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This paper describes a monte carlo study done on the neutron background in the Double Chooz
neutrino detector. This study traces atmospheric muons to neutrons that might eventually create
background in the Double Chooz detector. It looks at the muons involved in muon capture and muon
spallation, as well as the neutrons produced by these processes. This study finds that there is no
significant difference between the muons that produce neutrons and those that do not. Furthermore,
it suggests that the veto detectors are effective in minimizing neutrons in the Double Chooz detectors.
Finally it demonstrates that for muon spallation processes the neutron produced is highly correlated
with its parent muon.

1. INTRODUCTION

1.1. Standard Model of Particle Physics: A Brief Overview

The standard model of particle physics is currently the most comprehensive theory of elementary particles. This
theory has been rigorously experimentally tested, and incredibly accurate in most cases. However, it is still not
complete because it does not include the gravitational force, nor does it describe neutrinos correctly.

FIG. 1: An illustration of the standard model particles. This picture shows the three families and two groups of particles as
well as the force carriers. The Higgs is not included in this picture [1].

The standard model contains three families of fermions with spin 1
2 . These are broken into two groups; quarks and

leptons. Quarks are fractionally charged and interact mainly through the strong force as a result of their color charge.
These quarks are bound together to form hadrons like protons and neutrons. Since a fractional charge cannot exist
independently, there are no free quarks. The up and down quarks make up protons and neutrons, and therefore all of
the matter we see around us. The other quarks include charm, strange, top and bottom. These second and third sets
of quarks are unstable, so they quickly decay into less massive particles. The second group, called leptons, include
electrons, muons, taus and their associated neutrinos. They do not interact via the strong force because they have no
color charge, and this means that they are never stably bound inside a nucleus [2].

The standard model also describes the force carriers, or the mediators of the strong, weak and electromagnetic
forces. The electromagnetic force is mediated by the exchange of a massless photon. The strong force is mediated
by gluons which couple to the color charge of quarks, and the weak force is mediated by the massive charged W and
neutral Z bozons [3].

Neutrinos in the standard model are massless, chargeless, and come in three different flavors: electron, muon and
tau. They interact only through the weak force and gravity, which makes them very hard to detect. Neutrinos are
left-handed particles and antineutrinos are right-handed [2]. It currently an open question if the neutrino is a Dirac
particle and there are right handed neutrinos and left-handed antineutrinos, or if the neutrino is a Majorana particle
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so the neutrino is its own antiparticle and the right-handed antineutrinos that have been observed are actually right-
handed neutrinos. These neutrinos in the standard model cannot mix because their mass states and weak (flavor)
states are the same. The weak states are the wave functions of the particle that interact with the weak force, and the
mass states describe the mass of the neutrino. A result of these conditions is that lepton family number is conserved.
This conservation means that no neutrino type can change into a neutrino of a different flavor [4].

1.2. Neutrino Oscillations

It has recently been shown that neutrinos oscillate, so the neutrino flavor states are not the same as the neutrino
mass states. These oscillations were predicted by Bruno Pontercorvo, and first observed by Ray Davis in his Homestake
mine experiment. In this experiment, Davis detected fewer solar neutrinos than predicted by theory. It was ultimately
discovered that this neutrino deficit was a result of neutrinos changing from one flavor to another between their creation
in the sun and their observation on Earth [4].

FIG. 2: The oscillation of a two neutrino system. ν1 and ν2 are mass states, and νµ and νe are the flavor states. The red and
blue waves are illustration of the two mass states, and the purple wave is a combination of the two mass states into a flavor
state [5].

Since neutrinos oscillate, the current theory which has not yet been incorporated into the standard model, gives
neutrinos mass and violates lepton family number conservation. This means that contrary to the description in the
standard model, electron neutrinos and muon neutrinos and tau neutrinos can change into each other. This happens
because the waves of the two mass states interfere with each other to form different flavor states; see Fig 2 for an
illustration in the case of two neutrinos. The probability of oscillation in this two neutrino case is given by:

P (νµ → νe) = sin2(2θ)sin2

(
1.27∆m2L

E

)
(1)

where νµ and νe are the two neutrino flavors, θ is the mixing angle, ∆m2 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. This probability formula is derived in Appendix I. Using this formula it is possible to choose
L and E for optimal measurement of the different mixing angles.

