
Double Chooz Neutrino REU

Anya Fadeeva (Syracuse University)

August 2, 2013

Abstract

This paper seeks to explain the set up of the Double Chooz neutrino detection ex-
periment on a basic level, and justify the need for a directionality based analysis of
current results. The Double Chooz experiment’s current analysis looks at energies and
timing of specific events, and encounters problems with background noise because of
non-neutrino neutrino-like events. Incorporating directionality into analysis would fur-
ther help distinguish reactor-neutrino events from neutrino-like random (background)
events.

1 The Standard Model

Modern science is famous for it’s para-
doxes, unimaginable truths, and the fact
that you’ll get a different answer about
almost anything depending on who you
ask. If one were to ask a particle physicists
anything at all, he would start by describ-
ing to you the standard model, and there I
will begin, as well.
“There is a theory which states that if ever
anyone discovers exactly what the Universe
is for and why it is here, it will instantly
disappear and be replaced by something
even more bizarre and inexplicable. There
is another theory which states that this has
already happened.”-Douglas Adams

The standard model (Figure 1) is a
system of particles, claimed to make up all
visible matter in the known universe. The
model groups particles by type:

1. quarks: up, down, charm, strange,

top, and bottom (and all correspond-
ing anti particles, i.e. anti-up, anti-
down, etc.)

2. leptons: electron, electron neutrino,
muon, muon neutrino, tau, tau neu-
trino (as well as anti-electron, electron
anti-neutrino, etc.)

3. force carriers: photon (carrier of the
electromagnetic force), gluon (carrier
of the strong force), three bosons: Z
boson, W+ boson, and W- boson (car-
riers of the weak force), and finally, the
most recent addition: the Higgs boson
(mediator of the gravitational force)

Particles are distinguishable by sev-
eral defining characteristics: mass, spin,
charge, and the kind of interactions they
undergo (which forces act upon them).
Everything with mass is acted upon by
gravity (via Higgs boson interactions).
Everything with electric charge is acted
upon by electricity and magnetism. Ev-
erything with color charge (red, green, or
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Figure 1: Standard Model.

Figure 2: PMNS Mixing Matrix explaining
the relationship between flavor states and
mass states.

blue; simply nominal) is acted upon by the
gluon; this is all quarks, which cannot exist
individually, rather are always coupled to
on or two other quarks in order to satisfy
color neutrality. An object is color neutral
either when it is composed of red, green,
and blue or when it is a [color, anti-color]
pair (e.g. red and anti-red). It may not
be clear from Figure 1, but is important
to know that only quarks and gluons have
color charge (any quark can be any color).
Finally, every fermion (every spin 1/2
particle) is acted upon by the weak force.

Neutrinos are of particular interest
to some physicists, and they are rather
difficult to study because of their basic
properties. The standard model says that
neutrinos can have one of three leptonic
flavors for neutrinos (electron, muon, tau),

Figure 3: PMNS Mixing Matrix.

cannot have electric or color charge, and
are massless.

At the dawn of neutrino detection, Ray
Davis set up an experiment to observe
electron anti-neutrinos from the sun, and
eventually observed one third as many as
he predicted. [8] The proposed solution
to resolve the discrepancy introduced
two new notions to the standard model:
neutrinos do have mass and they can
oscillate states, meaning neutrinos can
change their leptonic flavour. A tau
neutrino (ντ ) can oscillate into a muon
neutrino (νµ), a νµ into a νe, and a νe
into a ντ (and vice versa). Furthermore,
neutrinos must change mass when they
oscillate. There are three flavor states, and
three mass states a neutrino can be, and
flavour eigenstates are not equal to mass
eigenstates.

The Pontecorvo-Maki-Makagawa-
Sakata matrix (referred to as PMNS
matrix), as depicted in Fig. 2, helps
describe the relationship between neutrino
lepton flavor and neutrino mass state.

