
Anatael Cabrera 
Marie Curie Fellow

 Double Chooz @ APC

Double Chooz: 
θ13 with 

Reactor-νs

May 2007 @ CPP Marseille

• ν-oscillations (reminder)

• the reactor strategy

• Double Chooz

• Daya Bay

• the world strategy

• what to remember?



ν-oscillations
(reminder)



facts summary

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

• mechanism causing a non-diagonal free-Hamiltonian (propagation) => 
explain experimental fact: disappearance (also apperance)

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

• mechanism causing a non-diagonal free-Hamiltonian (propagation) => 
explain experimental fact: disappearance (also apperance)

• oscillations dominates experimental evidence to >10% mixing

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

• mechanism causing a non-diagonal free-Hamiltonian (propagation) => 
explain experimental fact: disappearance (also apperance)

• oscillations dominates experimental evidence to >10% mixing

• oscillation means:

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

• mechanism causing a non-diagonal free-Hamiltonian (propagation) => 
explain experimental fact: disappearance (also apperance)

• oscillations dominates experimental evidence to >10% mixing

• oscillation means:

• no lepton-flavour number conservation on SM

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

• mechanism causing a non-diagonal free-Hamiltonian (propagation) => 
explain experimental fact: disappearance (also apperance)

• oscillations dominates experimental evidence to >10% mixing

• oscillation means:

• no lepton-flavour number conservation on SM

• leptonic mixing: PMNS matrix

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

• mechanism causing a non-diagonal free-Hamiltonian (propagation) => 
explain experimental fact: disappearance (also apperance)

• oscillations dominates experimental evidence to >10% mixing

• oscillation means:

• no lepton-flavour number conservation on SM

• leptonic mixing: PMNS matrix

• non-degenerate mass spectrum of 3 active νs

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

• mechanism causing a non-diagonal free-Hamiltonian (propagation) => 
explain experimental fact: disappearance (also apperance)

• oscillations dominates experimental evidence to >10% mixing

• oscillation means:

• no lepton-flavour number conservation on SM

• leptonic mixing: PMNS matrix

• non-degenerate mass spectrum of 3 active νs

• prediction: leptonic CP violation (in-built) [Majorana or Dirac]

3



facts summary
• flavour-νs (νe,νμ,ντ) interact while mass-νs (ν1,ν2,ν3) propagate

• mechanism causing a non-diagonal free-Hamiltonian (propagation) => 
explain experimental fact: disappearance (also apperance)

• oscillations dominates experimental evidence to >10% mixing

• oscillation means:

• no lepton-flavour number conservation on SM

• leptonic mixing: PMNS matrix

• non-degenerate mass spectrum of 3 active νs

• prediction: leptonic CP violation (in-built) [Majorana or Dirac]

• suggestive “mirroring” to quark sector mixing
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Δm2(atm) ≈ 3x10-3 (large)

Δm2(solar) ≈ 8x10-5 (small)

[mo beyond reach of oscillations]

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

2.4. Need for a Non-Diagonal Free Hamiltonian 23

UPMNS =







c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13






(2.19)

where cij = cos θij and sij = sin θij (i, j = 1, 2, 3) and three mixing angles θ12,

θ13 and θ23 represent ad-mixture between the weak/mass eigenstates.

The δ parameter represents a complex CP-violating phase if one assumes the

most general form of the 3×3 dimension of the unitarity mixing matrix. So, there is

a interesting possibility allowed through the neutrino oscillations framework: CP-

violation in the leptonic sector, much like the CP-violation present in the quark

sector. This phase is often referred as the “Dirac-phase”, as opposed to the CP-

violating “Majorana-phases” that should be added to the formalism, if neutrinos

were Majorana particles. The Majorana-phases cannot be observed in neutrino

oscillations as their effect cancels when obtaining transition probabilities.

In addition, the PMNS matrix can be factorised as the product of three matrices:

UPMNS =







1

c23 s23

−s23 c23













c13 s13eiδ

1

−s13eiδ c13













c12 s12

−s12 c12

1






(2.20)

hence U = M23 × M13 × M12.

Note that M13 is parametrised in terms of θ13, which is the mixing angle driving

the yet unobserved νµ → νe transitions. θ13 is small: sin2(2θ13) < 0.11, as limited

by the Chooz experiment [36]. Indeed, it is the smallness of θ13 that grants the

effective de-coupling exhibited between the atmospheric and solar problems. Cor-

relation terms between the two problems are proportional O(sin2(2θ13)) at least.

