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This Paper describes the work done analyzing the neutron capture on the Double Chooz detector located at 
northern France; this detector is searching for the oscillation of electron antineutrinos produced by a nuclear power 
plant. Neutrinos and also antineutrinos, of which there are three types, have been found to oscillate from one type 
to another. But these oscillations are governed by several parameters of which one of them have not been yet 
measured, this parameters is the mixing angle 𝜃!". The study of neutron capture in the Double Chooz is very 
important in the search of this parameter, and it is also important for the well calibration of the Double Chooz 
detector. 
 
 

1. INTRODUCTION 
 

1.1 The Standard Model of Particle Physics 
 

The Standard Model of Particle Physics is theory developed in 
throughout the early and middle 20th century, and the current 
formulation of the theory was finalized in the mid 1970s after the 
experimental confirmation of the existence of quarks. The Standard 
Model is based on two quantum field theories, electrodynamics and 
chromodynamics[2]. 

 
 

FIG. 1: The Standard Model of Particle Physics. Shows the Three 
families and two groups of particles as well as the force carriers 
particles. Also included in this picture is the Higgs boson. [1] 
 
 

The Standard Model is composed of three families of fermions, 
which are divided in two groups: quarks (up, down, charm, strange, 
top or bottom) and leptons (electrons, muons, tauons, or their 
associated neutrinos). Quarks are fractionally charged and interact 
mainly to the strong force using their color charge. Up and down 
quarks bind together to form protons and neutrons. And because 
fractional charges cannot exist independently there are no free 
quarks. And the other quarks are charm, strange, top, and bottom, 
this four quarks, which are part of the second and third family of 
quarks, are unstable because they quickly decay into less massive 
particles. Leptons on the other hand interact through all forces 
except the strong force interaction. These means they never bound 
inside a nucleus like quarks [2].   
 

This Standard Model explains a wide variety of experimental 
results, that’s why sometimes the Standard Model is known as the 
theory of almost everything, but this theory is short from being a 
complete theory because it misses to incorporate the physics of 
general relativity, such as gravitation and dark energy. The theory 

does not contain any dark matter particle, and it also does not 
correctly account for neutrino oscillations and their non-zero masses. 

 
The Standard Model not only describes the quarks and leptons, 

it also include the force carriers, in other words the mediators of 
strong, weak and electromagnetic forces. These force carrier particles 
are gluons, Z or W-bosons, and photons. Where the photon is the 
force carrier of the electromagnetic force, the W or Z-Bosons are in 
charge of the weak force interaction, and the gluons are in charge of 
the strong interaction which is in charge of keeping quarks together to 
form for example, protons and neutrons. Another particle described in 
the Standard Model is the Higgs boson, which is a theorized particle 
that produces the interaction that causes particles to have mass, this 
particle has only been theorized, but it hasn’t been detected [2]. 

 
Neutrinos are another example of particle on the Standard Model 

that has not been understood by scientists, in the Standard Model 
neutrinos are massless, chargeless, and come in three flavors; there 
are electron, muon, and tau neutrinos. Neutrinos only interact through 
the weak and gravitational force, that’s why they are hard to detect. 
On the Standard Model Neutrinos cannot oscillate because their 
mass states and weak states are the same, But some experiments 
had prove the opposite [3]. 

 
1.2 Neutrino Oscillation 

 
There is some evidence that proves that Neutrinos Oscillates: 

examples of this are the solar neutrinos. Experiments done with the 
neutrinos produced by the sun are known as disappearance 
experiments, the flux of electron neutrinos produced in the Sun’s core 
was measured in large underground detectors and found to be lower 
than expected. This disappearance of neutrinos can be explained by 
the oscillation of the electron neutrino to another flavor.  Another 
prove of the neutrino oscillations are the atmospheric neutrino 
experiment, which is also a disappearance experiments, this effect is 
caused by the collision of high energy protons and nuclei in the upper 
atmosphere creating high energy pions, The decay of those pions 
followed by the decay of the resulting muons produces twice as many 
muon-type neutrinos as electron-type neutrinos. But underground 
neutrino detectors designed to measure both types see a smaller ratio 
than 2 to 1, this can be explained by the oscillation of muon neutrinos 
into tau neutrinos. Also there are appearance experiments which also 
prove the neutrino oscillation for example LSND, in this experiment 
positive pions decay at rest into positive muons, which 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-meter 
downstream looks for the appearance of electron antineutrinos as the 
signal that the muon antineutrinos have oscillated into that flavor [3].  