The probability for oscillation is:

Posc = sin2(2θ) ∗ (sin(1.27 ∗ (δm2) ∗ L/E)
(1)

in which θ is the mixing angle (from
the PMNS mixing matrix), delta m2 is
the mass2 difference between the neutrino
states, L is the baseline (distance neutrino
has traveled between emission/creation and
detection), and E is the energy of the neu-
trino beam. It is important to note that
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Figure 4: Flavour Mass Paradigm, also
known as the mass hierarchy problem. We
know the difference between m2

3 and m2
2,

but we don’t know which one is greater.

this probability is from a two neutrino
model, which stems from the thought that
two of the neutrino mass states are so close,
that there difference can be deemed negli-
gible, and can be approximated to a two
neutrino model. To be clear, we will be ad-
dressing three mixing angles (θ12, θ13,θ23)
and two mass2 differences (δ21

2 and δ32
2)

for the purposes of this paper. [6]

Physicists have been able to measure
mixing angles 23 (atmospheric) to be ∼45
◦ and 12 (solar) to be ∼33 ◦. This leads us
into the next unknown: the mass hierarchy
problem (Figure 4). From the nature of
the measurements made, we know the
difference in mass between 12 oscillations
and 23 oscillations, however we don’t know
the sign.

As per the standard model prediction,
the neutrino is weakly interacting, which is
to say it can exchange W+,- or Z bosons
with other particles. Having no color

Figure 5: Inverse Beta Decay Feynman di-
agram, a more spatially realistic diagram.

charge or electric charge, it cannot interact
strongly or electromagnetically, making it
notoriously hard to detect. One such weak
interaction occurs between an electron anti-
neutrino and a proton, yielding a neutron
and a positron. This process is called in-
verse beta decay, or IBD for short (Fig. 5).

The incredible utility of inverse beta de-
cay is that it yields two detectable parti-
cles; thus allowing an avenue to detect anti-
neutrino interactions. The IBD interaction
is the only avenue for charged current de-
tection. Note that this implies that we
can only observe the electron anti-neutrino
experimentally (with the exception of few
experiments that can observe other flavor
via no charged current interaction). The
topic of inverse beta decay and flavor oscil-
lations perfectly leads into the question of
real world experiments. [7]

2 Neutrino Detection

One way of distinguishing amongst exper-
iments is by drawing the distinction be-
tween appearance and disappearance ex-
periments.
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2.1 Appearance Experiments

Appearance experiments (such as Micro
Boone at Fermi Lab) expect that the neu-
trinos that they are looking for are ener-
getic enough to produce a particle of cor-
responding leptonic flavor. For example,
a muon neutrino would produce the muon
particle.

2.2 Disappearance Experiments

Disappearance experiments look for a lack
of neutrino based on oscillation of flavor.
In other words, a disappearance experi-
ment predicts a certain amount of neutri-
nos emitted from their source of choice. If,
in their prediction, the amount of oscilla-
tion the neutrinos undergoes is zero, then
the experiment will see all of the predicted
neutrinos. However, since we do expect os-
cillation, physicists end up detecting only a
percentage of the predicted neutrinos emit-
ted, thus assuming the rest oscillated into
tau or muon neutrinos. Thus they look for
disappearance. It is important for a disap-
pearance experiment to have two detectors
(at different values of L, the baseline) for
comparison.

3 Double Chooz

The Double Chooz is a disappearance ex-
periment is located in a town called Chooz,
in Northern France. The experiment is
comprised of two detectors (a near and a
far), in order to be able to confirm the de-
pendance of the oscillations on separation
from source. The far detector is located
∼1050 m from the center of the two reactor
cores (the only two cores of the Chooz Nu-
clear Power Plant), which are the primary
source of the neutrinos detected. The elec-
tricity company (Electricite de France, aka

EdF) reports whether or not both reactors
are on, and what power level they are oper-
ating, from which comes the prediction for
how many neutrinos to expect; the neutrino
beam is usually at ∼3.5 MeV. It is impor-
tant to note that while the far detector has
been up and running for several years, the
near detector is currently under construc-
tion, but can be expected to have first re-
sults by summer of 2014. Double Chooz
has been collecting data since 2011, and
the currently accepted value of sin2 θ13 is
reported to be: sin2 θ13 = 0.109 +/- 0.030
(statistical) +/- 0.025(systematic ) [2].