In the three neutrino case, the mass and flavor states are related by a unitary matrix, where ν1, ν2, ν3 are the mass
states and νe, νµ, ντ are the flavor states νe

νµ
ντ

 =

 Ue1 Ue2 Ue3e
iδ

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 ν1
ν2
ν3

 (2)

This unitary matrix cam be broken into three other matrices, each characterized by a mixing angle:

U =

 cosθ12 sinθ12 0
−sinθ12 cosθ12 0

0 0 1

 cosθ13 0 e−iδCP sinθ13
0 1 0

e−iδCP sinθ13 0 cosθ13

 1 0 0
0 cosθ23 sinθ23
0 −sinθ23 cosθ23

 (3)

The first matrix is characterized by θ12 which was found by observing solar neutrino oscillations, and the third
matrix is characterized by θ23 which was found by observing atmospheric neutrino oscillations. The angle θ12 is
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approximately 33◦ and the angle θ23 is approximately 45◦. The middle matrix is described by θ13, which has not yet
been measured, although a limit of less than 13◦ for θ13 has been set by the Chooz experiment [6]. Knowledge of this
final mixing angle will help us understand the relationship between the mass and flavor states of neutrinos. It will
also allow investigation into the δCP , which is a charge-parity violation phase. If δCP is nonzero then neutrinos and
antineutrinos will oscillate differently which could lead to an explanation of why there is more matter than antimatter
in the universe [5].

1.3. Double Chooz

Double Chooz is a reactor experiment designed to measure the neutrino mixing angle θ13 [7]. Reactor experiments
look for a change in the flux of electron-antineutrinos as a function of the oscillation distance and the energy of the
neutrinos (L and E in Eq. 1). Electron-antineutrinos are created as a result of decay of fission products created by
the fission of the isotopes U-235, U-238, Pu-239 and Pu-241 in the reactor. Reactors can only produce electron-
antineutrinos because there is not enough energy to produce muon or tau neutrinos. This means that we can be
sure that all neutrinos produced by the reactor are electron-antineutrinos and that any observed deficit is a result of
oscillations into other flavors.

The process that is detected by Double Chooz is inverse beta decay

ν̄ + p+ → n+ e+ (4)

which gives a double coincidence of first a positron signal and then a neutron capture signal about 100µsec later [6].
This timed coincidence helps to decrease the background of the experiment. Use of inverse β decay means that effects
from CP violation and matter are negligible and will allow for a very precise measurement of θ13 [5]. Double Chooz
will be able to measure θ13 if the inequality 0.03 < sin2(2θ13) < 0.19 holds. This measurement of sin2(θ13) is expected
to be precise to within 0.03 [7].

The Double Chooz experiment is located at the Chooz-B power station in France. This station operates two
pressurized water reactors (PWR) which will both be used in the experiment. Detectors will be placed in two locations
relative to the reactors. The near detector will be located 410m away, and the far detector will be at 1.05km. These
detectors will be virtually identical, with only a different amount of outer shielding to account for the different cosmic
ray background at the two locations [7]. The near detector will detect the neutrino flux before oscillations occur, while
the far detector will detect neutrinos after oscillations. If there are fewer electron-antineutrinos at the far detector,
after scaling by the different radius from the reactors, then an oscillation will have occurred. The use of two detectors
will cancel uncertainties in neutrino flux measurements from the reactors and any errors associated with the site
choice [5].

FIG. 3: Double Chooz far detector. The layers are, from the inside: 1. Target 2. Gamma catcher 3. Buffer 4. Inner veto
detector. The outer veto detector will lay across the top of these detectors [8].

The Double Chooz detectors will be composed of several different detection layers as illustrated in Fig 3. On the
inside is the target, or the 10.3m3 of liquid scintillator with which the neutrinos will interact [7]. It is doped with 0.1%
Gadolinium to increase the neutron capture cross section [5]. Surrounding the doped scintillator is a gamma catcher,
or more undoped scintillator to measure the gamma energy produced by neutron capture with gadolinium. This
gives better efficiency for measuring these gammas, however they are also detected in the main target. Around the
gamma catcher is a stainless steel buffer with 534 8-inch photomultiplier tubes (PMTs) mounted around the outside
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[7]. It will shield the target from PMT radiation. The surrounding inner veto will reject any muon or fast neutron
background, and the outer veto detector which is set above the rest of the detector will reject any atmospheric muon
events [5].

1.4. Overview of Muon Background

One of the largest backgrounds for Double Chooz comes from cosmic ray muons. Cosmic rays of high energy protons
produce pions in the upper atmosphere, and rapidly decay to muons. These muons can then interact with material
in or around the detectors to produce neutrons that knock protons out of the nucleus. The charged protons will emit
light as they move through the scintillator, which will look like the two photons produced in the electron-positron
annihilation process and the neutron will be captured by the gadolinium. This interaction appears to give the double
coincidence caused by inverse beta decay.

There are two main types of muon processes that produce neutrons and will be discussed in this study. The first
is muon capture. This occurs when a muon is captured by a nucleus, and is analogous to an electron capture. In
fact, the hydrogen atom quantum mechanics problem can be solved for a muon instead of an electron, and the only
difference between the two solutions will be the substitution of the muon mass for the electron mass. Since a muon is
much more massive than an electron, the Bohr radius will be much smaller for a muon, since this radius is inversely
proportional to the particle’s mass, as shown in Eq, 5

a0 =
4πε0h̄2

me2
(5)

where m is the mass of the particle and e is the elementary charge [9].
This smaller Bohr radius places the muon inside the nucleus of the atom, which is a very unstable state. Once

inside the nucleus, 92% of the muons will undergo usual muon decay as given in Eq. 6

µ− → e− + ν̄e + νµ (6)

[10] The other 8% of the time, however, the muon will undergo muon capture. In this process the muon and a proton
exchange a W− and become a muon neutrino and a neutron. This process can also be expressed in terms of the
elements involved so that

µ− +Az → Az−1 + νµ (7)

This is a potential source for background neutrons. Also note that muon capture only occurs for µ− because µ+ have
the same charge as the nucleus and therefore will never be close enough to the nucleus to capture.