Note also that terms s13eiδ always appear together, which means that any chance

to measure the leptonic CP-violating Dirac-phase is subjected to a non-vanishing

value of s13.

On the other hand, M23 corresponds to the matrix dominating the neutrino os-

cillations in the atmospheric case (θ23 ∼ θatm) with a ∆m2
atm ∼ 2×10−3 eV2, which

are dominated by νµ → ντ transitions, as explicitly shown by the SK azimuthal

distributions. M12 corresponds to the solar neutrino oscillations (θ12 ∼ θsolar) with

a ∆m2
solar ∼ 8 × 10−5 eV2, which are dominated by νe → νµ/τ transitions.

4

PMNS: 3 angles & 1 complex phase => leptonic CP violation
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parameter bf±1σ 1σ acc. 2σ range 3σ range

∆m2
21 [10−5eV2] 7.9 ± 0.3 4% 7.3 − 8.5 7.1 − 8.9

|∆m2
31| [10

−3eV2] 2.5+0.20
−0.25 10% 2.1 − 3.0 1.9 − 3.2

sin2 θ12 0.30+0.02
−0.03 9% 0.26 − 0.36 0.24 − 0.40

sin2 θ23 0.50+0.08
−0.07 16% 0.38 − 0.64 0.34 − 0.68

sin2 θ13 − − ≤ 0.025 ≤ 0.041

TABLE I: Best fit values (bf), 1σ errors, relative accuracies at 1σ, and 2σ and 3σ allowed ranges of three-flavor
neutrino oscillation parameters from a combined analysis of global data.
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FIG. 1: Determination of the leading oscillation parameters from an interplay of experiments with natural and
artificial neutrino sources (left and middle panels). In the right panel the allowed regions are shown with (colored
regions) and without (contour curves) MINOS data. In the left and middle panels the allowed regions are shown at
90% CL (dashed curves) and 99.73% CL (solid curves and shaded regions), whereas in the right panel regions are
shown at 90%, 95%, 99%, and 99.73% CL.

Also In this case, by now we have an independent
confirmation of the effect by experiments based on
man-made neutrinos, namely the first generation of
long-baseline (LBL) accelerator experiments explor-
ing the νµ disappearance oscillation channel. In the
K2K experiment [8] the neutrino beam is produced
at the KEK proton synchrotron, and originally con-
sists of 98% muon neutrinos with a mean energy of
1.3 GeV. The νµ content of the beam is observed at
the SK detector at a distance of 250 km. For the
K2K-I and K2K-II data (0.89 × 1020 p.o.t. in total)
107 events have been detected, whereas 151+12

−10 have
been expected for no oscillations.

Recently first data (0.93 × 1020 p.o.t.) from the
MINOS experiment have been released [9]. A neu-
trino beam with 98.5% (νµ + ν̄µ) and a mean en-
ergy of 3 GeV is produced at Fermilab and observed
at the MINOS detector in the Soudan mine at a
distance of 735 km. In the absence of oscillations
177 ± 11 νµ events with E < 10 GeV are expected,
whereas 92 have been observed, which provides a
5.0σ evidence for disappearance. In our re-analysis
we use spectral data divided into 15 bins in recon-
structed neutrino energy, and our allowed region
from MINOS-only is in very good agreement with
the official result [9]. The values of the oscillation pa-
rameters from MINOS are consistent with the ones
from K2K, as well as from SK atmospheric data.

The impact of the data from MINOS in the global
analysis is illustrated in Fig. 1 (right). We find that
the best fit point for ∆m2

31 is shifted upward from
2.2×10−3 eV2 for SK+K2K to 2.5×10−3 eV2. In ad-
dition MINOS improves the lower bound on ∆m2

31,
which is increased from 1.4×10−3 eV2 for SK+K2K
to 1.9 × 10−3 eV2 at 3σ. The relative accuracy on
∆m2

31 at 1σ is improved from 14% to 10%. As obvi-
ous from the middle panel of Fig. 1 the determina-
tion of θ23 is completely dominated by atmospheric
data and there is no change due to MINOS. Let us
add that present data cannot distinguish between
∆m2

31 > 0 and < 0, and hence, both, the normal and
inverted neutrino mass hierarchies provide equally
good fits to the data.