 



 

 

This mean that if neutrinos oscillate between flavors (electron, 
muon, and tau), they should have a non-zero mass, which shows 
that the standard model is wrong, because according to quantum 
mechanics, oscillation between neutrino flavors is only possible if 
neutrinos have mass. This is possible because the waves of the 
mass states of the different neutrinos differ from each other and 
they interfere with each other to from a different flavor states, the 
probability of oscillation between a muon neutrino and electron 
neutrino is given by the following formula: 

 
 

𝑃 𝜈! → 𝜈! = sin!(2𝜃) sin! !.!"!!!!
!

   (1) 
      

 
 
 
where 𝜈! and 𝜈! are the two neutrino flavors, 𝜃 is the mixing 

angle, Δ𝑚! is the difference in the squares of the neutrino masses, 
𝐿 is the distance between the neutrino source and the detector 
measuring neutrinos, and 𝐸 is the energy of the neutrinos. But in 
reality there are three types of neutrinos, and the following matrix 
describes better the oscillation between these three neutrinos:  

 
 

𝜈!
𝜈!
𝜈!

=
𝑈!! 𝑈!! 𝑈!!!!"
𝑈!! 𝑈!! 𝑈!!
𝑈!! 𝑈!! 𝑈!!

𝜈!
𝜈!
𝜈!

= 𝑈
𝜈!
𝜈!
𝜈!

 (2) 

 
  

where 𝑈 is made up of various mixing angles between the 
neutrino states, which are included on the following 3x3 matrices: 

 

        𝐴 =
cos 𝜃!" sin 𝜃!" 0
− sin 𝜃!" cos 𝜃!" 0

0 0 1
                      (3) 

 

𝐵 =
cos 𝜃!" 0 𝑒!!!!" sin 𝜃!"
0 1 0

−𝑒!!!!" sin 𝜃!" 0 cos 𝜃!"
      (4) 

 

𝐶 =
1 0 0
0 cos 𝜃!" sin 𝜃!"
0 − sin 𝜃!" cos 𝜃!"

                       (5) 

 
Equations (3), (4), and (5) together describe the unitary matrix 

𝑈(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛  6): 
 

 

𝑈 =
cos 𝜃!" sin 𝜃!" 0
− sin 𝜃!" cos 𝜃!" 0

0 0 1
𝑥

cos 𝜃!" 0 𝑒!!!!" sin 𝜃!"
0 1 0

−𝑒!!!!" sin 𝜃!" 0 cos 𝜃!"
𝑥          (6) 

                       
1 0 0
0 cos 𝜃!" sin 𝜃!"
0 − sin 𝜃!" cos 𝜃!"

        

 
 
which is included on equation (2) to describe the oscillation 

between mass and flavor eigenstates of neutrinos. Equation (3) 
depends on the mixing angle 𝜃!", which was already calculated by 
observing solar neutrino oscillations. Equation (5) depends on the 
mixing angle 𝜃!", which was calculated by observing atmospheric 
neutrino oscillations caused by the collision of high-energy protons 
and nuclei in the upper atmosphere. And Equation (4) depends on 
𝜃!", which has not been yet measured. Until now Chooz experiment 
predecessor Double Chooz has set an upper limit of 13! on 𝜃!". 

 
Calculating the mixing angle 𝜃!" will get us to a better 

understanding of the relationship between mass and flavor states of 
neutrinos. And by knowing angle 𝜃!" we are going to be closer to 
the calculation of the 𝛿!", which is the charge-parity violation phase. 

