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* Three Neutrinos: 
Electron Neutrino 

Muon Neutrino 

Tau Neutrino 

* Neutrinos in the Standard 
Model: 

Massless 

Chargeless   
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Component Neutrino” on page 32). 
n that theory, particle-antiparticle 
scillations could not occur. 

olar Neutrinos. In 1963, after 
Lederman, Steinberger, and Schwartz
howed that there were two distinct 

flavors of neutrino, the idea of oscilla-
on between electron neutrinos and

muon neutrinos surfaced for the first
me. This possibility requires mixing
cross the lepton families as well as
onzero neutrino masses. In 1969, it

was decided that the idea of neutrino
scillation was worth testing. The Sun
s known to drench us with low-energy
lectron neutrinos that are produced in
he thermonuclear furnace at its core, 
s shown in Figure 13(a). By using 
tandard astrophysics models about 
tellar processes and the observed value
f the Sun’s luminosity, theorists can
redict the size of the neutrino flux. But

measurements of the solar-neutrino flux
resent an intriguing puzzle: A signifi-
ant fraction of those electron neutrinos
pparently disappear before reaching
ur terrestrial detectors. Ray Davis

made the first observation of a neutrino
hortfall at the Homestake Mine in
outh Dakota, and all experiments
ince have confirmed it. Today, the

most plausible explanation of the solar-
eutrino puzzle lies in the oscillation of
lectron neutrinos into other types of
eutrinos. Although the measured short-
all is large and the expected amplitude
or neutrino oscillations in a vacuum 
s small, neutrino oscillations can 
till explain the shortfall through 
he MSW effect. 

Named after Mikheyev, Smirnov, and
Wolfenstein, the MSW effect describes
ow electron neutrinos, through their 
nteractions with electrons in solar mat-
er, can dramatically increase their 
ntrinsic oscillation probability as they
ravel from the solar core to the surface.

This matter enhancement of neutrino 
scillations varies with neutrino energy
nd matter density. The next generation
f solar-neutrino experiments is specifi-
ally designed to explore whether the
lectron neutrino deficit has the energy

dependence predicted by the MSW 
effect (see the articles “Exorcising
Ghosts” on page 136 and “MSW” 
on page 156).

Atmospheric Neutrinos. In 1992, 
another neutrino deficit was seen—this
time in the ratio of muon neutrinos to
electron neutrinos produced at the top
of the earth’s atmosphere. When high-
energy cosmic rays, mostly protons,
strike nuclei in the upper atmosphere,
they produce pions and muons, which
then decay through the weak force and
produce muon and electron neutrinos.
The atmospheric neutrinos have very
high energies, ranging from hundreds
of million electron volts (MeV) to tens
of giga-electron-volts, depending on the
energy of the incident cosmic ray and
on how this energy is shared among the
fragments of the initial reaction. As
shown in Figure 13(b), the decay of
pions to muons followed by the decay
of muons to electrons produces two
muon neutrinos for every electron neu-
trino. But the measured ratio of these
two types is much smaller (see the arti-
cle “The Evidence for Oscillations” on
page 116). The oscillation of muon
neutrinos into tau neutrinos appears to
be the simplest explanation. 

Accelerator Neutrinos. The lone 
accelerator-based experiment with 
evidence for neutrino oscillations is
LSND. This experiment uses the high-
intensity proton beam from the linear
accelerator at the Los Alamos Neutron
Science Center (LANSCE) to generate
an intense source of neutrinos with 
average energies of about 50 MeV. 
In 1995, the LSND collaboration 
reported positive signs of neutrino 
oscillations. An excess of 22 electron
antineutrino events over background
was observed. They were interpreted as
evidence for the oscillation of muon
antineutrinos, into electron antineutri-
nos (see Figure 13c). The muon anti-
neutrinos had been produced at the 
accelerator target through antimuon
decay-at-rest. As in the experiments
described earlier to study electron-

family-number and muon-family-
number conservation laws, the electron 
antineutrino was detected through its
charged-current interaction with matter,
that is, through inverse beta decay.

Recently, members of the LSND
collaboration reported a second positive
result. This time, they searched for the
oscillation of muon neutrinos rather
than muon antineutrinos. The muon
neutrinos are only produced during pion
decay-in-flight, before the pions reach
the beam stop. Therefore, these neutri-
nos have a higher average energy than
the muon antineutrinos measured in the
earlier experiment. The muon neutrinos
were observed to turn into electron 
neutrinos at a rate consistent with the
rate for antineutrino oscillation reported
earlier. Since the two experiments 
involved different neutrino energies and
different reactions to detect the 
oscillations, the two results are indeed 
independent. The fact that the two 
results confirm one another is therefore
most significant. The complete story of
LSND can be found in the article 
“A Thousand Eyes” on page 92. 

Each type of experiment shown in
Figure 13, when interpreted as an 
oscillation experiment, yields informa-
tion about the oscillation amplitude and
wavelength. One can therefore deduce
information about the sizes of neutrino
masses and lepton-family mixing para-
meters. The specific relationships are
explained in the next section.

The Mechanics of Oscillation

Oscillation, or the spontaneous peri-
odic change from one neutrino mass
state to another, is a spectacular exam-
ple of quantum mechanics. A neutrino
produced through the weak force in,
say, muon decay, is described as the
sum of two matter waves. As the 
neutrino travels through space (and 
depending on which masses are 
measured), these matter waves interfere
with each other constructively or de-
structively. For example, the interfer-
ence causes first the disappearance and

(a) Solar neutrinos—a disappearance experiment. The flux of electron neutrinos produced
in the Sun’s core was measured in large underground detectors and found to be lower than
expected. The “disappearance” could be explained by the oscillation of the electron neutrino
into another flavor.