III. THE BOUND ON θ13

Similar to the case of the leading oscillation pa-
rameters, also the bound on θ13 emerges from an
interplay of different data sets, as we illustrate in
Fig. 2. An important contribution to the bound
comes, of course, from the CHOOZ reactor exper-
iment combined with the determination of ∆m2

31

from atmospheric and LBL experiments. However,
due to a complementarity of low and high energy so-
lar data, as well as solar and KamLAND data also
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Also In this case, by now we have an independent
confirmation of the effect by experiments based on
man-made neutrinos, namely the first generation of
long-baseline (LBL) accelerator experiments explor-
ing the νµ disappearance oscillation channel. In the
K2K experiment [8] the neutrino beam is produced
at the KEK proton synchrotron, and originally con-
sists of 98% muon neutrinos with a mean energy of
1.3 GeV. The νµ content of the beam is observed at
the SK detector at a distance of 250 km. For the
K2K-I and K2K-II data (0.89 × 1020 p.o.t. in total)
107 events have been detected, whereas 151+12

−10 have
been expected for no oscillations.

Recently first data (0.93 × 1020 p.o.t.) from the
MINOS experiment have been released [9]. A neu-
trino beam with 98.5% (νµ + ν̄µ) and a mean en-
ergy of 3 GeV is produced at Fermilab and observed
at the MINOS detector in the Soudan mine at a
distance of 735 km. In the absence of oscillations
177 ± 11 νµ events with E < 10 GeV are expected,
whereas 92 have been observed, which provides a
5.0σ evidence for disappearance. In our re-analysis
we use spectral data divided into 15 bins in recon-
structed neutrino energy, and our allowed region
from MINOS-only is in very good agreement with
the official result [9]. The values of the oscillation pa-
rameters from MINOS are consistent with the ones
from K2K, as well as from SK atmospheric data.

The impact of the data from MINOS in the global
analysis is illustrated in Fig. 1 (right). We find that
the best fit point for ∆m2

31 is shifted upward from
2.2×10−3 eV2 for SK+K2K to 2.5×10−3 eV2. In ad-
dition MINOS improves the lower bound on ∆m2

31,
which is increased from 1.4×10−3 eV2 for SK+K2K
to 1.9 × 10−3 eV2 at 3σ. The relative accuracy on
∆m2

31 at 1σ is improved from 14% to 10%. As obvi-
ous from the middle panel of Fig. 1 the determina-
tion of θ23 is completely dominated by atmospheric
data and there is no change due to MINOS. Let us
add that present data cannot distinguish between
∆m2

31 > 0 and < 0, and hence, both, the normal and
inverted neutrino mass hierarchies provide equally
good fits to the data.

III. THE BOUND ON θ13

Similar to the case of the leading oscillation pa-
rameters, also the bound on θ13 emerges from an
interplay of different data sets, as we illustrate in
Fig. 2. An important contribution to the bound
comes, of course, from the CHOOZ reactor exper-
iment combined with the determination of ∆m2

31

from atmospheric and LBL experiments. However,
due to a complementarity of low and high energy so-
lar data, as well as solar and KamLAND data also

T.Schwetz hep-ph/0606060
PMNS: large mixing (unlike CKM)...
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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
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★ sin2(2θ13) < 0.12

 Global Analysis 90%CL
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Figure 2.8: The Neutrino Oscillations Unique Signature.

• The falling slope of the three models is different.

2.5 Towards Neutrino Oscillations

To the experimental evidence shown so far, there are essentially two more exper-

iments whose conception and results significantly support the neutrino oscillation

hypothesis. Experiment aiming to characterise neutrino oscillations are designed

such that the events obtained have a high L/E precision, as neutrino oscillation,

unlike any other hypothesis, modulates with L/E.

The KamLAND Experiment The KamLAND experiment [41] is a fascinating

experiment that uses ν̄e from about 16 nuclear reactors with an average energy

of 4MeV and an average base-line of about 180km. Therefore KamLAND’s

sensitivity covers the neutrino oscillation parameter space favoured by solar

neutrino experiments (∆m2 ∼ 5 × 105 eV2) but, for the first time, using

neutrinos produced on Earth. Note, however, that solar neutrinos are νe

rather than ν̄e. Therefore the direct comparison of KamLAND results with

solar neutrino results assumes CPT invariance3.

KamLAND measured the fraction of the nuclear reactor neutrinos to be

0.582 ± 0.069 ± 0.039, proving disappearance of ν̄e. The spectral distortion

3If there was no CPT invariance, the ∆m2 exhibited by neutrinos could be different from that
of anti-neutrinos.

Disappearance...

2ν oscillation probability equation:
 disappearance experiments...
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2.5 Towards Neutrino Oscillations

To the experimental evidence shown so far, there are essentially two more exper-

iments whose conception and results significantly support the neutrino oscillation

hypothesis. Experiment aiming to characterise neutrino oscillations are designed

such that the events obtained have a high L/E precision, as neutrino oscillation,

unlike any other hypothesis, modulates with L/E.