The second main source of neutrons discussed in this study is muon spallation. This occurs when a high energy
muon interacts with a nucleus by means of a virtual photon. This interaction then causes disintegration of the nucleus,
and produces neutrons.

2. OVERVIEW OF DOGS SIMULATION

DOGS is the Monte Carlo simulation of the Double Chooz detector. It includes DCGLG4Sim, which is a Geant4
code to simulate the interactions of particles in the rock around the Double Chooz detector, and then response of the
detector to different particles. This study does not discuss particle reconstruction, and instead uses truth information
about particles to look at muon and neutron rates, position, and correlation. This means that this study collects a
limited amount of the data available in DOGS. An important extension to this study would include an examination
of detector response and event reconstruction.

2.1. Generating Muons in DOGS

Muons were generated using a sample of data generated using the MUSIC simulation written by Alfred Tang. These
muons are initially all distributed on a hemisphere of 10m and centered at the center of the Double Chooz detector,
and their momentum points towards the center of the detector. The distribution of these muons on the hemisphere
takes into account the topography of the Double Chooz site. These muons are stored in a .dat file type.
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FIG. 4: Data flow of the muon generation and analysis done in DOGS.

(a)Initial MUSIC muons. (b)Z-Shifted MUSIC muons. (c)X-Y randomized and
Z-Shifted MUSIC muons.

FIG. 5: Visualization of MuonGenerator.cc. The 10m hemisphere is in black, the detector is in red, and the muon directions
are in purple.

Then the script MuonGenerator.cc finds the initial positions of the muons on the hemisphere using the momentum
and radius of the sphere, so for example

x = −r px
|p|

(8)

and similarly for the other cartesian coordinates. This script then uniformly shifts the z position of the muons by 5m,
and randomizes the x and y positions in a 15m by 15m plane. The process is shown in cartoon form in Fig 5. Finally
the code saves this new information about the muon positions in a hepevent file which can be read in by DOGS.

Next the script muon neutron bkg.mac is used to simulate these muons in the Double Chooz detector and the
surrounding rock using DCGLG4Sim in DOGS. These muons are sent into a cube of rock that is 15m by 11m by
15m. At the center of this rock is the Double Chooz detector. The cavern above the detector is also included in the
simulation. A cartoon of the rock and detector simulated is displayed in Fig 6. This script creates root files of all of
the muon interactions in the rock, and keeps the neutrons produced in the interactions. None of the other particles,
or the scintillation light are stored in this version of the code. This minimizes the computation time, to generate these
particles as well as the storage space needed to store the output files about the particle interactions.

A perl script called MuGen.pl was used to run MuonGenerator.cc and copy the macro muon neutron bkg.mac so
that multiple jobs of muons can be run through Condor at the same time. This perl script then submits all of the
jobs to Condor. This means that to generate muons it is only necessary to run one script.

There were two sets of one million muons generated with this method and used in this study. One set is dominated
by muon capture, while the other includes both muon spallation and muon capture, and is dominated by muon
spallation, but also includes the physics processes to allow muon capture. The first set, dominated by muon capture,
was generated using the default physics list in DOGS. The second physics list that includes muon spallation and
capture was used by accessing the file DCDB/data/Geometry/DC Options.dat in DOGS, and changing the physics
list from 0.0 to 2. Both muon samples start out with equal numbers of µ+ and µ−.

Then several different codes, are used to analyze these root files. All of these analysis codes were written to access
information directly from the ParticleThInfo tree in the .part file created by DOGS. This means that many of the
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FIG. 6: A cartoon of the simulated world of muon neutron bkg.mac.

custom commands written into DOGS will not work in these codes because they do not access the Endep data
structure created by DOGS but instead the underlying root tree structure. These scripts, along with a description of
the plots they create is displayed in Tab. I.

Code Histograms Created

NeutronSpectrum.C Muons (All and those that produce neutrons): φ, θ, KE0

Neutrons: Creation Positions (XvsY, RvsZ), KE0

DirectionCuts.C Muons (all and those that produce neutrons): Edep OV, Edep IV

Efficiencies (all muons and those that produce neutrons): OV, IV

NeutronSpectrumNoIV.C Muons: Neutrons from muons below threshold in IV: Creation Positions (XvsY, RvsZ), KE0

NeutronSpectrumNoIVOV.C Neutrons from muons below threshold in IV and OV: Creation Positions (XvsY, RvsZ), KE0

fit.C Fits Neutron Kinetic Energy Spectrum

CosTheta energies new.C Correlation between parent muon momentum and neutron momentum

TABLE I: Analysis scripts and the plots they create.