3.1 Detector Description

The detector itself is a composition of the
inner detector, outer detector, inner veto,
and outer veto. At the very center of
the big cylindric construction is an area
called the ν -target, outside of which is the
gamma catcher. Within these two vessels
occur all detectable IBD processes of fo-
cus. Outside of the gamma catcher is the
buffer region, with walls lined with PMTs
which read out detected events. The target
is full of gadolinium-doped scintillator sol-
vent, and the gamma catcher is just scin-
tillator liquid. All liquids in the detector
are kept at the same temperature and den-
sity. Finally, the buffer is filled with medic-
inal oil, for shielding purposes (to shield
from radiation coming from the PMTs or
surrounding rock). These three concentric
cylinders are collectively the inner detector.

The next layer is an inner veto, which al-
lows to veto non-neutrino events; this will
be elaborated upon in the analysis section.
The inner detector and the inner veto are
surrounded by steel shielding, protecting
against gamma rays, cosmic muons, and
other noise entering the detector (though
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Figure 6: View of open tank from above.
Within the blue ring is the target, within
the red is the gamma catcher, and within
the green is the buffer. [2]

this merely decreases the amount of noise
entering the detector, and does not elimi-
nate it). All in all, the cylinders encased
in shielding are approximately 7 by 7 m2.
Above this construction is an outer veto
layer, which also allows to noise particles
from entering. Particles that cannot be
stopped from entering, will be recorded
as having passed through, thus indicating
that within a certain time after their pass-
ing, one can expect to see them as noise
in the detector. Lastly, there is an up-
per outer veto on the ceiling of the de-
tector hall, several meters above the outer
veto. For calibration purposes, there is also
a source deposition opening called a glove
box; through which one can deposit radi-
ation sources into the target. All of the
above described is better seen in figures 6
and 7. [6] [4]

3.2 Data Collection and Data Analysis

In order to detect and use IBD events in
the detector, the PMTs in the buffer region
read out energy levels, location, and time
stamps of any observed event. The type

Figure 7: Cross section view of the detec-
tor. [4]
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of neutrino-like event the analysis looks for
consists of a prompt signal within .7 and
12.2 MeV, and a delayed signal within 6
and 12 MeV, with a time coincidence win-
dow of 2 and 100 µ-seconds. The prompt
event is the result of the positron left over
from IBD annihilating with an electron
close to the interaction, emitting 2 pho-
tons. This annihilation happens almost im-
mediately, thus the prompt signal location
is also taken to be the vertex of the inter-
action. The delayed signal is a result of
the remaining neutron. The neutron will
eventually undergo neutron-capture, dur-
ing which it is captured by a hydrogen or
gadolinium nucleus. This process, however,
is not immediate. As the neutron travels,
it’s path is often distorted because of the
elastic collisions it undergoes, it thermal-
izes (loses some energy in collisions) and
when it is both of a fitting energy and per-
fectly collides into a nucleus, it is captured.
The neutron’s path can happen within a
rather large window of time, given the na-
ture of the process. Neutron capture on Gd
(gadolinium) emits ∼8 MeV, and on H (hy-
drogen) emits ∼2.2 MeV. [3]

Analysis will look at all of the above fac-
tors to determine whether or not detected
events are neutrinos by judging their devia-
tion from neutrino-like characteristics, then
applying either a cut or a weight to say that
they are or are not likely to be reactor neu-
trinos.