The KamLAND Experiment The KamLAND experiment [41] is a fascinating

experiment that uses ν̄e from about 16 nuclear reactors with an average energy

of 4MeV and an average base-line of about 180km. Therefore KamLAND’s

sensitivity covers the neutrino oscillation parameter space favoured by solar

neutrino experiments (∆m2 ∼ 5 × 105 eV2) but, for the first time, using

neutrinos produced on Earth. Note, however, that solar neutrinos are νe

rather than ν̄e. Therefore the direct comparison of KamLAND results with

solar neutrino results assumes CPT invariance3.

KamLAND measured the fraction of the nuclear reactor neutrinos to be

0.582 ± 0.069 ± 0.039, proving disappearance of ν̄e. The spectral distortion

3If there was no CPT invariance, the ∆m2 exhibited by neutrinos could be different from that
of anti-neutrinos.

Disappearance...

2ν oscillation probability equation:

E/L modulation discriminating feature!

 disappearance experiments...
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• 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]

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

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

• background: cosmogenic dominated => overburden

advantages of reactor-νs



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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Ingredients...

• nuclear reactors: νs

• hills for overburden (L)

• detectors... many!!
Martemianov et al: hep-ph/0211070
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• 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%
14
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• 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)

• spectrum: convolution of...

• Σ β-tails from fission debris

• σ(E) => Ethreshold=1.8MeV

• threshold: see only 1/4 νs

• slow decays contribute little

_
ν + p → n + e+
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e+-n time-correlation

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

CHOOZ CHOOZ

CHOOZ
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improvements...
• Target+γCatcher: hardware fiducial volume

•  same for ND & FD

• γCatcher: prevents leakage & extra volume for e+

• Buffer: shield target+γ-C from PM radioactivity

• Buffer: uniform response => no position cut

• Buffer+Steel Shield: singles dominated by PMradioactivity

• Low Ethreshold ~ 0.5MeV:

• cover e+ spectra fully

• monitor low energy => trigger efficiency

• 40K(natural) & 137Cs(calibration)
21
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calibration
• 3D calibration strategy: along z-axis & articulated arm 

• light sources: Red-laser & Blue-laser

• PM gain, timing, scintillator stability & attenuation

• radioactive source: energy scale

• Cs137, Na22, K40, Co60, etc

• n-sources: n capture on Gd

• Cf(252),  AmBe=> untagged/tagged sources

• MC/data (physics and calibration) comparison

• calibration sources knowledge less important

• same source response comparison ND and FD
22



WFD-500MHz

readout
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…HV
VME Crate

Trigger

Storage

10Gb/d

8”/10” PMs

FADC-WFD
FADC
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BG: any resembling coincidence 
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• accidentals BG [measurable in situ to <10%]:

• e+-like: natural radioactivity E<2.5MeV (208Tl)

• singles: DC <10Hz (CHOOZ: ~130Hz)

• n-like (from μs): ~0.01HzDC-FD → <1HzDC-ND

• correlated BG [measurable in situ]:

• fast-n (from μ): reduce by cuts upon μ incidence

• recoil-p+ (mimic e+) & Gd-n upon themalisation

• cosmogenic BG [KamLAND]:

• long-lived (~ms) β-n decaying spallation products on 
C: Li & He



cosmogenic BG
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8Be+n

n+ß- < 11.9 MeV

49.5 %

n

9Li

9Be

ß- < 13.6 MeV

26%

178 ms

stable

2.4 MeV

2.8 MeV

11.3 MeV

ß- < 11.1 MeV

17 %

ß- < 10.8 MeV

5 %

ß- < 2.3 MeV

4 %

2 4He
! : 0.09 MeV

8He

8Li

8Be

ß- < 9.6 MeV

74 %

119 ms

838 ms

ß- < 16 MeV

100 %

2 4He
! : 0.09 MeV

0.98 MeV

3.21 MeV

5.4 MeV
ß- < 7.4 MeV

7 %

ß- < 5.2 MeV

7 %

7Li+n

n+ß- < 8.6 MeV

12 %

0.478 MeV

n

β-n sources



BG spectra
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important for spectral 
distortion analysis

approaches...

• BGND = BGFD

• BG/S <1% (per bin) 

good detector design

• S/√BG (per bin) for 

both ND & FD

• BG knowledge is 

difficult (n-flux)

BGs decreases with the 
depth of overburden

(s)



an experimentalist’s dream

28

switched off signal => measure background “naked”!