3. MUONS THAT PRODUCE NEUTRONS

We first want to examine the initial samples of muons, and find if there is any difference between those muons that
produce neutrons and those that do not. To this end, we look at the angular distributions, and the initial kinetic
energy of these muons. In this case, φ and θ are the standard spherical coordinates, and defined as follows

φ = ArcTan

(
py
px

)
(9)

θ = ArcCos

(
pz√

px2 + py2 + pz2

)
(10)

where px, py, pz are the muon’s three-momentum in cartesian coordinates.
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FIG. 7: Angular distributions of the initial muons. All muons are displayed in black, while muons that produce neutrons are
displayed in red.
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FIG. 8: Angular distributions of the initial muons that participate in muon capture and muon spallation. All muons are
displayed in black, while muons that produce neutrons are displayed in red.

3.1. Angular Distributions

3.1.1. Muon Capture

From these distributions of phi and theta for muon capture it is possible to see that the muons are not uniformly
distributed, but are rather centered around 2.6 radians in the phi direction, and 0.74 radians in the theta direction.
These peaks agree with the distributions given in the Double Chooz proposal and are a result of the fact that there
is lots of variation in the amount of rock a muon must traverse to reach the detector and that muons are more likely
to come into the Double Chooz cavern from the direction with less rock. This parameter is built into the MUSIC
simulation used to generate the muons along with the composition of the rock around the hill.

3.1.2. Muon Spallation and Capture

Then these same angular distributions are examined for muons that primarily create neutrons by muon spallation.
These muons are similarly distributed with the phi distribution centered around 2.6 radians, and the theta distribution
centered around 0.78 radians. This is as would be expected because the geometry of the mountain is the same in both
cases. There are significantly more neutrons produced in this sample, however, because more physics processes that
produce neutrons were turned on in DOGS when this muon sample was produced.
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3.2. Initial Kinetic Energy

h0
Entries  999894
Mean   6.276e+04
RMS    1.329e+05

KE (MeV)
410 510 610 710

Nu
m

be
r o

f E
nt

rie
s

1

10

210

310

410

510

h0
Entries  999894
Mean   6.276e+04
RMS    1.329e+05

Muon Initial KE

h30
Entries  59559
Mean     6785
RMS      5574

h30
Entries  59559
Mean     6785
RMS      5574

h40
Entries  9
Mean   2.118e+04
RMS    1.45e+04

h40
Entries  9
Mean   2.118e+04
RMS    1.45e+04

FIG. 9: Distribution of initial kinetic energies of muons. The black line is all muons, the green line are µ− that produce
neutrons, and the blue line is µ+ that produce neutrons.

In this section the inital kinetic energy of both samples of muons is examined in terms of the µ+ and µ− that
produce neutrons. In this case the differences between the muon capture sample and muon capture and spallation
samples are very apparent, which suggests the production mode of these neutrons.

3.2.1. Muon Capture

In Fig 9 muons produce neutrons only at very low energies. In this figure, the muons are broken up into µ+ and
µ−, and it can be observed that only µ− produce neutrons. This suggests that all of the neutrons in this sample
are produced by muon capture, since these neutrons are produced by µ− at low energies and these low energies are
the ones at which nearly all of the muons will stop in the rock. This can be checked because muons with momenta
of 100GeV will lose 5000 g

cm2 traveling through matter with a given density. This means that traveling through rock
with density of approximately 3 g

cm3 they will stop after about 17m [11]. So, by 17m, all muons with energy less than
100GeV will have stopped. If the initial kinetic energy spectrum of the muons (the black line in Fig 9) is integrated
from 0 to 100MeV, it is found that 84% of muons have a range of less than 17m, and therefore will stop somewhere
inside the simulated world. It should be noted that this number is actually a little low, because the simulated world is
actually 30m across in two directions, and 22m in the other direction, so depending on the initial angle of the muon,
there may be up to an extra factor of

√
2. This calculation should, however, be within an order of magnitude. Since

8% of stopping µ− will produce neutrons, and only half of the initial muon sample are µ−, it is expected that 4% of
all stopping muons will produce neutrons [12]. This means that about 3.4% of muons will produce neutrons. From
the green line on the Kinetic energy plot, we see that about 6% of µ− produce neutrons. These two numbers are
on the same order of magnitude, and likely confirms that most of the neutrons in this case are produced by muon
capture.

It should also be noted that the mean initial kinetic energy of the muons is 6.276 ∗ 104MeV , which is very close to
the value given for the mean initial kinetic energy in the Double Chooz proposal.