3.2.1 Background and Noise

The main sources of background and inter-
fering data is lithium-9, fast neutrons, stop-
ping muons, and rock radioactivity. They
all have different origins, but all lead to en-
ergy levels within time windows very much
like the prompt and delayed signals, thus
qualifying as neutrino-like events. [2]

Lithium-9 Lithium 9 is an isotope created
when a cosmic muon enters the detector
and interacta with carbon atoms from the
scintillator liquid. This becomes a problem
because lithium-9 undergoes a beta-n de-
cay, in which it emits a a β and neutron,
which can end up mimicking a prompt and
delayed signal. [2]

Fast Neutrons Fast neutrons are a result of
muons hitting the rock surrounding the de-
tector, causing spallation neutrons. They
enter the detector, recoil off of a proton
and mimicking the prompt signal, and then
neutron capture mimicking the delayed sig-
nal. Furthermore, if it does not proton re-
coil, it may simply capture giving the de-
layed signal. Combined with an unrelated
gamma ray entering the detector within the
correct time window, it can be mistaken for
a prompt signal. Thus a gamma ray and
fast neutron can seem neutrino-like in two
ways. [2] [3]

Stopping Muons Stopping muons are a
problem when they enter the detector,
travel a short distance, and decay. The
track they leave before they decay causes
scintillation light, which imitates a prompt
signal, and the decay emits a Michel elec-
tron, which imitates a delayed signal. Dou-
ble Chooz observes 1.25+/-.54 problematic
muon events per day (problematic in that
they are energetic enough to cause above
described problems, often muons are low
energy and not an issue). [3]

Rock Radioactivity (Accidentals) It has
been mentioned already, the detector is
surrounded by rock on all sides. The
rock contains within it radioactive com-
ponents, which regularly emit gamma
rays, which may account for some of the
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above mentioned gamma rays, mimicking
prompt signals. Double Chooz observe
0.261+/-.002 events per day. [2]

All of the above described events would
be an unacceptable amount of background,
so to protect against them interfering with
the data collecting process, the inner and
outer veto help identify muons. Once a
muon passes through the several veto lay-
ers, it leaves a track behind, from which
we know it’s energy and direction. Prompt
and delayed events (appropriated for en-
ergy, direction, and position) occurring
within a window of time after the muon is
known to enter the detector are vetoed.

Problematically, with the amount of
muons passing through the vetoes, there is
too much dead time as a result.

4 Directionality

There is a difference between neutrino-
like impostors and neutrino-like reactor
neutrinos: directionality. Lithium 9, fast
neutrons, and stopping muons are all
isotropic because they come from rock
that uniformly surrounds the detector,
yet neutrinos come from one very specific
direction.

In the interest of making the Double
Chooz measurement more precise (the
truest everlasting struggle of experimen-
talism), any tool to differentiate between
signal and background is utile. Notice Fig.
8, the map of Double Chooz. The line
drawn between the average position of the
two reactors labeled as νe-bar (anti-νe),
is the path of the electron anti-neutrino.
Recall the description of the IBD and
post IBD process, also illustrated in Fig.
8. The vector being looked at during

Figure 8: schema of Double Chooz. B1 and
B2 are reactor cores, and FD is the Dou-
ble Chooz far detector. Note the difference
in reactor coordinate system and Double
Chooz far detector coordinate system. [2]

Figure 9: Sketch of directionality displace-
ment vector.

directionality analysis is the vector drawn
in bold, pointing from the prompt signal
to the delayed signal.

Erica Caden of Drexel University (thesis
defense in June 2013) has demonstrated
proof of principle with her thesis, demon-
strating that using only data form the
detector, she can use directionality to
reconstruct the position of the reactors.
This is to stay that using directionality
vectors (pointing within a relatively small
θ distribution from the path), one can
calculate the path of the neutrino. From
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that, one can trace is back. The error
on this calculation is sizeable, however
it demonstrates that there is a distinct
preference for the vector pointing from
the prompt signal position to the delayed
signal position to be of a certain degree
theta rather than not. [2] [9]