Apollonio et al (CHOOZ): hep-ex/0301017

multi-reactor-core experiments => less likely to happen



sensitivity evolution...



Ideal case:

sensitivity 
scales with 
√N

i.e. no syst. 
uncertainties

Sensitivity Evolution

30

once the flux-uncertainties are eliminated, by near detector

Double Chooz



Sensitivity Evolution
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Sensitivity 
Break Down:

•Rate: 
systamics domi-
nated

•Shape: 
statistics domina-
ted

Double Chooz
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sensitivity regime

Double Chooz & RENO

Daya Bay

Domains:

• Rate

• Rate+Shape

• Shape

Huber et al. hep-ph/0601266
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1st Generation (σsyst~0.6% & 105νs)

Double Chooz
RENO

hep-ex/0704.0498



Proposed experiments...

1st Generation (σsyst~0.6% & 105νs)
2nd Generation (σsyst~0.1% & 106νs)

Double Chooz

Angra

Daya Bay

RENO

hep-ex/0704.0498



Proposal: hep-ex/0606025
LoI: hep-ex/0405032

• Largest fraction of funding is secured, i.e.

the experiment is happening...

• 120 physics (30 labs): England, France, 
Japan, Germany, Russia, Spain, US & Italy

• France: approved CNRS & CEA

• Germany: approved MPI & BMBF

• Japan (KASKA): all PMs => 10” PMs

• Spain: approved CIEMAT

• US: NSF + pending DoE

• England: PPARC R&D, more...

• Italy: private but important contributions



DC-ND

DC-FD

Designed and R&D completed

35 Ready for building...
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FD & ND labs



engineers’ perspective
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Muons VETO
(shield)
Inner radius = 3,471m

Thickness = 
200mm

Acrylic Gamma 
catcher vessel
(Inner radius = 1,696m
Inner H = 3,55 m
t = 12mm)

L
S

 +
 0

,1
%

G
d

L
S

Acrylic Target 
vessel
(Inner radius =1,15m
H = 2,474m
t = 8mm)

Stainless steel 
Buffer
(Inner radius = 2,758m
Inner H = 5,674m
t = 3mm)



DC R&D
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WFD profile for a 20 PE 

• truth

• simulation
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Liquid Scintillator Stability  R&D
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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 
uncertainties)

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

knowledge versus time...

hep-ex/0704.0498

sin2(2θ13) ≈ 0.054

sin2(2θ13) ≈ 0.024

fall 2008



systematics break down
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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 %
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Low background
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distance measured @ 10 cm & monitor 
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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)
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σnorm
abs

σrelative
norm

σanalysis
norm



Daya Bay

Proposal: hep-ex/0701029

• Project approved in China

• R&D funding: China & DoE

• Power Plant approved project

• 100 physics (China, US, Russia)

• Proposal under preparation

• Schedule: start data taking by 2008



• Sensitivity in steps:

• Mid: sin2(2θ13)limit=0.041

• Mid+LA2: sin2(2θ13)limit=0.038

• Far(full): sin2(2θ13)limit=0.011

characteristics

43

Detector near DB near LA mid far

Distance from DB 1 (m) 350 1,356 1,153 1,970

Distance from DB 2 (m) 381 1,331 1,161 2,000

Distance from LA I 1 (m) 942 492 783 1,619

Distance from LA I 2 (m) 1,030 475 818 1,623

Distance from LA II 1 (m) 1,378 500 968 1,602

Distance from LA II 2 (m) 1,463 555 1,029 1,624

Detector eff. 80 % 80 % 80 % 80 %

Dead Time 7.2 % 4.3 % 1 % 0.2 %

Rate without eff. (d−1) 1,938 1,813 494 430

Rate with detector eff. (d−1) 1,550 1,450 395 344

Integrated rate (y−1) 4.10 105 3.95 105 1.11 105 9.77 104

Table 8: Daya Bay antineutrino rates expected in the near and far detectors, with and without reactor and
detector efficiencies. The integrated rate in the last line includes detector efficiency, dead time, and reactor
off periods averaged over a year. We assumed that LA II NPP will be operating for the time the far site
will be fully installed, but for the Mid site installation we assumed that LA II will be off.