3.2.2. Muon Spallation and Muon Capture

In this section the same plot of initial muon kinetic energy is examined, but with the physics processes to include
muon spallation turned on. This means that muons any initial kinetic energy may produce neutrons, since the muons
no longer must be stopped to produce neutrons. At initial kinetic energies above 20000MeV , the number of neutrons
created by µ+ and µ− are equal. Below this initial energy, more neutrons are created by µ− than µ+, which suggests
that muon capture is happening at these lower energies. This can be checked by noting that in Fig 10 there are about
60000 more µ− than µ+ that create neutrons. Then, when muon spallation is turned on, as in this muon sample,
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FIG. 10: Distribution of the initial kinetic energy of the muon sample. The black line is all muons, the green line is the initial
kinetic energy of the µ− that produce neutrons, and the blue line is the initial kinetic energy of the µ+ that produce neutrons.

there are about 60000 more µ− that produce neutrons than µ+. This excess may be consistently attributed to muon
capture.

3.3. Energy Deposited in Veto Detectors

3.3.1. Muon Capture

Next we look to see if there is any difference between the muons that produce neutrons and those that do not,
based on the energy they deposit in the veto detectors.
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FIG. 11: Distribution of the energy deposited in the inner veto by muons that produce neutrons, and all muons. All muons
are displayed in black, and the muons that produce neutrons are displayed in red.

The energy deposited in the inner veto is displayed in Fig. 11. The inner veto is cylindrical, so the two peak shape
probably comes from muons that pass through only one side of the inner veto and muons that pass through both
sides of the inner veto. More tests would have to be performed, however, to confirm this hypothesis.

Muons deposit energy between 0MeV and 350MeV in the outer veto detector. The structure of the curve in Fig. 12
can probably be attributed to how many strips of the outer veto the muons pass through before stopping. Since muons
deposit approximately 2MeV

cm in scintillator, a muon passing through all four strips of one outer veto module (4cm),
a muon will deposit 8MeV , which is approximately the location of the second peak. The first peak, at about 6MeV
represents muons passing through only three strips. Few muons deposit energy in less than three strips. There is also
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FIG. 12: Distribution of the energy deposited in the outer veto by muons and muons that produce neutrons. All muons are
displayed in black, and muons that produce neutrons are displayed in red.

a visible pek at about 12MeV , which are muons passing through six strips of the outer veto. This would have to be
confirmed with more study based on how the outer veto is modeled in DOGS.

3.3.2. Muon Spallation and Capture
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FIG. 13: Distribution of the energy deposited by muons in the inner veto detector. The black line is the energy deposited by
all muons, and the red line is the energy deposited by muons that create neutrons.

Then the energy that the muons deposit in the inner and outer veto detectors is examined for the muon spallation
and capture sample. From Fig. 13 and Fig. 14 it is possible to see that, like in the angular distributions, many more
muons create neutrons with the extra muon spallation processes turned on. For both the inner and outer veto the
energy spectra of all muons and muons that produce neutrons have the same shape. This means that it is possible to
assume that the same interactions are taking place within these detectors for muons that create neutrons and those
that do not. So, again, there is nothing different between the muons that produce neutrons and the muons that do
not in terms of the energy that they deposit in the veto detectors. The shapes of the muon energy deposited in the
inner and outer veto spectra are also the same as for the sample of muons that just create neutrons by muon capture.
This means it is possible to assume that the muons are interacting with the veto in much the same way in both cases.
This can be confirmed by comparing the efficiencies of the veto detectors for each sample of muons.
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all muons, and the red line is the energy deposited by muons that create neutrons.
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FIG. 15: Efficiency of inner veto detector for the muon capture sample.

4. EFFICIENCY OF VETO DETECTORS

The inner and outer veto detectors are muon detectors, so in this study we are interested in the efficiency of these
detectors for detecting muons that produce neutrons. These efficiencies were found by integrating the curves of the
energy deposited in the inner and outer veto detectors to find the number of entries above that energy threshold.
This number of entries was then divided by the total number of muons depositing energy in the veto detector to find
the fraction of entries that would be omitted by cutting on certain energy thresholds.

4.1. Inner Veto

From the efficiency plots for the inner veto in Fig. 15, and Fig. 16 it is possible to see that the efficiencies are
the same for muons that produce neutrons and muons that do not produce neutrons in both muon samples. This
means that the main difference between the two plots is that the detector efficiency curve for all muons contains more
statistics. This is as expected based on the fact that the histograms for the energies deposited in the inner and outer
vetos look the same for muons that produce neutrons and muons that do not. From the detector efficiency curve, the
inner veto will be 93% efficient if any muon that deposits less than 75MeV is below threshold and does not register
in the detector. This efficiency is the same for both samples of muons.
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FIG. 16: Efficiency of inner veto detector for the muon spallation and capture sample.
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FIG. 17: Efficiency of the outer veto detector for the muon capture sample.