To justify the neutrino wind, consider
the displacement of neutrino events from
a data set of 8347 events (already pub-
lished). Each event comes with position in-
formation, from which I construct a direc-
tion vector, simply subtracting: prompt x
value from the delayed x value, and prompt
y value from the delayed y value. From Fig.
9, we can see that following the path of the
neutrino, one would expect a wind pointing
in the strong -y direction, and in the slight
-x direction. And in fact, the vector con-
structed from the data set of 8347 confirms
this. The vectors averaged point -16.9 mm
along the y-axis (in the frame of the de-
tector), and -3.11 along the x-axis. The
RMS on both values is 170. Looking at
the corresponding Monte Carlo file, there
are 949920 entries. The x component of
the displacement vector is -3.11, the y com-
ponent of the displacement vector is 13.21,
with both RMS being 166. [4]

5 Setbacks and Notes of Interest

While initially testing out the displace-
ment vector drawing program, we noticed
that there indeed was a neutrino wind,
however in differing directions in different
files. Data files seemed to indicated the
suspected direction: the one that made
sense geometrically, strongly negative
in the y direction and slightly negative
in the x direction (in the frame of the
detector hall). However, the corresponding

Monte Carlo file seemed to be off by 90 ◦

clockwise. It almost seemed as if the axes
had simply been switched in the making
of this file. With some investigation, it
was uncovered that in creating the MC
the axes of the detector were misaligned,
resulting in a rotation of 100.4 ◦ (citation:
Kyohei). This correction was applied for
the MC file. The data reported above
in the directionality segment is corrected
data. [6] [4] [1]

However, even outside of pure mistakes,
there is an inherent disadvantage to the
method. The thermalization process of the
neutron and it’s the path before neutron-
capture is highly unpredictable; the reason
it is somewhat helpful is because of the
remaining momentum (roughly along the
neutrino path direction). The path before
capture is inherently untraceable, thus we
look at pure displacement.

6 Conclusion and Future

Directionality analysis has proven that
neutrino winds are very much non-
negligible, and so: there are benefits
to including directionality weighing in
analysis (being more accuracy, smaller
error), as well as undiscovered uses.

It ought be noted that since position
information on events is becoming in
high demand, there ought be better book
keeping, to avoid situations like with the
rotation of the Monte Carlo. Furthermore,
the position information is not necessarily
available for all events because there hasn’t
been a use for ti thus far. From now on, po-
sition information should be kept track of
in order to use it for directionality analysis.
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”In the beginning the Universe was created. This has made a lot of people very angry
and been widely regarded as a bad move.”-Douglas Adams

References

[1] Kyohei Nakajima Neutrino Direction-
ality in n-H Niigata University: 2013.

[2] E. Caden Studying Neutrino Direc-
tionality with the Double Chooz Exper-
iment 2013: Drexel University.

[3] A. J. Franke Searching for Reactor
Antineutrino Flavor Oscillations with
the Double Chooz Far Detector 2012:
Columbia University: 2012.

[4] Y. Abe, et al. (Double Chooz Collabo-
ration) Reactor electron anti-neutrino
disappearance in the Double Chooz ex-
periment 2012.

[5] Y. Abe, et al. (Double Chooz Collab-
oration) Indication for the disappear-
ance of reactor [electron anti neutrino]
in the Double Chooz experiment 2012.

[6] Y. Abe, et al. (Double Chooz Collabo-
ration) First Measurement of θ13 from
Delayed Neutron Capture on Hydrogen
in the Double Chooz Experiment 2013.

[7] C. Mariani Neutrino Oscillations: an
Important Crack in the Standard
Model (powerpoint) Columbia Univer-
sity.

[8] R. Davis Measurement of the So-
lar Electron Neutrino Flux with the
Homestake Chlorine Detector Astro-
physical Journal 496: 1998.

[9] P. Vogel, J.F. Beacom The angular
distribution of the reaction ν̄e + p − >
e+ + n California Institute of Tech-
nology: 1999.

10