DB LA1 LA2

near 1 (DB) 83.1 % 11.4 % 5.5 %

near 2 (LA) 6.5 % 50.6 % 42.8 %

Mid (LA2 OFF) 32.3 % 67.7 % 0.0 %

Mid (LA2 ON) 22.5 % 47.1 % 30.4 %

far 24.9 % 37.4 % 37.7 %

Table 9: Daya Bay rate contributions from each NPP set (2 cores by set) while assuming, except if otherwise
noticed (3rd line), the new Ling Ao II NPP is operating at full power.

Figure 3: Daya Bay installation phases and site configuration. On the left: phase I, with 2 × (2 × 20 t)
detectors, Daya Bay and Ling Ao I power plants are operating. On the right: phase II with 2 × (2 × 20 t)
near sites, and 4 × 20 t at far site, all three power plants are operational.
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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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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
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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
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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].
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 beam sensitivity illustration

• beam: appearance

• posc α sin2(2θ13) [<10%]

• posc α signal (statistics)

• BG ~ constant(E/L)

• δCP: modulates posc

• anti-ν/ν: -π phase

• sin2(2θ13) reactor
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FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.

14

FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.

14

F
IG

.
6:

O
sc

il
la

ti
on

p
ro

b
ab

il
it
y

fo
r

ν
µ
→

ν
e

ap
p
ea

ra
n
ce

vs
.

δ C
P

fo
r

th
e

T
2K

(t
op

)
an

d
N

ov
a

(b
ot

to
m

)
ex

p
er

im
en

ta
l
se

tu
p
s

w
it
h

∆
m

2
=

2.
5
×

10
−

3
eV

2
,
si

n
2
2θ

1
3

=
0.

05
an

d
si

n
2
2θ

2
3

=
0.

95
.

T
h
e

fo
u
r

cu
rv

es
co

rr
es

p
on

d
to

p
u
re

n
eu

tr
in

o
(s

ol
id

:
n
or

m
al

h
ie

ra
rc

hy
,
d
as

h
ed

:
in

ve
rt

ed
h
ie

ra
rc

hy
)

or
an

ti
n
eu

tr
in

o
(b

la
ck

ci
rc

le
:

n
or

m
al

h
ie

ra
rc

hy
,
w

h
it
e

ci
rc

le
:

in
ve

rt
ed

h
ie

ra
rc

hy
)

b
ea

m
s.

T
2K

an
d

N
ov

a
w

it
h

in
cr

ea
se

d
in

te
n
si

ty
ca

n
st

ar
t

to
p
ro

b
e

th
e

C
P

vi
ol

at
io

n
p
h
as

e
sp

ac
e

if

si
n

2
2θ

1
3

!
0.

02
.

(T
h
e

n
ar

ro
w

re
gi

on
in

th
e

lo
w

er
ra

n
ge

of
δ

is
d
u
e

to
th

e
am

b
ig

u
it
y

b
et

w
ee

n

n
or

m
al

an
d

in
ve

rt
ed

h
ie

ra
rc

h
ie

s.
)

T
h
e

re
ac

to
r
m

ea
su

re
m

en
ts

sh
ow

h
ow

vi
ab

le
a

C
P

vi
ol

at
io

n

m
ea

su
re

m
en

t
w

il
l
b
e

w
it

h
th

e
va

ri
ou

s
co

m
b
in

at
io

n
s

of
th

e
lo

n
g-

b
as

el
in

e
se

tu
p
s.

14
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(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.

14

FIG. 6: Oscillation probability for νµ → νe appearance vs. δCP for the T2K (top) and Nova

(bottom) experimental setups with ∆m2 = 2.5 × 10−3 eV2, sin2 2θ13 = 0.05 and sin2 2θ23 = 0.95.

The four curves correspond to pure neutrino (solid: normal hierarchy, dashed: inverted hierarchy)

or antineutrino (black circle: normal hierarchy, white circle: inverted hierarchy) beams.

T2K and Nova with increased intensity can start to probe the CP violation phase space if

sin2 2θ13 ! 0.02. (The narrow region in the lower range of δ is due to the ambiguity between

normal and inverted hierarchies.) The reactor measurements show how viable a CP violation

measurement will be with the various combinations of the long-baseline setups.

14

hep-ex/0409028



 beam sensitivity illustration

• beam: appearance

• posc α sin2(2θ13) [<10%]

• posc α signal (statistics)
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what to expect from conventional beams?
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what to remember?



beams + reactors = deeper insight

52

observation no observation

Competitive & overlapping coverage by both techniques!