4.2. Outer Veto

From the efficiency plots for the outer veto, it is possible to see that for both samples of muons the efficiency curves
are the same for muons that produce neutrons and muons that do not. Again, the efficiency plots that include all
muons are used to find the energy threshold for muon detection in the outer veto. For the muon capture sample, the
outer veto will be 99.0% efficient if any muon that deposits less than 4MeV is below threshold and does not register in
the detector. Using the muon spallation sample, however, a threshold of 4MeV makes the outer veto 99.5% efficient.
To compare the effects of the outer veto on both muon samples, however, an energy threshold of 4MeV will be used
for both samples in the next part of this study.

5. NEUTRONS

Next we want to examine the neutrons that are produced by the muons previously discussed. This can be done
by looking at the creation positions, and initial kinetic energy of these neutrons. Each of these will be looked at in
three stages. First, we will look at all of the neutrons created. Then we will look at the neutrons that are created by
muons that miss the inner veto. Finally we will look at neutrons created by muons that miss both veto detectors. In
this case, missing the veto detectors is defined as depositing no energy above threshold. The threshold is 75MeV for
the inner veto, and 4MeV for the outer veto, as found in the previous section.
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FIG. 18: Efficiency of the outer veto detector for the muon spallation and capture sample.
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FIG. 19: Initial positions of all neutrons produced by muon capture. The color indicates how many neutrons are produced at
each point in the detector. The detector is visible in both pictures, from the side in Fig 19(a), and from above in Fig 19(b).

5.1. Neutrons Created by Muon Capture

These plots show the creation points of the neutrons in the detector. It is possible to see the detector in these
pictures. It appears that the most neutrons are created in the steel surrounding the detector. In the R vs. Z view,
we can also see the cavern above the detector. The X vs. Y plot is cut to only include neutrons that are produced in
the Z region from −3.5m to 3.5m, or just the Z region that includes the Double Chooz detector. This means that it
is possible to see the neutrons in the detector, not just the rock above the detector.

A previous study on the neutron background was done by C. Jollet and A. Meregaglia that used a neutron kinetic
energy spectrum to send neutrons into the Double Chooz detector and look for background events. This study used
neutron kinetic energy spectra derived from power laws in the form

f(x) α xn (11)

with n = −1.6 and n = −2.2. All of the background events that they found were a result of neutrons with initial
kinetic energy of at least 35MeV [12]. None of the neutrons in Fig 20 have energies that high, which suggests that
neutrons produced by muon capture are unlikely to result in background events. Furthermore, when the kinetic energy
spectrum in Fig 20 is fit to a power law, as in Eq 11, it is found that n = −5.6. This spectrum will fall off far too
quickly to reach energies high enough to produce background events, even with more statistics. In this case, plotting
the initial kinetic energy of the neutrons broken up by parent is not illuminating because the plot of neutrons created
by µ− and all neutrons are virtually the same.

Then, we look at these same plots (displayed in Fig. 21 and Fig. 22) when assuming the inner veto detector is 93%
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FIG. 20: Distribution of initial kinetic energies of the neutrons produced by muon capture.
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FIG. 21: Initial positions of all neutrons produced by muons that deposit no energy in the inner veto detector. The color
indicates how many neutrons are produced at each point in the detector. The detector is visible in both pictures, from the side
in Fig 21(a), and from above in Fig 21(b).

efficient, or that the inner veto has a threshold of 75MeV. The position plots show that many of the neutrons in the
detector have been eliminated, although there are still high neutron rates in the steel detector shielding.

Finally, these same plots are examined with both the inner and outer veto detectors applied. The inner veto has
the same threshold as in the previous set of plots, and the outer veto is 99% efficient with a threshold of 4MeV. It is
possible to see that all of the neutrons in the detector are eliminated, and that the outer veto also eliminates almost
all of the neutrons in the steel shielding above the detector.

5.2. Neutrons Created by Muon Spallation

The same plots as examined for the muon capture sample, can also be discussed for the muon spallation and capture
sample. Many more neutrons are produced with the muon spallation process turned on, and there are many more
neutrons produced inside the Double Chooz detector. It is also possible in Fig 25(b) to see some of the composition
of the rock around the detector based on how many neutrons are produced in a given region. In this second muon
sample there are no longer as many neutrons produced in the steel surrounding the detector, which suggests that
neutron production in this region is only more likely for muon capture, while looking at a sample dominated by muon
spallation it is a small effect.

The initial kinetic energy spectrum of the neutrons is almost the same for neutrons produced by µ+ and µ− above
10MeV. This indicates that it is low energy neutrons that are primarily created by muon capture. This is confirmed
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FIG. 22: Initial kinetic energy of neutrons that have parent neutrons that deposit no energy in the inner veto detector.
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FIG. 23: Initial positions of all neutrons produced by muons that deposit no energy in the inner or outer veto detectors. The
color indicates how many neutrons are produced at each point in the detector. The detector is visible in both pictures, from
the side in Fig 23(a), and from above in Fig 23(b).
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FIG. 24: Initial kinetic energy of neutrons that have parent neutrons that deposit no energy in the inner or outer veto detectors.
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FIG. 25: Initial positions of all neutrons produced by muons by muon capture and muon spallation. The color indicates how
many neutrons are produced at each point in the detector. The detector is visible in both pictures, from the side in Fig 25(a),
and from above in Fig 25(b).
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FIG. 26: Distribution of initial kinetic energies of the neutrons produced by muon spallation. The black line is all of the
neutrons, the green line is neutrons produced by µ− and the blue line is neutrons produced by µ+.

by the kinetic energy plots of the muon capture sample, for which there are only neutrons created with energies up
to 30MeV. This means, as expected, that the muon capture background will be a small factor in creating background
events in the Double Chooz detector.