(b) Atmospheric neutrinos—a disappearance
experiment. Collisions between high-energy
protons and nuclei in the upper atmosphere can
create high-energy pions. The decay of those
pions followed by the decay of the resulting
muons produces twice as many muon-type 
neutrinos (blue) as electron-type neutrinos
(red). But underground neutrino detectors 
designed to measure both types see a much
smaller ratio than 2 to 1. The oscillation of
muon neutrinos into tau neutrinos could 
explain that deficit.

(c) LSND—an appearance experiment. Positive pions decay at rest into positive muons,
which then decay into muon antineutrinos, positrons, and electron neutrinos. Negative pions
decay and produce electron antineutrinos, but that rate is almost negligible. A giant liquid-
scintillator neutrino detector located 30 meters downstream looks for the appearance of 
electron antineutrinos as the signal that the muon antineutrinos have oscillated into that flavor. 

Figure 13. Three Types of Evidence for Neutrino Oscillations 

* Solar neutrino experiments measured lower flux of 
electron neutrino than what was expected. 

* And they conclude that this disappearance was 
caused by electron neutrinos oscillating to another 
flavor. 
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* Neutrinos should have mass to oscillate according to 

quantum mechanics. 

* Neutrino oscillation is possible because the waves of the 
mass states interfere with each other to form a different 
flavor state. 
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Mixing Matrix 
represent the 
oscillation between 
all three neutrinos: 

Flavor 
Eigenstates 

Mixing Matrix Mass 
Eigenstates 
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* Where U is made up of the “mixing angles” 

between the neutrino states. 
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Solar: θ12 ≈33o “Little mixing angle, θ13” 
θ13<13o  and δ=?? Atmospheric: θ23≈45o 

* Reactor Disappearance Experiment provides the 
best method to approach to a precise measurement 
of  angle θ13. 



* The Reason why Reactor Disappearance Experiments is our best option 
is because in this experiment θ13 those not depend on any unknown 
parameter. 
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* νe

νe + p→ n+ e+

Neutron Capture 

* Detection in Gadolinium 
Scintillator: 
* e+ signal 1-8MeV 

* e+ e- annihilation (2x511KeV) 
* Evis=Ev-(Mn-Mp)+me 

* Delayed Energy Neutron 
Capture: 
* Gd ~30µs ~8MeV 

* H  ~200µs ~2.2MeV 



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

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

Figure 1: Overview of the experiment site.

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

1For clarity, the first reactor neutrino experiment conducted at the Chooz reactor is herein referred to in uppercase.
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* Double Chooz Experiment 
Two Identical detectors 

•  Near Detector: 
•  Distance: 410 meters 

from Reactors. 
•  Neutrino Interactions: 

~500 ν/day 

 

•  Far Detector: 
•  Distance: 1.05 Km from 

reactors 
•  Neutrino Interactions: 

~70 ν/day 

 

Reactors Power: 8.4 GWth 
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 detector

Inner Muon Veto :
mineral oil + 70 8’’ PMTs

 Target � :
LS; 80% C12H26+ 20% PXE +0,1% Gd

            + PPO + Bis-MSB

 � Catcher :
LS; 80% C12H26 + 20% PXE + PPO + Bis-MSB

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

 Steel Shielding :
17 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: far and near
* 
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	-Capture

• Can cause nuclear break-

up producing neutrons and

cosmogenic nuclei

• Contributes to correlated

backgrounds just as in

previous 2 mechanisms

• Estimated from muon flux

and '- capture rates in

detector materials

• Expected to contribute

<0.1% systematic error at

both far and near detectors

• OV will be able to veto and

track '-capture on dead

material in detector

�-

Backgrounds: correlated
Neutrino Target and 
Gamma Catcher  

PMT 

Buffer Vessel with 
PMTs intalled 

Outer Veto Inner Veto 
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* Purpose of the Analysis: 
* Graph and analyze events of neutron capture following a 

muon on both Hydrogen and Gadolinium. 
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� Detect anti-neutrinos via inverse beta
decay

� p + � �n + e+

� In Gd-loaded scintillator

� e+ signal 1-8MeV
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�  Gd  ~30 /s ~ 8 MeV (>80%)�

�  H  ~200 /s    2.2 MeV
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•  Neutron Captures 
following muon. 

•  Histogram shows both 
hydrogen and gadolinium 
capture events. 

•  Hydrogen Energy 
Capture: 2.2 MeV 

•  Gadolinium Energy 
Capture: ~8MeV 

Data From Double Chooz Far Detector-July 03 
Cuts: 
Energy >1.5MeV to eliminate Background noise 
20µs < Δt < 50µs trigger-time for Delayed Energy 
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•  Fit of Neutron Captures 
on hydrogen 

•  Hydrogen Peak Energy 
Capture: 2.118MeV 

Data From Double Chooz Far Detector-July 03 
Cuts: 1.5MeV to 3MeV-Range of energies in the 
hydrogen capture 
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•  Fit of Neutron Captures 
on Gadolinium 

•  Gadolinium Peak Energy 
Capture: 8.716MeV 

Data From Double Chooz Far Detector-July 03 
Cuts: 7.5MeV to 10MeV-Range of energies in the 
Gadolinium capture 
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Error Bars: is the error on 
the mean of each of the 
Hydrogen Peak Fits. 
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Error Bars: is the error on 
the mean of each of the 
Gadolinium Peak Fits. 
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* Calibration of the Detector 

* Normalization of Spectrum 

* Study the Physics of neutrino oscillation 
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* Double Chooz Group 
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*  Everyone else at Nevis 