Huber et al: hep-ph/0601266

Similar time scale



emergency slides...
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Figure 11: Antineutrino running vs reactor-II (δ sin2 2θ13 ∼ 0.01). The 90%
CL(solid curve) and 3σ (dashed curves) allowed regions in the sin2 2θ13 −
δl−plane for the true values sin2 2θ13 = 0.1 and δl = π/2, are shown. The
blue/dark curves refer tot the allowed regions for the normal mass hierarchy,
whereas the red/light curves refer to the sgn(∆2

13)-degenerate solution (inverted
hierarchy), where the projections of the minima onto the sin2 2θ13−δl−plane are
shown as diamonds (normal hierarchy) and dots (inverted hierarchy). For the
latter, the ∆χ2-value with respect to the best-fit point is also given. Adopted
from [19].
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Matter effects in a nut-shell

• Earth made of matter (no anti-matter): e-, p+, n

• free-Hamiltonian is different for anti-ν/ν due to 
interaction with matter by ν only (through W)

• i.e. modification of mass spectrum and mixing...

• break degeneracy (CPT) between anti-ν/ν

• new effective masses

• new effective mixing angles 

• modify oscillation equations

• explicit “L” dependence (not only E/L)
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Believing in ν-oscillations?

56

One the most fascinating demonstration so far...

SOLAR (ALL)
P=0.3 (Nobs/Nexp)
(matter effects) 

KamLAND
P=0.6 (Nobs/Nexp)
(vacuum osc.)

2

parameter bf±1σ 1σ acc. 2σ range 3σ range

∆m2
21 [10−5eV2] 7.9 ± 0.3 4% 7.3 − 8.5 7.1 − 8.9

|∆m2
31| [10

−3eV2] 2.5+0.20
−0.25 10% 2.1 − 3.0 1.9 − 3.2

sin2 θ12 0.30+0.02
−0.03 9% 0.26 − 0.36 0.24 − 0.40

sin2 θ23 0.50+0.08
−0.07 16% 0.38 − 0.64 0.34 − 0.68

sin2 θ13 − − ≤ 0.025 ≤ 0.041

TABLE I: Best fit values (bf), 1σ errors, relative accuracies at 1σ, and 2σ and 3σ allowed ranges of three-flavor
neutrino oscillation parameters from a combined analysis of global data.
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FIG. 1: Determination of the leading oscillation parameters from an interplay of experiments with natural and
artificial neutrino sources (left and middle panels). In the right panel the allowed regions are shown with (colored
regions) and without (contour curves) MINOS data. In the left and middle panels the allowed regions are shown at
90% CL (dashed curves) and 99.73% CL (solid curves and shaded regions), whereas in the right panel regions are
shown at 90%, 95%, 99%, and 99.73% CL.

Also In this case, by now we have an independent
confirmation of the effect by experiments based on
man-made neutrinos, namely the first generation of
long-baseline (LBL) accelerator experiments explor-
ing the νµ disappearance oscillation channel. In the
K2K experiment [8] the neutrino beam is produced
at the KEK proton synchrotron, and originally con-
sists of 98% muon neutrinos with a mean energy of
1.3 GeV. The νµ content of the beam is observed at
the SK detector at a distance of 250 km. For the
K2K-I and K2K-II data (0.89 × 1020 p.o.t. in total)
107 events have been detected, whereas 151+12

−10 have
been expected for no oscillations.

Recently first data (0.93 × 1020 p.o.t.) from the
MINOS experiment have been released [9]. A neu-
trino beam with 98.5% (νµ + ν̄µ) and a mean en-
ergy of 3 GeV is produced at Fermilab and observed
at the MINOS detector in the Soudan mine at a
distance of 735 km. In the absence of oscillations
177 ± 11 νµ events with E < 10 GeV are expected,
whereas 92 have been observed, which provides a
5.0σ evidence for disappearance. In our re-analysis
we use spectral data divided into 15 bins in recon-
structed neutrino energy, and our allowed region
from MINOS-only is in very good agreement with
the official result [9]. The values of the oscillation pa-
rameters from MINOS are consistent with the ones
from K2K, as well as from SK atmospheric data.

The impact of the data from MINOS in the global
analysis is illustrated in Fig. 1 (right). We find that
the best fit point for ∆m2

31 is shifted upward from
2.2×10−3 eV2 for SK+K2K to 2.5×10−3 eV2. In ad-
dition MINOS improves the lower bound on ∆m2

31,
which is increased from 1.4×10−3 eV2 for SK+K2K
to 1.9 × 10−3 eV2 at 3σ. The relative accuracy on
∆m2

31 at 1σ is improved from 14% to 10%. As obvi-
ous from the middle panel of Fig. 1 the determina-
tion of θ23 is completely dominated by atmospheric
data and there is no change due to MINOS. Let us
add that present data cannot distinguish between
∆m2

31 > 0 and < 0, and hence, both, the normal and
inverted neutrino mass hierarchies provide equally
good fits to the data.