This phase could lead us to an explanation of why we live in a matter 
universe and not in a universe dominated by antimatter.  

 
 
 
 

1.3 Double Chooz 
 
Double Chooz is a reactor experiment, which was designed to 

measure the neutrino mixing angle 𝜃!". It is a successor of the past 
Chooz experiment; Chooz experiment was a single-detector 
experiment, now Double Chooz, which is a double-detector 
experiment, is trying to improve the results of Chooz by using two 
detectors at different distances from the Reactors. Reactor 
experiments looks for the flux of electron antineutrinos, which are 
produce in abundance on the nuclear reactors, the detectors are 
trying to look for the change in the flux of electron antineutrinos as a 
function of distance (𝐿) and energy (𝐸). Electron antineutrinos are 
created as a result of the fission of the isotopes U-235, U-238, Pu-
239, and Pu-241 in the reactor. Electron antineutrinos produced by 
the reactor are detected by the Double Chooz detectors using the 
process of inverse beta decay [6]: 

 
𝜈! + 𝑃! → 𝑛 + 𝑒!             (7) 

 
 

 
Figure 2: Inverse Beta Decay [8]. 

 
 

where an electron antineutrino interacts with a proton in the 
target, releasing a neutron and a positron. The positron immediately 
interacts with an electron with which it annihilates, producing photons 
that are detected by photomultipliers tubes. After 100𝜇sec in average 
later the neutron gets captured on the gadolinium nucleus in the 
target, which again emits photons that are also detected by the 
photomultiplier tubes (Figure 2). Using this process of inverse beta 
decay we will make the CP violation and matter negligible, allowing us 
to get a more precise measurement of 𝜃!". The Double Chooz 
experiment will use two detectors at different distances at 410 meters 
and at 1.05Km from the reactor. Each detector has a target filled with 
a buffer doped with gadolinium, a molecule that has a very high 
attraction for neutrons [4]. 

 
 

 
Figure 3: Diagram of the Double Chooz “Far” detector [4]. 

 
 

 
The purpose of using two detectors with similar structure in 

Double Chooz at two different distances instead of using one, as it 

𝜈	  Target	  



 

 

was did on the Chooz experiment, is to allow us to improve our 
detector’s sensitivity and cancel out systematic uncertainties in 
neutrino flux and get to a better understanding of the neutrino 
oscillation. Double Chooz, is planned to reach a sensitivity to 
sin! 2𝜃!" down to 0.03 over a three year run, with the two detectors 
running simultaneously, Double Chooz will be able to measure angle 
𝜃!" if its value is in the range of 0.03 < sin! 2𝜃!" < 0.19. If the 
measurement of angle 𝜃!" is precise and it is a non-zero value, it will 
open investigation on the neutrino CP-Violation [4]. 

 
The experiment is located at the Chooz-B power station at 

France. Which are two pressurized water reactors, both will be used 
in the experiment. Two detectors will be placed in different location 
has I said before, one at 410𝑚 and the other at 1.05𝐾𝑚 from the 
reactors. Both detectors will have similar structure, but they are 
going to be build at different depths, because of the difference of 
cosmic radiation on both place [4]. The near detector will detect the 
neutrino flux before they get time to oscillate, while the far detector 
will give the neutrino some time and distance to start to oscillate 
before hitting the far detector. If there `are less electron 
antineutrinos detected at the far the detector this means that 
oscillation has occurred.  