This initial kinetic energy spectrum can again be fit to an exponential, as described for muon capture, and compared
to the values used in the background study [12]. The fit found for the initial kinetic energy spectrum for the data in
this study is found to be n = −2.66. This fit parameter is reasonably close to the fit parameter n = −2.2 used in the
study.

Then the neutrons that are produced by muon spallation and are below the 75MeV threshold in the inner veto
detector are examined. The inner veto appears, in this sample of muons, to greatly reduce the number of neutrons in
the detector, based on Fig 29.

Finally the neutrons remaining after the inner and outer vetos are applied are plotted. The effect of the outer veto
on reducing the neutron background is much smaller than that of the inner veto in the previous plot, but it is still
possible to see that there are fewer neutrons in these plots.
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FIG. 27: Initial positions of all neutrons produced by muons by muon capture and muon spallation, excluding neutrons from
muons that deposit energy above 75MeV in the inner veto. The color indicates how many neutrons are produced at each point
in the detector. The detector is visible in both pictures, from the side in Fig 27(a), and from above in Fig 27(b).
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FIG. 28: Distribution of initial kinetic energies of the neutrons produced by muon spallation, excluding neutrons from muons
that deposit energy above 75MeV in the inner veto. The black line is all of the neutrons, the green line is neutrons produced
by µ− and the blue line is neutrons produced by µ+.

6. MUON AND NEUTRON CORRELATION

Finally any correlation between the momentum of the neutron and its parent muon is examined. This is done
by plotting the cosine of the angle between the neutron’s momentum and it’s parent muon’s momentum. This is
important because most previous studies have used an energy spectrum to pick the values of neutron energies at
random, and we need to find out if it is necessary to take the muon creating the neutron into account in future
background studies.

For muons that come from neutron capture, as displayed in Fig 31, there is no correlation between the muon’s
momentum and the momentum of the neutron. This is expected because, for a muon to capture it must first be
stopped, so the creation of the neutron should not be correlated with the original momentum of the muon.

For muons that are primarily created by muon spallation, however, as displayed in Fig 32, there is a definite
correlation. The cosine of the angle between the momentum of the muon and the momentum of the neutron is much
more likely to be 1 than -1. Since Cos(0) = 1, this indicates that a neutron created by muon spallation is much more
likely to have momentum pointing in the same direction as it’s parent muon than in the opposite direction. This
correlation also changes with the energy of the neutron. The black line in Fig 31, corresponds to all neutrons, and
in this case the cosine is about 2 times more likely to be 1 than -1. By the green line, however, which includes only
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FIG. 29: Initial positions of all neutrons produced by muons by muon capture and muon spallation excluding neutrons from
muons that deposit energy above 75MeV in the inner veto, or above 4MeV in the outer veto. The color indicates how many
neutrons are produced at each point in the detector. The detector is visible in both pictures, from the side in Fig 29(a), and
from above in Fig 29(b).
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FIG. 30: Distribution of initial kinetic energies of the neutrons produced by muon spallation excluding neutrons from muons
that deposit energy above 75MeV in the inner veto, or above 4MeV in the outer veto. The black line is all of the neutrons, the
green line is neutrons produced by µ− and the blue line is neutrons produced by µ+.

neutrons with an initial kinetic energy greater than 50MeV, the cosine is about 10 times more likely to be 1 than
-1. This increase in correlation is probably a result of the fact that at lower energies, the neutrons created by muon
capture are uncorrelated and would minimize the overall correlation.

7. CONCLUSION

This study traces muons from their creation using MUSIC data to their interactions inside a simulated world, and
finally looks at the neutrons these muons create by muon capture and muon spallation. It finds that there is no
significant difference between muons that create neutrons and muons that do not based on their angular distributions,
or energy that they deposit in the veto detectors. It also finds that with a cut at 75MeV the inner veto detector is 93%
effective at detecting muons, and that with a cut at 4MeV the outer veto detector is 99% effective at detecting muons.
Furthermore it demonstrates that few neutrons in the Double Chooz detector miss both veto detectors. Finally it
demonstrates that muon spallation creates neutrons that are correlated with their parent muons.
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FIG. 31: Distribution of Cos(θ). The black line is all of the neutrons. The red line is all of the neutrons with initial kinetic
energy greater than 2MeV. The blue line is all of the neutrons with initial kinetic energy greater than 5MeV. The green line is
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FIG. 32: Distribution of Cos(θ). The black line is all of the neutrons. The red line is all of the neutrons with initial kinetic
energy greater than 5MeV. The blue line is all of the neutrons with initial kinetic energy greater than 50MeV. The green line
is all of the neutrons with initial kinetic energy greater than 100MeV.