III. THE BOUND ON θ13

Similar to the case of the leading oscillation pa-
rameters, also the bound on θ13 emerges from an
interplay of different data sets, as we illustrate in
Fig. 2. An important contribution to the bound
comes, of course, from the CHOOZ reactor exper-
iment combined with the determination of ∆m2

31

from atmospheric and LBL experiments. However,
due to a complementarity of low and high energy so-
lar data, as well as solar and KamLAND data also

hep-ph/0606060
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Also In this case, by now we have an independent
confirmation of the effect by experiments based on
man-made neutrinos, namely the first generation of
long-baseline (LBL) accelerator experiments explor-
ing the νµ disappearance oscillation channel. In the
K2K experiment [8] the neutrino beam is produced
at the KEK proton synchrotron, and originally con-
sists of 98% muon neutrinos with a mean energy of
1.3 GeV. The νµ content of the beam is observed at
the SK detector at a distance of 250 km. For the
K2K-I and K2K-II data (0.89 × 1020 p.o.t. in total)
107 events have been detected, whereas 151+12

−10 have
been expected for no oscillations.

Recently first data (0.93 × 1020 p.o.t.) from the
MINOS experiment have been released [9]. A neu-
trino beam with 98.5% (νµ + ν̄µ) and a mean en-
ergy of 3 GeV is produced at Fermilab and observed
at the MINOS detector in the Soudan mine at a
distance of 735 km. In the absence of oscillations
177 ± 11 νµ events with E < 10 GeV are expected,
whereas 92 have been observed, which provides a
5.0σ evidence for disappearance. In our re-analysis
we use spectral data divided into 15 bins in recon-
structed neutrino energy, and our allowed region
from MINOS-only is in very good agreement with
the official result [9]. The values of the oscillation pa-
rameters from MINOS are consistent with the ones
from K2K, as well as from SK atmospheric data.

The impact of the data from MINOS in the global
analysis is illustrated in Fig. 1 (right). We find that
the best fit point for ∆m2

31 is shifted upward from
2.2×10−3 eV2 for SK+K2K to 2.5×10−3 eV2. In ad-
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which is increased from 1.4×10−3 eV2 for SK+K2K
to 1.9 × 10−3 eV2 at 3σ. The relative accuracy on
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31 at 1σ is improved from 14% to 10%. As obvi-
ous from the middle panel of Fig. 1 the determina-
tion of θ23 is completely dominated by atmospheric
data and there is no change due to MINOS. Let us
add that present data cannot distinguish between
∆m2

31 > 0 and < 0, and hence, both, the normal and
inverted neutrino mass hierarchies provide equally
good fits to the data.

III. THE BOUND ON θ13

Similar to the case of the leading oscillation pa-
rameters, also the bound on θ13 emerges from an
interplay of different data sets, as we illustrate in
Fig. 2. An important contribution to the bound
comes, of course, from the CHOOZ reactor exper-
iment combined with the determination of ∆m2
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BD rates
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eliminate flux uncertainty
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eliminate flux uncertainty
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Bugey (3 & 4)
vs

Schreckenbach et al 
(1985) 

flux known to ~2%
Apollonio et al (CHOOZ): hep-ex/0301017

(s)



eliminate flux uncertainty

59

Solar

Atm

ND FD

Double Chooz

P(νe→νe) ~
~ 1 - sin2θ13 sin2(Δm213 L/4E) + …

Bugey (3 & 4)
vs

Schreckenbach et al 
(1985) 

flux known to ~2%
Apollonio et al (CHOOZ): hep-ex/0301017
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dead-time measurement

• FEE + WFD deadtimeless

• trigger deadtime <40ns per trigger

• offline cut: 500μs±2ns veto after each through going μ:

• ND deadtime ~ 30% (still ~700 kν/y)

• in situ measurements

• usual: veto AND synchronous clock

• faked ν-events (LED)

• radioactive sources too
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DC deadtime measurements

• faked-ν injection by light system: 

• 2 flashes with τ~30μs and correct light level

• deadtime of full system (FEE, DAQ,etc)

• monitor deadtime of system regularly vs time

• dedicated system by Heidelberg group

• calibration source in both detector: “inter-calibrate”

• deadtime-less electronics with WFD (256ns window)

• (typical) pulse generation injection: DAQ deadtime
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