 
The Double Chooz Detector is composed of several layers, 

each on of those have a specific function. On the inside there is the 
target, which is filled with liquid scintillator, this is where the 
neutrinos will interact. The target scintillator is doped with 0.1% 
Gadolinium to help with neutron capture. Surrounding this liquid 
scintillator is a gamma catcher, the function of this layer is to 
measure the energy produced by the neutron capture on the 
gadolinium (See Figure 4). The next layer is a stainless steel 3mm 
buffer vessel, which it has 390 10-inch photomultipliers tubes that 
are located around the inside of the vessel, these photomultipliers 
tubes detect the light (photons) released by the inverse beta decay 
process, translating them into electrical signals which are send out 
to computers to be analyzed (See Figure 5), this buffer vessel is 
also surrounded by a layer, which is the inner muon veto, the 
function of this layer is to reject any muon background (See Figure 
6). All of these layers are covered by steel shielding 17 cm tick. And 
at the top of everything is the outer veto detector; this detector will 
reject any atmospheric muon events (See Figure 7). [4] 
 

 
FIG. 4: Neutrino Target surrounded by the gamma catcher, the 
neutrino target is a 8mm thick acrylic layer filled with 10.3m3 of Gd-
doped scintillator (1 g/l) and the gamma catcher is 12mm acrylic 
layer filled with 22m3 of un-doped scintillator [8]. 
 
 

 
FIG. 5:  On the left you can se the Buffer vessel where the PMTs will 
be located, this buffer vessel is a stainless steel 3mm thick layer filled 
with 110m3 of mineral oil [8]. 
 
 

 

 
FIG. 6: Inner Veto, this layer is 50cm thick it contains 78 8” PMTs and 
have reflective wall, this layer is efficient to tag cosmic ray muons and 
fast neutrons [8]. 
 

 
 

 
FIG. 8: Outer Veto this detector will detect any atmospheric muon 
events [8]. 
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Gamma catcher
� 12 mm thick acrylic
� Inner Height: 3550 mm
� Inner Diameter: 3392 mm
� Will contain 22.3m3 of scintillator (un-doped)

Target
� 8 mm thick acrylic
� Inner Height: 2458 mm
� Inner Diameter: 2300 mm
� Will contain 10.3m3 of Gd-doped scintillator (1 g/l)

To be installed in June 2009!

Acrylic vessel
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Installation already completed !

� Stainless steel 3mm thick

� Inner Height: 5674mm

� Inner Diameter: 5516mm

� Will contain 110m3 of mineral oil

� 390 10’’ PMTs to be attached to
walls

Buffer vessel
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For Neutrino Signals
� Attenuated signals for muon
electronics
� 15% coverage with 390 10'' PMTs
� PMTs are angled to improve light
collection uniformity
� Aim for 7% resolution at 1 MeV
� Low background version
� Extensive testing in Japan and
Germany was performed.

Installation has started and is
happening right now !

Inner detector: photomultiplier
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Inner Veto

� Efficient tag of cosmic ray muons and fast neutrons

� LAB and tetradecane, 50 cm thickness

� 78 8“ PMTs (encapsulated IMB tubes)�

� Reflective walls (painted and foil)

Completed
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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: correlatedOuter	  Veto	  



 

 

2. Neutron Capture Analysis 
 
 

The study of the neutron capture in this experiment is the 
principal study in this experiment because the reaction that they 
produce release photons which are the only thing that our detector 
detects. Reactions can occur either on the gamma catcher or the 
neutrino target, the neutrino target is filled with 10.3𝑚! of 
Gadolinium-doped scintillator (1g/L), we use gadolinium because it 
have a high attraction to neutrons, and also because they crate high 
energy gamma rays that can be easily detected by the detector, this 
neutron capture in gadolinium produces an ~8MeV gamma ray 
which is detected by the PMTs and then transformed into electrical 
signals, which are later studied. But to understand better how 
neutrino behave and arrive to a better measurement of the angle 𝜃!" 
we also need to study the neutron capture on hydrogen, because 
not all of the reaction occurs on Gadolinium. Around15% of the 
captures in the target occurs on hydrogen, and all the neutron 
capture that occur on the gamma catcher are on hydrogen, because 
the scintillator on the gamma catcher is not doped with gadolinium 
(See FiG.9) [9]. 