Future study needs to be done to determine which neutrons are most important in creating background in the main
Double Chooz detector, such as, where these neutrons are created so that they make it into the detector and miss
the vetos and what their energies are. The probability that neutrons will produce background events also needs to
be examined. Eventually this work should lead to a study of the neutron background at Double Chooz taking into
account the correlation between the neutrons and their parent muon.
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9. APPENDIX 1: DERIVATION OF PROBABILITY OF OSCILLATION IN TWO NEUTRINO CASE

This appendix presents a derivation of the probability of neutrino oscillation formula given in Eq. 1.
Assume that there are two neutrino flavors, νe and νµ, and two mass states, ν1 and ν2. Then the wave functions of

these two flavor states are linear combination of the mass states:

|νµ(0)〉 = −sinθ|ν1〉+ cosθ|ν2〉 (12)
|νe〉 = cosθ|ν1〉+ sinθ|ν2〉 (13)

As time passes the flavor state |νµ(t)〉 oscillates between the mass states |ν1〉 and |ν2〉 with the formula given by
adding the time dependent exponential as follows

|νµ(t)〉 = −sinθe−iE1t|ν1〉+ cosθe−iE2t|ν2〉 (14)

In this expression each of the mass eigenstates act like free particles, and are phase shifted accordingly, E1 is the
energy of the mass state of |ν1〉 and E2 is the energy of the mass state of |ν2〉.

Since a neutrino is a relativistic particle, the energy can be approximated using

Ek =
√
p2 +mk

2 (15)

= p

(
1 +

m2

p2

) 1
2

(16)

which assumes that both mass states have the same momentum because they describe the same neutrino. Here
k = 1, 2. Note that the units used in this derivation assume that all constants, such as planck’s constant and the
speed of light are 1.

Since m << p, and for n << 1 it is possible to approximate that (1 + n)x ≈ 1 + nx so,

Ek ≈ p
(

1 +
1
2
mk

2

p2

)
(17)

≈ p+
mk

2

2p
(18)

Also, since m << p, Eν ≈ p which means that 1
Eν
≈ 1

p is an even better approximation, so

Ek ≈ p+
mk

2

2Eν
(19)



21

Substitute this value for the energy into the wave function |νµ(t)〉 to get

|νµ(t)〉 = −sinθe−ip+
m1

2

2Eν
t|ν1〉+ cosθe−ip+

m2
2

2Eν
t|ν2〉 (20)

Then simplifying and letting ∆m2 = m1
2 −m2

2 get

|νµ(t)〉 = e−it(p+
m1

2

2Eν
)(−sinθ|ν1〉+ cosθe

−it∆m2
2Eν |ν2〉) (21)

Since the speed of the neutrinos is close to the speed of light (c), the time in the phase shift can be expressed as
t = L

c , where L is the distance from the neutrino source to the location where oscillations are measured. This means
that the wave equation becomes

|νµ(t)〉 = e
−iL
c (p+

m1
2

2Eν
)(−sinθ|ν1〉+ cosθe

−iL∆m2
2cEν |ν2〉) (22)

Then, this wave equation can be used to find the probability that a muon neutrino will oscillate into an electron
neutrino, or the probability of finding an electron neutrino at position x, when there was a muon neutrino at position
0.

This probability is given by the absolute value of the amplitude squared, P (νµ→ νe) = |A2|, where the amplitude
A = 〈νe|νµ(t)〉, so P = |〈νe|νµ(t)〉|2. In this case the orthonormality relation 〈νi|νj〉 = δij applies. This means that
since 〈ν1| and |ν2〉 are orthonormal basis vectors, 〈ν1|ν1〉 = 0 and 〈ν1|ν1〉 = 〈ν2|ν2〉 = 1.

Then, calculating the probability, we get

P (νµ→νe) = |e−iL(
P+m1

2

Eν
)(−sinθcosθ + sinθcosθe

i∆m2L
2Eν )|2 (23)

= sin2θcos2θ|(e
i∆m2L

2Eν − 1)|2 (24)

Using the double angle identity for sine, and then the complex definition of sine,

P (νµ→νe) =
1
4
sin2(2θ)|e

i∆m2L
4Eν (e

i∆m2L
4Eν − e

−i∆m2L
4Eν )|2 (25)

=
1
4
sin2(2θ)

∣∣∣∣2i(sin(∆m2L

4Eν

)∣∣∣∣2 (26)

= sin2(2θ)sin
(

∆m2L

4Eν

)
(27)

Converting into units where ∆m2 is in eV 2 and Eν is in MeV 2

P (νµ→νe) = sin2(2θ)sin
(

1.27∆m2L

Eν

)
(28)


