of the cores: MURE

205 fuel 
assemblies

235U
238U

239Pu
241Pu

Burn up effect

235U, 1.5 days in 
thermal n flux



What to remember...
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Projects in the World- 2007

Angra

Double Chooz

Daya bay

1st generation: sin2(2θ13)~0.02-0.03

2nd generation: sin2(2θ13) à 0.01 

Reno

2007



beams + reactors = deeper insight26

observation no observation

Competitive & overlapping coverage by both techniques!

Huber et al: hep-ph/0601266

Similar time scale



• A reactor (independent) measurement of θ13 is critical for global 
neutrino oscillation physics reach

• Beams sensitivity is compromised by several unknown observables 
(θ13,δCP,±Δm2atm) leading to similar signature

• Double Chooz is being built.

• FD running by early 2009

• ND running by mid-2010, laboratory will be available by 2009

• Double Chooz can “observe” [to 3σ if sin2(2θ13)>0.05] or limit θ13:

• Phase 1: sin2(2θ13) >0.06 by 2010

• Phase II: sin2(2θ13) > 0.025 by 2013

• Double Chooz is leader experiment in the field: defining much of the 
strategy to measure θ13 with reactors.
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THE END