 
 
The hydrogen capture is harder to study because when the 

neutron is captured the energy released is very low, the energy 
released by this capture is around 2.2MeV (See Fig. 10), and since 
it is a very low energy this implies that we would have a large 
background noise.  And our signal of hydrogen capture could be 
mixed with background. These measurements later could be useful 
for calibration and normalization of the spectrum.  
 
 

 
 

Fig. 9: In this Graph you can see the acquired data on a specific run; 
here you can see 2 peaks one that is around 2MeV and another 
peak that is around 8.5 MeV, the first peak that you see is the 
hydrogen capture peak, and the second peak is the Gadolinium 
Capture Peak. As you can see on the graph there are much more 
hydrogen capture events than gadolinium this is because the 
concentration of gadolinium in the scintillator is very small, and also 
because all the neutron that are captured on the gamma catcher are 
captured on hydrogen because the scintillator that is inside the 
gamma catcher do not contain gadolinium. 
 

 
Fig. 10: Here is the data from the same run, but now I made a cut 
between 1.5MeV and 3MeV to make a fit of just the hydrogen capture, 
and the mean is at 2.109MeV, which is very close to the 2.2MeV. 
 

We can use the hydrogen capture events to calibrate our 
detector since we have much more events that are hydrogen captures 
than gadolinium captures, and since hydrogen capture produce much 
lower energies they are much more harder to detect and they can 
vary a lot if the system is not calibrated constantly or if something 
goes wrong with the detector. For example in the case of a power 
outage, we can use the hydrogen peaks to recalibrate the detector, 
Figure 11 shows the data acquired during a power outage. You can 
see on the graph how at the beginning of the graph the energies of 
the hydrogen capture are constant, but at run# 13000 the energies 
drops abruptly, this drop in energy was caused by a power outage 
and we can use this data to calibrate and correct for errors in our 
detector. Also you can see on Figure 12, 13 and 14 different individual 
runs where you can see the variation in the peaks seen on Figure 11.  

 
 

	  
Fig. 11: Run#(run=1hr of data) Vs. Energy (MeV). This Graphs shows 
the data acquired during a power outage, and how the energy of the 
hydrogen captures peak dropped during these event. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

	    
Figure 12                                                                                         Figure 13 

 

 
Figure 14 

 
 

Figure 12, 13, and 14 are different runs which where use on the Run# Vs. Energy Graph (Figure 11) of the Hydrogen Capture, this graphs 
represent 3 different points on Figure 11 showing the differences in the peaks and the abrupt drop on run #13000. Figure 12 show a peak when 
the energy values were constant, Figure 13 represents the abrupt drop on run #13000, and Figure 14 represents the energy value increase at 
the end of the graph. 

 
 
Gadolinium on the other hand does not present all these effects 

when a power outage occurs, this could happen because it has a 
large sigma and these could mask the shift. The following graph 
shows the gadolinium peak on the same run where the fit of 
hydrogen peak was made. And on Figure 16 you can see the fit of 
the gadolinium peaks of all the runs. On Figure 16 you can see how 
the power outage didn’t affect the gadolinium peaks. 

 
Fig. 15: Gadolinium Peak fit. On this graph you can see all the events 
on the range between 7.5 MeV and 10MeV, the events on this range 
are consider Gadolinium Captures. The peak on this graph is at 
8.7MeV. 
 

 
 
 
 

	  
Fig 16: Run# Vs. Energy (MeV). This Graphs shows the data 
acquired during a power outage, and you can se how the power 
outage did not affect too much the energy values on the gadolinium 
peaks.  
 
 
 
 
 
 



 

 

3. Conclusion 
 
 

The work that I did analyzing the data from the Double Chooz is 
very important for the experiment, the analysis that I did is very 
useful for the improvement of the detector and to understand better 
the physics behind the neutron captures events. This data can also 
be useful for the calibration and normalization of the spectrum. By 
using this method of calibration we could help to reduce the 
systematic error of the detector and this way get a better 
measurement of the angle θ13. 
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